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Abstract 
Bats (Mammalia: Chiroptera) exhibit an extraordinary diversity of social structures and 
behaviours. Social groupings vary in size from solitary individuals to upwards of a million, 
and almost every known mammalian breeding strategy is represented. Bats have 
demonstrated the ability to recognise individual members of a colony and to preferentially 
associate with or avoid other individuals. This degree of social complexity is frequently 
accompanied by sophisticated communicative abilities, including intricate vocalisations. 
Recent work has indicated that a number of bat species use courtship songs that are at least 
equivalent in output and complexity to those of songbirds. Of these, the New Zealand short-
tailed bat (Mystacina tuberculata) has one of the highest song-output rates ever recorded. I 
investigated the social and singing behaviour of M. tuberculata using a variety of field and 
analytical methods. M. tuberculata are a lek-breeding species, in which males perform 
sustained courtship songs to attract females. It is likely that there are honest signals of male 
attributes and resource-holding potential inherent in the display. The aim of my study was to 
investigate what those signals might be. I used a playback experiment to assess behavioural 
responses of M. tuberculata to modified courtship song, examining the influence of duty 
cycle (proportion of time spent singing) on song attractiveness. While the number and 
duration of bat passes recorded during song playbacks exceeded those recorded during noise 
or silence, there was no observed effect of duty cycle on song attractiveness, nor was there an 
effect of playback site or the identity of the singer. To further investigate the possible role of 
duty cycle, I used temperature telemetry to record energetic expenditure by males during 
song bouts. The mean energetic cost of singing exceeded the cost of day-roosting 
normothermy, but I found no correlation between duty cycle and energy expenditure over 
short time-frames. I then analysed the syntactic arrangement of recorded songs, and 
discovered that significant patterning exists in the construction of syllables and phrases. 
Individuals exhibited both high syntactic complexity and considerable variation in song 
structure. To complement song-based chapters, I analysed roost entrance data to determine 
whether M. tuberculata form long-term associations – a known indicator of social and 
communicative complexity. Network analysis revealed that both sexes maintain long-term 
associations that are independent of roost-preference and can persist for at least 7 years. 
Aside from courtship song and echolocation, mechanisms of information-transfer in M. 
tuberculata are unknown, but the persistence of long-term social bonds at maternity colonies 
implies that these roosts are of high social importance. It further implies a role for non-song 
communicative modes in relationships between day-roosting individuals. 
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I 

“An animal, like the bat, which is half a quadruped and half a bird, and which, upon 
the whole, is neither the one nor the other, must be a monstrous being.”  

 – Comte de Buffon, ‘Histoire Naturelle’. 
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1. General Introduction 
 

1.1 Vocalisations, Song and Language 

 

All animal vocalisations (along with other forms of communication, such as chemical or 

visual signalling) encode some degree of information, whether to do with the size, sex or age 

of the communicator, or merely its approximate location. More complex vocalisations can 

encode social information such as behavioural state, reproductive condition, or position in a 

dominance hierarchy, or can specify objects and events in the environment (Catchpole & 

Slater, 2008; Hauser, Chomsky & Fitch, 2010; Barón Birchenall, 2016). A distinction is 

drawn between deliberate communication (i.e. signals intended to be received and interpreted 

by conspecifics) and eavesdropping, which may be inter- or intra-specific (Catchpole & 

Slater, 2008). 

Song and language have fascinated scholars throughout most of recorded history. Aristotle 

(1984, c. 350 BCE) made a number of comparative assessments of the vocal abilities of 

different taxa, noting the parallels that exist between birdsong and human speech. Indeed it is 

difficult for anyone who has endeavoured to categorise various types of vocalisation not to 

concur with his wry-seeming explanation that “voice differs from sound, and speech from 

both” (1984, c. 350 BCE). Many aspects of animal communication noted by Aristotle are still 

the subject of intense debate, and our understanding of vocal communication is constantly 

developing (Berwick et al., 2012).  

Due to the broad-ranging and evolving nature of the field, the distinctions between song, 

language and other vocalisations such as calls are poorly defined and often imprecise. 

Historically, the study of song was primarily undertaken by ornithologists, and the most 

pervasive definitions of the term are fundamentally a result of that bias. Catchpole and Slater 

(1995) define song as “long, complex vocalisations produced by males in the breeding 

season”. That this definition remains widely used, even outside of the songbird literature in 

which it was originally conceived, is difficult to fathom – particularly given that the second 

edition of the text (2008) acknowledges “innumerable exceptions” to its criteria. Numerous 

studies now exist, for example, to indicate that song is widely used by females (Odom et al., 

2014; Webb et al., 2016). Female song is present in the majority of modern songbird families 

and is an ancestral trait (Odom et al., 2014). In fact, the secondary loss of female song in 
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temperate European songbird lineages is thought to have been a response to the divergence of 

sex roles (Price, Lanyon & Omland, 2009; Odom et al., 2014). Song is also used outside of 

the mating season, particularly in the tropics and Australasia (Catchpole & Slater, 2008). Nor 

is song exclusive to birds. While some characteristics remain contentious, most definitions 

now concede of its existence at least in bats (Smotherman et al., 2016), cetaceans (Herman, 

2017), primates (Mitani & Marler, 1989; Clarke, Reichard & Zuberbühler, 2006), and mice 

(Holy & Guo, 2005; Pasch et al., 2011), while broader definitions may also include the songs 

of orthopterans, anurans, and other taxa (Greenfield, 2005; Stange & Ronacher, 2012).  

The difference between song and non-song is typically explained as being behavioural as 

much as it is mechanistic. Songs are described as ‘performative’, involving a display of some 

kind, usually by an individual (although duetting is also common in certain species; 

Catchpole & Slater, 2008). They are usually linked to a specific behavioural function, such as 

a courtship or territorial display (Catchpole & Slater, 2008), and are often described as 

‘complex’ and ‘sustained’ – though the degree to which any of these things are true varies 

within and between taxa. In birds, ‘perch and sing’ behaviour has often been used to describe 

the performative element of song (and thus to separate singers from non-singers). It is a 

distinction that is less useful with regards to other taxa, though it is seen in the territorial 

displays of some bats (Smarsh & Smotherman, 2015). 

Song, in fact, is performed by both males and females alike, varies greatly in complexity, and 

is used in a range of contexts far beyond oscine mating displays. I therefore choose to define 

song as much as possible in accordance with its commonplace usage, as: “a vocal display in 

which multiple syllables and/or phrases are delivered in sustained performance” (see Table 1, 

Definition of Terms). Languages, by contrast, involve an exchange of vocalisations between 

individuals, are thought to express a greater complexity of ideas, and typically lack the 

melodic or rhythmic quality often associated with song (though this last is subject to an 

anthropocentric perceptual bias) (Barón Birchenall, 2016; Wiley, 2018). Calls and other 

vocalisations are typically short, broadcast, and innate rather than learned; they serve a 

specific communicative function, such as infant isolation calls or predator alarm calls 

(Catchpole & Slater, 2008; Barón Birchenall, 2016).   



4 
 

Table 1. Definitions of Terms  

Term Definition Synonyms and sub-categories 
Syntax 
 
 
 
 
 
Element 
 
 
 
 
Syllable 
 
 
 
 
Phrase 
 
 
 
 
 
 
 
 
Song-type 
 
 
 
 
 
Call 
 
 
 
 
Song 
 
 
 
 
Language 

A set of rules for assembling units into larger 
units. For example, the temporal arrangements of 
acoustic units within a song (Marler, 1977). 
 
 
 
Acoustically distinct components which may be 
combined to form syllables (e.g. upsweep-tone) or 
may occur independently as syllables in their own 
right (e.g. upsweep; Toth, 2016) 
 
A discrete unit of song, surrounded by silences of 
at least 1 ms (Kanwal et al., 1994; Behr & von 
Helversen, 2004; Bohn et al., 2008; Bohn et al., 
2009; Bohn et al., 2013) 
 
A segment of one or more syllables in which the 
silent period between any two syllables is roughly 
similar and always less than the total duration of 
those two syllables (Kanwal et al, 1994; Bohn et 
al., 2008; Bohn et al., 2013; Wiley, 2018). For our 
purposes, separated in M. tuberculata by silences 
of ~20ms (Toth & Parsons, 2018) 
 
 
The sequence in which phrases are combined. 
Sequential repetitions of phrases are omitted, so 
the phrase sequence chirp-trill-trill-chirp belongs 
to the chirp-trill-chirp song type (Bohn et al., 
2013).  
 
A syllable or phrase, usually brief, which serves a 
social function such as alerting or locating 
conspecifics; usually innate (Barón Birchenell, 
2016) 
 
A vocal display in which multiple types of 
syllables and phrases are delivered in sustained 
performances; usually learned (Mitani & Marler, 
1989; Bohn et al., 2008; Barón Birchenell, 2016).  
 
A system of communication consisting of 
elements combined according to syntactic rules; 
used for exchanges of information between 
individuals (Wiley, 2018). 

Phonological syntax (rules governing the 
assembly of smaller vocal units into larger 
ones); lexical syntax (rules governing the 
corresponding changes in meaning) (Marler, 
1977). 
 
Simple syllable, subsyllable and composite 
syllable (Kanwal et al., 1994); note (Bohn et 
al., 2009); phoneme in linguistics (Hailman & 
Ficken, 1986; Wiley, 2018) 
 
Note (Mitani & Marler, 1989); call type 
(Melendez et al., 2006); morpheme in 
linguistics (Hailman & Ficken, 1986; Wiley, 
2018)  
 
Syllable train (Kanwal et al., 1994) or simple 
phrase (Bohn et al., 2008; 2009) when all 
syllables in the phrase are of the same type; 
complex phrase (Bohn et al., 2008; 2009) 
when syllables are of different types; segment 
(Kroodsma, 1977); motif (Bohn et al., 2009; 
Scharff & Petri, 2011); call (Behr & von 
Helversen, 2004) 
 
As distinct from a song-variant, in which 
sequential repetitions are not omitted (Bohn et 
al., 2009) 
 
 
 
Alarm call, social call, etc.; vocalisation.  
 
 
 
 
Territorial song, courtship song, etc. 
 
 
 
 
Spoken language, sign language, etc. 
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Vocal learning 

The distinction that has historically been drawn between song and other forms of vocalisation 

is even more complicated by the question of how vocal performance arises. Languages and 

complex vocal repertoires are acquired by the process of vocal learning, in which young 

animals imitate the sounds of adult conspecifics and are able to modify their vocalisations 

according to auditory inputs – a process known as ‘infant babbling’ (Hauser et al., 2002; 

Jarvis, 2004, 2006; Berwick et al., 2012; Barón Birchenall, 2016). Learned vocalisations are 

thus distinct from innate vocalisations (such as infant crying or isolation calls), which may be 

produced by both vocal-learning and non-learning groups (Hauser et al., 2002; Jarvis, 2004, 

2006; Berwick et al., 2012; Barón Birchenall, 2016; Vernes & Wilkinson, 2020). Vocal 

learning is also distinct from auditory learning – the ability to recognise and respond to 

sounds (Jarvis, 2006; Barón Birchenall, 2016). The example typically given to illustrate this 

distinction is that of a dog, which may learn to recognise the sound of the word ‘sit’ and 

respond appropriately, but will not be able to itself reproduce the sound (Jarvis, 2006). The 

capacity for vocal learning has to-date been found only in eight distantly-related groups: 

Primates, Chiroptera, Cetacea (whales and dolphins), Proboscidea (elephants), Pinnipedia 

(seals), Psittaciformes (parrots), Trochiliformes (hummingbirds), and Passeriformes (the 

oscine songbirds) (Jarvis, 2006; Reichmuth & Casey, 2014; Vernes & Wilkinson, 2020). Bats 

are well-represented within this group, with at least five families displaying vocal learning 

capabilities (Vernes & Wilkinson, 2020). 

 

Combinatorial syntax 

The most structurally complex vocalisations, such as those employed in song or language, are 

combinatorial: – that is, they are composed of hierarchical elements which are combined in 

different ways to generate meaning (Marler, 1977; Hailman & Ficken, 1986; Barón 

Birchenall, 2016; Engesser & Townsend, 2019). The rules that govern how elements may be 

combined are known as syntax (Marler 1977). Phonological syntax is the structured assembly 

of small vocal units into larger ones, while lexical syntax refers to the ability to change the 

meaning of communications by adding or subtracting elements (Marler, 1977). Many animal 

communications are thought to lack lexical syntax despite the existence of a phonological 

syntactic structure (Berwick et al., 2012; Engesser & Townsend, 2019). Birdsong is one such 

example, as it is thought to communicate only behavioural states (e.g. territoriality) in which 
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the ‘meaning’ does not change regardless of the number or type of syllables used (Marler & 

Slabbekoorn, 2004; Catchpole & Slater, 2008). Particular attributes of song, however, may 

still convey discrete information – for example, long syllables might be correlated with large 

body sizes, or high trill rates with high-quality territories (Marler & Slabbekoorn, 2004; 

Catchpole & Slater, 2008). 

The smallest lexical unit is a phoneme – a perceptually distinct unit of sound that 

distinguishes one word (or note) from another (Hailman & Ficken, 1986). Phonemes are 

combined to create morphemes, such as syllables (Hailman & Ficken, 1986). These, in turn, 

are grouped into lexical units, such as words or calls, which are generally considered to be the 

smallest units capable of conveying meaning (Wiley, 2018). Complex, multi-syllabic 

vocalisations and combinatorial syntax are rare in mammals, as they require a degree of vocal 

plasticity that many lack (Jarvis, 2006). Nevertheless, the capacity for complex language 

appears to be a form of ‘deep homology’ that gains expression in the widely disparate groups 

of primates, marine mammals and Chiroptera, all of which possess a neural substrate capable 

of supporting vocal plasticity (Scharff & Petri, 2011; Barón Birchenall, 2016; Vernes, 2017).  

 

Honest signalling through song 

Male courtship song is a means by which individuals may signal their mating potential, and is 

often an honest signal that genuinely reflects a singer’s attributes. Various features of song 

have been experimentally correlated with measures of male reproductive success. For 

example, song repertoire size is correlated with territory quality and lifetime reproductive 

success in great tits (Parus major; Mcgregor, Krebs & Perrins, 1981), and with territory 

quality and number of offspring produced in great reed warblers (Acrocephalus 

arundinaceus; Catchpole, 1986). In greater sac-winged bats (Saccopteryx bilineata), 

repertoire size has been correlated with the number of females in the territory of a harem 

male (Davidson & Wilkinson, 2004), and higher singing rates with higher numbers of 

offspring (Behr et al., 2006). Song pitch is correlated with male body size in a number of 

species, including purple-crowned fairy wrens (Malurus coronatus coronatus; Hall et al., 

2013) and willow warblers (Phylloscopus trochilus; Linhart & Fuchs, 2015), while 

immunological condition has been correlated with high song rates in barn swallows (Hirundo 

rustica; Saino et al., 1997).  
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In addition to these signals of male traits, aspects of song output such as duration, note 

length, call rate, and inter-note interval typically reflect honest energetic investment, making 

them difficult signals to counterfeit (Read & Weary, 1992; Prestwich, 1994; Gil & Gahr, 

2002; Ophir, Schrader & Gillooly, 2010). Song output is thus often used as an indicator of 

male quality in the most traditional sense – high song outputs require high energetic 

investment, meaning that the singers who produce them are generally in good condition, 

capable foragers, and able to defend territories against rivals (Gil & Gahr, 2002). Some 

studies, however, have challenged this, suggesting that song may be less energetically costly 

than previously thought (Oberweger & Goller, 2001; Ward, Lampe & Slater, 2004; Ilany et 

al., 2013; Herman, 2017).  

 

Vocalisation and song in bats 

Bat vocalisations are exceptionally rich in that they cover a wide range of frequencies, both 

within and beyond the (human) audible spectrum. Bats are easily the best-known of 

vertebrate ultrasound users, though its use is relatively widespread and is likely to be an 

ancestral mammalian trait (Arch & Narins, 2008). In bats, ultrasound use primarily takes the 

form of echolocation, which may include both singular and combinatorial elements and can 

be modified according to context  (Schnitzler & Kalko, 2001; Jones & Siemers, 2011). In 

addition to ultrasound, a number of bat species produce vocalisations in the audible spectrum, 

including social calling, courtship and territorial calls, and song (Smotherman et al., 2016). 

The reasons song evolved in bats are thought to be similar to the reasons it evolved in birds 

(Smotherman et al., 2016). Both groups have high rates of territoriality, polygyny, and 

migration, share similar metabolic constraints, and possess powered flight (Smotherman et 

al., 2016). The use of flight is of particular significance, because it is so energetically costly. 

Song allows bats to communicate high volumes of information over long distances, providing 

a viable alternative to a costly mode of travel (Smotherman et al., 2016).  

In bats, as in songbirds, song has primarily been reported in males (Davidson & Wilkinson, 

2004; Behr et al., 2006; Russ & Racey, 2007; Voigt et al., 2008; Behr, Knörnschild & von 

Helversen, 2009; Bohn et al., 2009; Bohn, Smarsh & Smotherman, 2013, 2015; Toth & 

Parsons, 2018). It is used in courtship and territorial displays to attract females and warn off 

rival males, but may also have other functions. Smotherman and colleagues (2016) reviewed 
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the current body of work regarding singing in bats, and found studies of 16 species known to 

produce song or song-like behaviours. These include one Molossid, two Megadermatids, two 

Emballonurids, one Rhinolophid, nine Vespertilionids, and one Mystacinid. There are also a 

number of other species in which song has been observed but not officially reported 

(Smotherman et al., 2016). Song has been particularly well-studied in greater sac-winged bats 

(Saccopteryx bilineata), and Brazilian free-tailed bats (Tadarida brasiliensis). S. bilineata 

have been shown to use complex courtship songs as a part of male displays (Behr & von 

Helversen, 2004; Behr et al., 2006; Voigt et al., 2008) and to learn vocalisations via infant 

babbling (Knörnschild et al., 2006), while T. brasiliensis have been shown to use structured 

song syntax (Bohn et al., 2009) that is adaptable to social context (Bohn et al., 2013).  

The bat species in which song has currently been described are taxonomically disparate, and 

include both Yangochiroptera and Yinpterochiroptera. Given this taxonomic disparity, it is 

perhaps even more surprising that song is so little reported – documented in only 16 species 

in an order that numbers at least 1400 (Smotherman et al., 2016; Wilson & Mittermeier, 

2019). It is likely, however, that this is due to a dearth of reporting, and it is predicted that 

evidence of singing or song-like behaviour in bats will increase as our knowledge of bat 

mating systems grows (Smotherman et al., 2016; Vernes & Wilkinson, 2020). 

 

 

1.2 Social Behaviour of Bats 

 

Bats (Order Chiroptera) are distinguished among the mammals by their high rates of sociality 

and group-living behaviour (Kunz & Lumsden, 2003; Kerth, 2008; Altringham, 2011; 

Wilkinson et al., 2019). Many mammals live the majority of their lives solitarily or in small 

kin groups, perhaps aggregating in larger numbers to mate. While exceptions undoubtedly 

exist, bats are unusual in terms of just how prevalent sociality is within the Order (Kerth, 

2008; Chaverri, Ancillotto & Russo 2018). Bats are frequently found in large colonies 

containing hundreds, thousands, or even millions of individuals, and are known to engage in 

long-term social relationships regardless of familial affiliation (Kunz & Lumsden, 2003; 

Kerth, 2008; Wilkinson et al., 2019). 

As one of the most prolific and diverse mammalian groups on the planet, bats naturally have 

an equally diverse array of social structures. While the complexity of the order makes 
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generalisation difficult, certain patterns have nonetheless begun to emerge in recent decades. 

Species in the tropics typically exhibit stable societies year-round, while temperate-zone bats 

commonly display a more variable social model, congregating in large numbers at maternity 

colonies and hibernacula, but spending other periods roosting in small groups or solitarily 

(McCracken & Wilkinson, 2000; Kunz & Lumsden, 2003; Kerth, 2008). Temperate-zone 

bats are more likely to migrate seasonally and to hibernate, both of which promote large 

aggregations (McCracken & Wilkinson, 2000; Kerth, 2008). 

Sociality in animals is affected by a wide range of factors. These include breeding systems 

(monogamous or defence-polygynous systems promote and are reinforced by sociality to a 

greater extent than, say, scramble competition); foraging behaviour (species that pursue large 

prey benefit from collaborative approaches to hunting); predation (individuals in large groups 

improve their chances of escape through group vigilance and predator-confusion); movement 

ecology (dispersal ability affects possibilities for interaction, and navigational ability affects 

species’ ability to relocate one another); demography (longer life-spans create more chances 

to encounter other individuals and increase the possible benefits associated with reciprocity); 

physiology (group living confers thermal advantages); and ecological constraints (limited 

access to necessary resources such as water or suitable nesting sites promotes sociality). Of 

these factors, Kerth (2008) identified demography, physiology, and ecological constraints, in 

particular, as likely to have promoted the evolution of sociality in bats. Bats are long-lived by 

comparison with similar sized mammals (Wilkinson & Adams, 2019), are typically small and 

heterothermic (Stawski, Willis & Geiser, 2014), and require refuges in the form of roosts to 

protect them from predators (Kunz & Lumsden, 2003). As roosts are frequently an 

environmentally limited resource, their use promotes the adoption and maintenance of social 

habits (Kunz & Lumsden, 2003; Kerth, 2008; Altringham, 2011).  

While solitary-living and purely monogamous species do exist, the vast majority of bat 

species are colony roosting for at least a portion of each year (McCracken & Wilkinson, 

2000; Kunz & Lumsden, 2003; Kerth, 2008). Colony roosting provides protection from the 

elements and from predators, allows energetic savings, information transfer, mating 

opportunities, and improved care of offspring, and reduces competition from other 

vertebrates and costs associated with commuting to foraging sites (Kunz & Lumsden, 2003; 

Altringham, 2011). There are, however, associated fitness costs in the form of parasites, 

pathogens, and stress (Kunz & Lumsden, 2003; Altringham, 2011). The last may be mediated 
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somewhat by the extraordinarily low rates of conflict exhibited between colony-roosting bats 

(Kerth, 2008). Antagonistic interactions, at least between female members of the same 

colony, are known to occur in only a few species (Prat, Taub & Yovel, 2016). Dominance 

hierarchies (which may both mediate and be a source of conflict) exist between males in a 

number of species, but are rare in females (Nagy et al., 2007, 2012; Wilkinson et al., 2019). 

 

Mechanisms of Sociality in Bats 

As in many species, social structure in bats is often predicated on the dispersal of one or both 

sexes from their natal colonies and site-fidelity by the remainder. The resulting colonies have 

an underlying kin-based structure – typically matrilineal (Burland & Wilmer, 2001; Gürün et 

al., 2019; Wilkinson et al., 2019) – though male philopatry and female dispersal are common 

in polygynous species (Nagy et al., 2007, 2013) and all-offspring dispersal also occurs 

(McCracken & Bradbury, 1981; Miller-Butterworth, Jacobs & Harley, 2003; Dechmann, 

Kalko & Kerth, 2007). All-offspring philopatry has also been reported in Spix’s disc-winged 

bat (Thyroptera tricolor; Chaverri & Kunz, 2011). Despite high female philopatry in the 

majority of species, rates of relatedness within colonies are typically low (Burland & Wilmer, 

2001). The reasons for this are various, but include high rates of genetic interchange among 

migratory species mating at swarming sites, multiple mating, sperm competition, and high 

dispersal ability compared to similar-sized mammals (Burland & Wilmer, 2001). Low 

fecundity and high juvenile mortality also appear to be widespread, which further limits 

colony relatedness (Burland & Wilmer, 2001). These factors, combined with juvenile 

dispersal, mean that relatively few full- or half-siblings may ever be present in a colony at the 

same time (Burland & Wilmer, 2001).  

The social system of any species is always rooted in the basic ability of individuals to 

recognise and recall one another (Chaverri et al., 2018). The mechanisms by which they do so 

are various: visual or olfactory recognition of a known individual, or auditory recognition of 

a conspecific’s call or vocal signature are typical (Chaverri et al., 2018). Olfactory 

recognition has been demonstrated in a number of bats, and is likely to be widespread 

throughout the Order (De Fanis & Jones, 1995; Bouchard, 2001; Safi & Kerth, 2003; 

Chaverri et al., 2018). Auditory recognition is used in numerous contexts, including the 

identification of pups’ isolation calls by mothers (e.g. Tadarida brasiliensis [Balcombe, 

1990]; S. bilineata [Knörnschild & von Helversen, 2008]; Carollia perspicillata [Knörnschild 
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et al., 2013]); recognition of sex-specific echolocation calls (e.g. Eptesicus fuscus; Kazial & 

Masters 2004); and group-specific foraging vocalisations (e.g. Phyllostomus hastatus 

[Boughman & Wilkinson, 1998]; T. tricolor [Chaverri, Gillam & Kunz, 2012]). Egyptian 

fruit bats (Rousettus aegyptiacus) even have sex-specific call modifiers that may be used to 

indicate an intended addressee (Prat et al., 2016).  

In addition to the recognition of individuals, many species have mechanisms that enable them 

specifically to recognise kin (beyond simply their current offspring) (Waldman, 1988). A 

distinction is here drawn between direct kin recognition, in which individuals can recognise 

relatives regardless of circumstance, and indirect recognition, in which, for example, a chick 

is ‘recognised’ by a parent bird because it is in the right nest (Waldman, 1988). It is apparent 

that many bat species are capable of direct kin recognition – common vampire bats 

(Desmodus rotundus), for example, preferentially direct allogrooming, food donations, and 

rescue behaviour towards relatives (Wilkinson, 1986; Carter, Wilkinson & Page, 2017) – but 

the mechanisms involved are poorly understood. If there are opportunities during ontogeny 

for young to learn who their kin are, then it is presumed that kin-discrimination occurs on the 

basis of prior association and long-term memory (Waldman, 1988). The extent to which 

young bats may be provided with these opportunities is unclear, particularly in species with 

high rates of offspring dispersal. If kin-relationships are not learned during ontogeny, it is 

likely that kin-discrimination involves the recognition of shared traits (Waldman, 1988). 

Nose-rubbing has been suggested to enable individual identification in Bechstein’s bats 

(Myotis bechsteinii; Kerth et al., 2003), as it would transmit scent from interaural gland 

secretions, which are known to be individual-specific (Safi & Kerth, 2003). Although a 

relationship was found to exist between the chemical similarity of interaural gland secretions 

and mitochondrial haplotype (Safi & Kerth, 2003) it allowed only for discrimination between, 

rather than within colonies – a result which suggested that Bechstein’s bats may employ 

individual and colony-level recognition, but do not use olfaction to recognise kin directly. By 

contrast, it was recently discovered that captive-born vampire bats preferentially associated 

with unfamiliar kin upon release – a finding which provided the first evidence for direct kin-

recognition in bats (Ripperger et al., 2019). 

While kin relationships clearly play a role in bat societies, there is a growing body of 

evidence to suggest that their social structures are based on long-term bonds of reciprocity 

and individual preference that go beyond kinship (Wilkinson et al., 2019). In a recent study 
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comparing nine species across four families (Wilkinson et al., 2019), kinship was shown to 

be predictive of social association between same-sex individuals in four species (female D. 

rotundus and M. bechsteinii, male Artibeus jamaicensis, and both male and female T. 

tricolor). Interestingly, however, two behaviours traditionally considered indicative of social 

complexity – male dominance hierarchies and female co-operation – were largely 

independent of kinship structures in all species studied (Wilkinson et al., 2019). 

In addition to the ability to discriminate individuals, sociality requires the capacity to 

remember past events, perceive changes over time, and to locate and communicate with 

others (Chaverri et al., 2018). Self-position and spatial orientation are represented in the 

mammalian brain by the hippocampus (Omer et al., 2018). Recent research on Egyptian fruit 

bats (R. aegyptiacus) has indicated that place cells in the hippocampus are also used to track 

the location of conspecifics (Omer et al., 2018). R. aegyptiacus have also shown correlated 

neural activity between socially interacting individuals over timescales from seconds to hours 

(Zhang & Yartsev, 2019). 

The ability to identify and track individuals over time allows complex animal societies to 

emerge. The more complex the society, the more it becomes necessary to regulate 

interactions between group members, and thus the more complex the species’ system of 

communication is predicted to become (Dunbar, 1998, 2009; Freeberg, 2006; Freeberg, 

Dunbar & Ord, 2012); this is known as the ‘social complexity hypothesis’ for 

communication. A comparative phylogenetic analysis of 24 species in nine families detected 

positive evidence for this hypothesis among bats, with social group size being linked to the 

information content of vocalisations  (Knörnschild, Fernandez & Nagy, 2019).  

 

 

1.3 The New Zealand lesser short-tailed bat (Mystacina tuberculata) 

 

The New Zealand lesser short-tailed bat (Mystacina tuberculata; Gray, 1843; Pekapeka-tou-

poto) is the sole extant representative of the Chiropteran family Mystacinidae (Carter & 

Riskin, 2006; Wilson & Mittermeier, 2019). Though its taxonomy has been much-debated, it 

is now considered to lie within the superfamily Noctilionoidea (Teeling et al., 2005). The 

Mystacinidae are thought to have diverged from the New World Noctilionid lineages between 

51 – 41 MYA, just after the basal divergence from the Madagascan Myzopodidae (sucker-
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footed bats) in 57 – 46 MYA (Teeling et al., 2005). There are five other families that make up 

the Noctilionoidea: the Thyropteridae (disc-wings), Furipteridae (thumbless bats), 

Noctilionidae (bulldog bats), Moormopidae (moustached bats) and Phyllostomidae (leaf-

nosed bats) (Teeling et al., 2005; Wilson & Mittermeier, 2019). All are exclusive to the 

Neotropics, meaning that M. tuberculata persists in both phylogenetic and geographic 

isolation from its closest relatives.  

There are three recognised subspecies of short-tailed bat: M. t. aupourica, found in Northland 

and on Hauturu/Little Barrier Island; M. t. rhyacobia, found in the Central North Island; and 

M. t. tuberculata, found in the southern North Island, South Island, and on Whenua 

Hou/Codfish Island (Carter & Riskin, 2006). The northern subspecies is listed as ‘Nationally 

Vulnerable’ by the New Zealand Department of Conservation, while the central subspecies is 

‘Declining’; the southern subspecies, however, is listed as ‘Recovering’ (O’Donnell et al., 

2018). M. tuberculata (not separated by subspecies) is listed as ‘Vulnerable’ by the IUCN 

(O’Donnell, 2008). 

In common with many of New Zealand’s endemic fauna, M. tuberculata exhibits a range of 

behaviours unusual or unknown in the rest of its clade – the consequence of a long and 

isolated evolutionary history in the absence of mammalian predators (Carter & Riskin, 2006). 

They are more generalist in their habits than many bats, having little competition for niche 

space. Only a single other bat species is found in New Zealand – Chalinolobus tuberculatus, 

a small verspertilionid of relatively recent Australian origin (a third, the greater short-tailed 

bat, Mystacina robusta, was last sighted in 1965, and is likely extinct) (Wilson & 

Mittermeier, 2019). Short-tailed bats are omnivorous, browsing for fruit and nectar, and 

gleaning a wide range of arthropods (Daniel, 1979; Carter & Riskin, 2006). They have also 

evolved to exploit terrestrial niches to an extent unknown in any other bat: they are capable 

quadrupeds, walking with the wings tightly furled about the forelimbs (Riskin et al., 2006).  

Based on current knowledge, both the number of individuals per colony and the number of 

individuals per roost are highly variable. Lloyd & McQueen (1996) reported summer roosts 

containing 1400 – 4500 individuals at a site in Ohakune, and a later reference states that “the 

largest colonial roost recorded thus far contained > 6,000 bats” (Lloyd, 2001). These figures 

have since been cited by a variety of other sources (Kunz & Lumsden, 2003; Carter & Riskin, 

2006; O’Donnell et al., 2018), although it is not clear how the original counts were obtained, 

and subsequent references suggest that the 6000 individuals were divided between “two or 
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three colonial roosts” (Lloyd, 2005; Sedgeley, 2012). More recent studies have in either case 

failed to find colony sizes approaching this upper bound – whether this is due to regional 

differences or population declines is uncertain. A winter study on Whenua Hou gave a 

maximum count of 1443 individuals in a single roost (Sedgeley, 2001), while summer counts 

ranged from 251 – 1312 (Sedgeley, 2006). Summer roosts in Fiordland averaged 310 

individuals (range = 103 – 468; Sedgeley, 2003), though a count from a single roost at a 

different (unspecified) time totalled 1184 bats (O’Donnell, unpubl. data, cited in Sedgeley, 

2012). The IUCN Red List states that “the overall population of lesser short-tailed bats 

probably exceeds 30,000 individuals with several populations containing more than 1,000 

bats” (O’Donnell, 2008). 

M. tuberculata have a fission-fusion social structure, with females gathering in maternity 

colonies during the summer and autumn (~November – April, with regional variation) for 

parturition and pup-rearing (Lloyd, 2001; Carter & Riskin, 2006). Large tree cavities are 

preferred as maternity roosts, with each population thought to have somewhere between 20 

and 30 such trees within their range (O’Donnell, 2008); the population is typically split 

between two to three of these trees on any given night during the summer. Breeding takes 

place in the autumn, following which the colonies typically disperse. Torpor is common 

during winter, though not multi-day bouts (Czenze et al., 2017a). 

A variety of sites are used as winter roosts (either solitary or shared), solitary day roosts, 

night roosts, and male singing roosts (Sedgeley, 2006; Toth, Cummings, et al., 2015). 

Reported roost sites include small tree cavities, bark flakes, the trunks of dead tree ferns, and 

perching lilies (Lloyd, 2001). Historic records additionally suggest that M. tuberculata may 

once have used cave roosts, although no modern populations are known to do so (Lloyd, 

2001). Further differences between populations include the number of days roosts are 

occupied, the regularity with which colonies return to the same roosts annually, and the use 

of particular roost types by different demographics (Sedgeley, 2001; Sedgeley, 2003; Carter 

& Riskin, 2006; Toth, Cummings et al., 2015). Notably, males in the Pureora population 

spend considerably more time sharing summer maternity roosts than do their counterparts in 

the Fiordland population (Toth, Cummings et al., 2015). 

The factors that drive discrepancies in colony size and structure are poorly understood, but 

regional variation in resource constraints is a likely source. The Pureora site, for example, is a 

small forest fragment, spatially isolated, and providing little opportunity for immigration or 
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emigration. Individual home ranges are smaller and include more habitat types than those of 

bats in contiguous old-growth forest (Toth, Cummings et al., 2015). Moreover, maternity 

roost selection is likely to be constrained by the availability of large hollow trees, which are 

limited owing to historic logging (Wilcox et al., 1999). Whether the current colony size is 

‘natural’ or has been artificially suppressed by anthropogenic factors is thus uncertain. 

Regional differences in colony size and structure may also have a cultural component – an 

aspect which should be particularly taken into account when comparing between the three M. 

tuberculata subspecies.   

 

Breeding and Singing Behaviour 

Mystacina tuberculata has a lek breeding system in which males defend singing roosts 

(usually small cavities in trees) and perform a song-based display (Toth, Dennis, et al., 2015). 

The song is rapid, sustained, and acoustically complex (Toth & Parsons, 2018). Males may 

sing for up to eight hours per night, producing approximately 5 phrases per second (Toth & 

Parsons, 2018). Even at an average of six singing hours per night, it is possible for males to 

produce over 100,000 phrases nightly (Toth et al., 2018). 

In general, singing roosts are not defended by individual males as lek-sites typically are; 

rather, the majority of singing roosts are shared between 2-5 males who display in shifts 

throughout the night – a behaviour known as ‘timesharing’ (Toth, Dennis, et al., 2015). 

Certain other males have been recorded as holding individual singing roosts, but the 

behaviour is rare by comparison (Toth, Dennis, et al., 2015; Toth & Parsons, 2018). 

Timeshare males typically take the same shifts each night, arriving within a few minutes of 

the previous male’s departure, and retain the same timeshare partner(s) throughout the 

breeding season – in some cases through multiple breeding seasons (Toth & Parsons, 2018). 

Timeshare males do not appear to be any more closely related to one another than to other 

individuals in the general population, so the mechanisms that promote and support 

timesharing within the population are still unknown (Toth et al., 2018). 

In previous studies of M. tuberculata singing behaviour, a number of important findings have 

been made. The four most commonly-used syllables show lower within-individual variation 

than between-individual variation, implying that they may play a biologically significant role 

in encoding individual identity (Toth & Parsons, 2018). Allometric scaling has also been 

found in regard to several aspects of breeding biology: males with smaller forearm lengths 
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typically have higher lek attendance, higher duty cycles (the ratio of song to silence), higher 

numbers of offspring, and use trill-downsweep syllables that are longer in duration that those 

used by larger males (Toth et al., 2018; Toth & Parsons, 2018).  

While there is some evidence for morphological differences between timeshare and solitary 

males (with solitary males reported as having, on average, a shorter forearm length; Toth et 

al., 2018), it is worth noting that only eight solitary-roosting males have been identified and 

measured to-date. The range of forearm sizes exhibited by solitary males in the 2018 study 

was still contained within the range of those exhibited by timeshare males, and neither sample 

included individuals at the extreme ends of the known morphological spectrum (FA range 

39.8 – 46.9; Carter & Riskin, 2006). It is also possible that breeding strategies are more fluid 

than previously thought – males appear to be adaptable in their approach, with some 

individuals known to have used timeshare roosts in one year and solitary roosts in the next; 

one individual was observed singing at both a solitary and a timeshare roost in a single night 

(pers. obs., 2018). As such, it is perhaps premature to categorise males as possessing distinct 

behavioural strategies. Nonetheless, I have retained the designations throughout the following 

work in an effort to build on existing knowledge. 

 

 

1.4 Thesis Outline 

 

The aim of this thesis is to describe attributes of the social system and singing behaviour of 

Mystacina tuberculata. Specifically, I aim to describe the social structure of a population 

roosting in summer maternity colonies during the breeding season; to assess the possible 

influence of song duty cycle on the attractiveness of playback recordings; to calculate the 

energetic cost of singing; and to quantify the syntactic relationships between song 

components. The thesis is arranged as a series of stand-alone papers, and there is a degree of 

overlap necessary between chapters as a result. 

Chapter Two concerns the social system of the M. tuberculata population resident in the 

Pikiariki Ecological Area of Pureora Forest Park. I used network analysis techniques with 

data obtained from the New Zealand Department of Conservation’s longitudinal study of the 

Pikiariki population to analyse day-roosting associations and group arrivals/departures at 

summer communal roosts. I present findings regarding long-term preferred associations 
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between individuals of both sexes that provide a useful comparison to the social systems of 

other bat species. 

Chapter Three concerns a playback experiment I conducted during the summer breeding 

season of 2018 in which I investigated the possible role of duty cycle in song attractiveness. 

While I did not find song duty cycle to significantly influence playback attractiveness, studies 

examining the effect of duty cycle in mammalian systems are extremely rare, and results are 

accordingly of some interest.  

Chapter Four details the energetic cost of singing in M. tuberculata. I used temperature-

telemetry to record body temperatures of male bats during periods of singing and day-

roosting and calculated the energetic cost of both states. I found singing to be more 

energetically costly than day-roosting normothermy, but did not find a correlation between 

song duty cycle and energy expenditure over short time-frames.  

Chapter Five is an analysis of the syntactic structure of M. tuberculata song, its composition 

and patterning. I show that M. tuberculata song combines song elements in a hierarchically 

structured fashion in accordance with syntactic principles, but does so with considerable 

versatility of expression. As song structure has been studied in only very few bat species to 

date, this analysis thus provides an interesting comparison. 

In Chapter Six I summarise the key findings of this thesis, placing them within the broader 

context of literature regarding bat song and bat social systems. I also discuss future directions 

for research and further questions raised by the findings herein.  

All procedures for which I collected field data (Chapters Three, Four, and Five) were 

approved by the University of Auckland Animal Ethics Committee (AEC-R1782) and by the 

New Zealand Department of Conservation (50435-FAU).  
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II 

“The bat with horned wings, tumbling through the darkness, 

Breaks the web, and the spider falls to the ground.” 

 – Conrad Aiken, ‘Senlin: A Biography’ 
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2. Stable social structure in the lesser short-tailed bat, 
Mystacina tuberculata  
 

2.1 Introduction 

 

Bats display a wide diversity of social systems, commensurate with their phylogenetic 

diversity (>1400 species) and broad geographic distribution (Kunz & Lumsden, 2003; Kerth, 

2008; Wilkinson et al., 2019). The factors affecting social structure in bats are many and 

varied, but include mating systems, foraging behaviour, movement ecology, demography, 

physiological requirements, and vulnerability to predators (Kunz & Lumsden, 2003; Kerth, 

2008; Wilkinson et al., 2019)  Bats are exceptionally long-lived by comparison with similar-

sized mammals (Wilkinson & Adams, 2019), which increases the likelihood of repeatedly 

encountering other individuals over the course of a lifespan. In most bats, spatial clustering 

with others provides direct physiological benefits in terms of thermal buffering to protect 

against cold temperatures (Willis & Brigham, 2007; Russo et al., 2017). Finally, most bats 

require appropriate refuges in the form of caves or tree roosts, which may be limited and 

shared by several individuals, thus promoting the adoption of social traits (Kunz & Lumsden, 

2003). 

While the range of bat social systems is diverse, some trends are broadly conserved. Bats in 

the tropics typically have stable societies year-round, while in temperate regions social 

networks differ by season as bats move from summer breeding colonies to hibernation sites 

(McCracken & Wilkinson, 2000; Kunz & Lumsden, 2003; Kerth, 2008). The majority of bat 

species roost in colonies (McCracken & Wilkinson, 2000; Kunz & Lumsden, 2003; Kerth, 

2008). Colony-roosting improves individuals’ chances of escaping predators through group 

vigilance and predator-confusion, provides a communal nursery for pups (in the case of 

maternity roosts), and can promote the existence of stable social bonds or co-operative 

relationships between specific individuals (Wilkinson, 1984; Kerth, Perony, & Schweitzer, 

2011; Carter & Wilkinson, 2016; Ripperger et al., 2019). Kin selection suggests that close 

relatives are more likely to form co-operative relationships, and thus might roost together 

more often (Hamilton, 1964). Kin-biased associations are also caused by sex-biased 

philopatry. Many bat species are matrilineal, with female philopatry and male dispersal being 

the norm, and new colonies splitting from existing ones in matrilineal kin groups (Burland & 
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Wilmer, 2001; Fleming & Eby, 2003; Kunz & Lumsden, 2003; Metheny et al., 2008; 

Patriquin & Ratcliffe, 2016). Most bats species show relatively low average colony 

relatedness that is highly variable across dyads – a pattern which is indicative of nepotism 

and differentiated relationships (Lukas & Clutton-Brock, 2018). However, co-roosting 

associations in bats are often only weakly kin-biased and are instead predicated on sex, 

reproductive state, roost availability or thermal requirements (Kunz & Lumsden, 2003; Kerth, 

2008; Wilkinson et al., 2019). Species in which individuals switch roosts frequently are more 

likely to exhibit kin-based roosting associations than those with low rates of roost-switching 

(Wilkinson et al., 2019).  

In this study, I examined the social dynamics of a colony-roosting temperate bat, Mystacina 

tuberculata. Social structure in M. tuberculata is not well understood, and no network 

analysis studies have been published to date. M. tuberculata is classified as ‘vulnerable’ by 

the IUCN (O’Donnell, 2008). It is endemic to New Zealand and is the last extant member of 

the family Mystacinidae (Carter & Riskin, 2006; Wilson & Mittermeier, 2019). It possesses 

many rare and unusual social and ecological traits owing to a lengthy evolution in the 

absence of predators (Lloyd, 2001; Carter & Riskin, 2006; Wilson & Mittermeier, 2019). For 

these reasons, quantifying the social structure of M. tuberculata is of considerable interest for 

comparative studies in bats, which are currently limited by the diversity of species that have 

been studied in sufficient detail (Wilkinson et al. 2019). Furthermore, M. tuberculata has a 

lek breeding system (Toth, Dennis, et al., 2015; Toth & Parsons, 2018), and thus is of 

especial interest, as the social structure of a lekking bat species has not yet been described.   

During the summer breeding season, M. tuberculata males engage in lengthy bouts of 

complex song, which may be maintained for up to eight hours per night (Toth, Dennis, et al., 

2015; Toth & Parsons, 2018). Singing is thus thought to represent a significant reproductive 

investment on the part of males. Peaks in male and female reproductive investment are 

asynchronous, as gestation either takes place over winter or is delayed until spring, with 

parturition occurring in early summer (December-January) (Daniel, 1979; Carter & Riskin, 

2006). I hypothesised that differences in female and male parental investment would be 

reflected in the social structure of the population. Due to their greater reliance on maternity 

roosts, I predicted that female dyads would have stronger and more stable co-roosting 

relationships than males. However, some male-male 'timeshare’ relationships (sensu Toth, 

Dennis et al., 2015) appear stable across multiple breeding seasons (Toth et al., 2018), so I 
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also predicted that preferred day-roosting relationships might exist between males. I 

hypothesised, therefore, that male-male dyads would exhibit stronger association rates than 

male-female dyads.   

In their simplest form, social network analyses are based on the observation and 

quantification of natural interactions between pairs of free-living individuals (Hinde, 1976; 

Whitehead, 1997). In bats, however, direct observations are difficult due to their nocturnal 

habits, aerial behaviour, and flight distances. In lieu of night-time observations, most studies 

of social structure are based on the use patterns of day roosts (Johnson et al., 2013; Wilkinson 

et al., 2019). Using this method, individuals that share the same roost at the same time are 

deemed to be ‘associating’ irrespective of whether they are ever observed directly interacting 

with one another. Alternatively, individuals may be considered ‘associated’ if they arrive at 

or leave the roost in tandem (Wilkinson, 1992; Johnson et al., 2013).  

 

 
2.2 Methods 

 

Study site 

This study was conducted using data obtained from the Mystacina tuberculata population in 

Pikiariki Ecological Area of Pureora Forest Park (38°26’S, 175°39’E), central North Island, 

New Zealand. The exact population of the area is unknown; it was recently estimated to be 

~700 (Wallace, 2006, cited in Toth, Cummings, et al., 2015), but 796 unique individuals were 

recorded at maternity roosts in 2016 (Department of Conservation, unpubl. data). The 

population is actively managed by the New Zealand Department of Conservation (DOC), 

which has undertaken annual captures at maternity colonies to tag adults and post-volant 

juveniles with passive integrated transponders (PIT) since 2013. The result is a database of 

1448 individuals, including information on age, sex, and the time and place of first capture (n 

= 700 females, n = 699 males, n = 49 sex unknown). The rate of loss from the population 

through death or dispersal is unknown, which partially accounts for the discrepancy between 

the number of individuals tagged and the total population estimate.  

There are 14 known communal roosts in Pikiariki. Of these, seven were in use by the 

population during the study period. I use the term ‘communal roosts’ rather than ‘maternity 

colonies’, because they are used during the summer months for the rearing of offspring, but 
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are not exclusive to females with pups. There is no evidence that males take any role in 

parental care, but roosts are shared by adults of both sexes. On a typical day, the colony is 

divided among two or three communal roosts. Between 11/09/2013 and 28/04/2018, PIT tag 

readers were mounted at the entrances to communal roosts (n=7), and the identities of 

individual bats were recorded as they arrived or departed. Records were obtained from all 

seven roosts, but readers were not in consistent use at each tree, and in some cases covered 

only one of several possible entrances. 

 

Day-Roosting Associations 

For each day, I considered two individuals to be associated if they were present in the same 

roost between sunrise and sunset (day-roosting association; Wilkinson et al., 2019). As only a 

single PIT tag aerial was deployed at each roost, it was not possible to determine whether 

individual records constituted arrivals or departures. I therefore inferred arrivals and 

departures based on time of day, regarding the last morning records for each bat to be roost 

arrivals and the first evening records to be roost departures. I regarded an individual as day-

roosting at a particular site only if it was recorded at the roost within 1.5 hrs either side of 

sunrise and it was recorded again at that same roost within 3 hrs after sunset on the same 

date. I selected these timeframes on the basis of peaks in the occurrence data (Fig. 1). 

Morning peaks in PIT-tag records occurred at sunrise, while evening records peaked ~2 hrs 

after sunset.  

To limit the number of bats erroneously classified as day-roosting at a particular site, I 

excluded individuals from analyses if there was a record of them at a different roost 

subsequent to their presumed morning arrival or preceding their presumed evening departure. 

Any records of the same individual subsequent to the first putative emergence in the evening 

and prior to the last record in the morning were classified as night-time visits.  

I obtained a total of 457,926 records from automatic PIT tag readers between 2013 and 2018.  

In total, 1308 unique individuals were recorded (638 female, 623 male, 47 sex unknown) 

representing 90.3% of all PIT tagged individuals. Many bats, however, were recorded using 

communal roosts on relatively few occasions. I retained 13,484 day-roosting observations of 

females and 9,602 of males. There were 737 day-roosting female groups and 774 day-

roosting male groups. Both sexes used six of the seven known roosts.  
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Co-flying Associations 

Analyses of day-roosting associations may over-estimate relationships between particular 

individuals simply because they share an affinity for a particular roost site. Therefore, I also 

measured associations based on individuals arriving at or leaving a roost in tandem. I 

classified any group of two or more bats recorded with the same timestamp as ‘co-flying’. 

Functionally, this meant that the window within which two individuals could be considered 

co-flying was one minute, as timestamps were only recorded to minute-level accuracy. I did 

not attempt to categorise co-flying records as arrivals or departures, and consequently had no 

need to discard night-time visits. I was thus able to retain the entire dataset. When 

considering only bats with 10 or more observation records (n = 1242), a total of 292,537 

observations were obtained, comprising 98,973 co-flying groups. The mean number of bats 

flying together was 2.95, and the maximum was 34. In analyses considering interactions 

between only females (n = 605), and only males (n = 593), there were 161,292 observations 

of females and 120,890 of males. There were 79,092 co-flying female groups and 67,340 co-

flying male groups. Six of the seven known roosts were used by female dyads, and all seven 

by male dyads (this includes roost CR10, which was not in use as a communal roost during 

the period of study, but was visited by individuals and small groups as a night roost). 

 

 

Fig. 1. Bat observation records from PIT tag readers displaying morning and evening peaks. Solid 
lines represent sunrise (a) and sunset (b) times, while dashed lines represent the boundaries of 
sampling periods. 

a) b) 
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Estimating association rates 

I used the Simple Ratio Index (SRI) to determine dyadic day-roosting association rates 

(Farine & Whitehead, 2015; Hoppitt & Farine, 2018). SRI values range from 0 (individuals 

never observed together) to 1 (individuals always observed together). Relatively low 

association scores may still be biologically significant, particularly in species such as bats. 

An association score of 0.05, for example, indicates that, of all the occasions on which two 

individuals were recorded, 5% of that time was in one another’s company – which may be 

biologically significant when considering the high motility, large colony sizes, and low rates 

of individual detectability at play. SRI scores can be biased towards zero by undersampling 

(e.g. if a true association rate of 0.05 is sampled fewer than 20 times is likely to produce an 

estimate of zero). Mean SRI scores in other bat species studied over several years vary from 

0.02 in male vampire bats (Desmodus rotundus) to 0.26 in female Bechstein’s bats (Myotis 

bechsteinii) (Wilkinson et al. 2019).  

To detect preferred associations, it is ideal to exclude individuals for which only a few 

records exist (Whitehead, 2008a; Farine & Whitehead, 2015). For example, a bat only seen 4 

times is likely to yield SRI values of 0 or 1. On the other hand, excluding bats with limited 

observation data reduces the sample size of individuals. I therefore set a minimum threshold 

of 10 observations to include an individual in analyses. For day-roosting associations, this 

reduced the total number of sampled individuals in the dataset to 825 (n = 425 females; n = 

373 males; n = 27 sex unknown). For co-flying associations, I included 1242 individuals (n= 

605 females; n = 593 males; n = 44 sex unknown) that had 10 or more observation records 

and were recorded co-flying on at least one occasion. I used mantel tests of SRI values with 

1000 permutations (package ‘vegan’ version 2.5.5 in R version 3.5.3; R Core Team, 2019) to 

examine the effect of sex on dyadic associations. 

 

Measuring social differentiation 

The coefficient of variation (CV) of association indices such as the SRI can be used to assess 

the degree of social differentiation in a population (i.e. the extent to which individuals have 

preferred or avoided relationships). In other words, social differentiation is a measure of the 

variability of association indices within a population. If social differentiation is near or 

greater than 1, relationships within the population are highly varied – as, for example, in 
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monogamous species, where individuals associate much more closely with their partner than 

with others (Whitehead, 2008b). Note that social differentiation is not a percentage measure, 

and interpretation is subjective. Whitehead (2008a) describes social differentiation as “low” 

at ~0.05; “intermediate” at ~0.5; and “high” at > 2.5, whereas Whitehead (2009) describes 

networks as being “rather homogenous” when social differentiation is 0.3; as “well 

differentiated” at 0.5; and “extreme[ly]” differentiated at 2.0. By comparison, Farine and 

Whitehead (2015), describe networks as “moderately differentiated” with social 

differentiation 0.2; “highly differentiated” at 0.6; and “extremely differentiated” at 10.  

 

Creating random networks 

To test for preferred associations while controlling for the influence of roost and year, I used 

data permutation tests (10,000 permutations; packages ‘asnipe’ version 1.1.11, and ‘sna’ 

version 2.4 in R version 3.5.3; R Core Team, 2019). Null networks were constructed by 

repeatedly swapping individual bat observations to different days but always within the same 

roost and year. To examine whether a network contained more preferred or avoided 

relationships than expected by chance, the CV of the observed network was compared to the 

CV measured in 10,000 random permutations of the data, and P-values (one-sided) were 

calculated based on the proportion of times that the social differentiation of the randomised 

networks were greater than the true value (Farine & Whitehead, 2015). I then doubled the 

value of these calculations to obtain two-sided P-values.  

 

 

2.3 Results 

 

Roost-Use 

PIT-tagging began in 2013, with 381 individual bats recorded at roosts in that year, and the 

numbers of tagged individuals increased rapidly thereafter. Over 700 unique individuals were 

recorded visiting communal roosts in each of 2016, 2017 and 2018 (See Table 1 in Appendix 

I). Seven communal roosts (CRs) were used by bats during the period of the study, but only 

two were used in all six years. The mean number of roosts used by females was 4.10 (range 1 

– 7), while the mean for males was 4.02 (range 1 – 7). Rates of return by individual bats were 

high, with large numbers returning to communal roosts and maintaining individual 
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relationships for every year they were involved in the study (up to a maximum of seven 

years). Variation in roost use was apparent, with roosts appearing to fall in and out of favour. 

One roost (CR10) was only ever used as a temporary night roost during the observation 

period, though it was a communal roost prior to the study. Based on the frequency of female 

visits, three trees (CR6, CR8 and CR13) appear to have been used as the chief maternity 

roosts in all years except 2015, when CR11 was used rather than CR8 (CR13 was not 

discovered until 2014). Those trees that appeared to be used as maternity roosts typically saw 

approximately equal numbers of male and female visitors, though the rate of visits by 

individuals of a particular sex was often higher at one roost than another (See Appendix I).  

 

Day-Roosting Associations  

Analysis of day-roosting associations revealed evidence of long-term affiliative relationships. 

The mean number of individuals present at the same roost during the day was 29.7 (range = 1 

– 178; median = 14). The mean association rate for the colony was low (SRI = 0.038), though 

there was significant evidence of preferred roosting partnerships (CV = 1.09, n = 825, P 

<0.002), even when controlling for the influence of both roost and year. 

Dyadic association rates varied with the sex of the individuals. Same-sex dyads were more 

strongly associated than mixed-sex dyads (mantel r = 0.08, P < 0.001), a difference that was 

driven by female dyads being more strongly associated than male or mixed-sex dyads (mantel 

r = 0.07, P < 0.001). Male dyads were not more strongly associated than mixed-sex dyads 

(mantel r = 0.008, P = 0.23). Overall, females had marginally higher association rates than 

males (R² = 0.0098, t = 65.3, P = 0.005; Fig. 2), but there was no significant difference in 

degree centrality between the sexes (R² = 0.0045, t = 87.7, P = 0.06). 

In day-roosting analyses considering interactions between only females and only males, the 

mean association rate for both sexes was low (SRIfemale = 0.043; SRImale = 0.038). Both sexes, 

however, demonstrated preferred same-sex co-roosting relationships (CVfemale = 1.05, n = 

425, P <0.002; CVmale = 1.11, n = 373, P <0.002). In day-roosting analyses of male-female 

groups, the mean association rate was marginally lower than that of the colony as a whole 

(SRI = 0.034), and social differentiation marginally higher (CV = 1.12, n = 825, P <0.002).  
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Co-Flying Associations  

Analysis of co-flying groups when controlled for roost and year revealed higher levels of 

social differentiation than were evident in day-roosting associations alone. The mean 

association rate was lower than observed in day-roosting associations (SRI = 0.0009), but 

preferred relationships were more apparent (CV = 2.17, n = 992, P < 0.002). Females still had 

marginally higher association rates than males (R² = 0.01, t = 72.4, P = 0.001), though there 

was no significant difference in degree centrality between the sexes (R² = 0.01, t = 61.6, P = 

0.0006). 

In analyses considering interactions between only females and only males, the mean 

association rate for each sex was low (SRIfemale = 0.0016, SRImale = 0.0014). Social 

differentiation was greater than in co-roosting analyses, revealing stronger individual 

preferences, particularly in males (CVfemale = 1.84, n = 605, P < 0.002; CVmale = 2.12, n = 

593, P < 0.002). In co-flying analyses of male-female groups, the mean association rate was 

Fig 2. Mean day-roosting association rates were higher for females (SRI = 0.043) than for 
males (SRI = 0.038; R² = 0.0098, t = 65.3, P = 0.005). 
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very low (SRI = 0.0011), and co-flying associates were less strongly indicated than in same-

sex dyads (CV = 1.52, n = 992, P <0.002). 

 

 
2.4 Discussion 

 

I observed long-term social relationships and high levels of social differentiation in a colony 

of Mystacina tuberculata using both day-roosting associations and co-flying behaviour. I 

found same-sex dyads to have higher association rates and lower social differentiation than 

opposite-sex dyads, with female-female relationships being the strongest overall. They were 

also less variable in strength than male-male or female-male relationships. The strength of 

association scores generally increased in inverse proportion to social differentiation – in other 

words, social relationships exist along an axis from gregariousness to exclusivity. My 

findings suggest that female M. tuberculata favour the former during the summer breeding 

season, while males incline more towards the latter. Female-male relationships, at an even 

further extreme, are likely to be maintained as long-term bonds between specific pairs of 

individuals rather than as a general norm.  

Stable colony-level female associations are consistent with a summer social structure based 

around communal roosting at maternity colonies, where females provide care to pups, 

juveniles gradually transition to independent flight, and males occupy small breeding 

territories (Carter & Riskin, 2006; Toth et al., 2015). Females roost at maternity colonies 

during the day more frequently than males do, leading to stronger and more homogeneous 

long-term relationships. In many regards, this pattern reflects that seen in other colony-

roosting bat species, in which the phenology and resource requirements of breeding and pup-

rearing drive female behaviour, which leads, in turn, to a female-mediated social structure 

across the colony as a whole (McCracken & Wilkinson, 2000; Kerth, 2008). As most studies 

of bat social structure have focussed on summer maternity colonies, it is unsurprising that this 

type of female-mediated structure has been widely documented, in species as diverse as 

vampire bats (Desmodus rotundus; Wilkinson, 1985; Wilkinson, 1986); mouse-eared bats 

(Myotis bechsteinii [Kerth & König, 1999; Kerth et al., 2011; Baigger et al., 2013]; M. 

septentrionalis [Patriquin et al., 2010]; M. nattereri [Zeus et al., 2018]); serotine bats 

(Eptesicus fuscus; Webber et al., 2016); noctule bats (Nyctalus lasiopterus; Popa-Lisseanu et 

al., 2008) and New Zealand long-tailed bats (Chalinolobus tuberculatus; O’Donnell, 2000).  
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Wilkinson and colleagues (2019) compared association data for nine species of bats from 

four families using methods similar to mine, and found broadly similar social structures to 

those seen in M. tuberculata (low association rates with moderate to high social 

differentiation). Compared with their findings, my analysis of day-roosting associations in M. 

tuberculata showed higher association rates than those of male vampire bats (D. rotundus; 

SRI = 0.021) and male and female Jamaican fruit bats (Artibeus jamaicensis: SRImale = 0.023, 

SRIfemale = 0.028), but lower association rates than those of northern long-eared bats (M. 

septentrionalis; SRIfemale = 0.057), greater spear-nosed bats (Phyllostomus hastatus; SRIfemale 

= 0.059) female D. rotundus (SRIfemale = 0.061), greater sac-winged bats (Saccopteryx 

bilineata; SRImale = 0.107, SRIfemale = 0.112), proboscis bats (Rhynchonycteris naso; SRImale = 

0.126, SRIfemale = 0.167), Spix’s disc-winged bats (Thyroptera tricolor; SRImale = 0.136, 

SRIfemale = 0.099), evening bats (Nyctecius humeralis; SRIfemale = 0.145), or Bechstein’s bats 

(M. bechsteinii; SRIfemale = 0.262). While it is difficult to speculate as to the drivers of this 

variation, it is worth noting that the majority of the species in this list are tropical, sharing the 

same roosts year-round, while the temperate species had only female data available. M. 

tuberculata thus presents an interesting point of comparison as a temperate species in which 

males share summer colonial roosts. 

Mystacina tuberculata is unique among temperate bats in that it uses a lek breeding system 

with song-based courtship in which long-term associations between males appear to be a 

significant component (Toth et al., 2018). I hypothesised that the annually-recurring nature of 

male timeshare partnerships would affect the social structure of the population, with males 

maintaining stronger relationships than observed in other bats. In fact, I observed relatively 

low SRIs in both sexes, though males did maintain long-term preferred associations, both 

with one another and with females. Curiously, however, it is possible that this behaviour is an 

artefact of the Pikiariki population alone rather than being representative of the species. 

Males in the Pikiariki population may spend up to 75% of summer days sharing communal 

roosts (Toth et al., 2015) – considerably more than their counterparts in contiguous forest 

(Sedgeley, 2001; Sedgeley, 2003). Similarly, individuals in the Pikiariki population (not 

separated by sex) were shown to roost solitarily on only 17% of days, compared with 38% of 

days for bats in the Eglinton (Czenze et al., 2017b). Based on the rate of returns of PIT-

tagged individuals in this study, it would appear that natal philopatry is equally common to 

both sexes in the Pikiarki population. While such all-offspring retention is rare in mammals, 

it has previously been reported in T. tricolor (Chaverri & Kunz, 2011). Whether this is a 
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pattern common to M. tuberculata more generally or whether it is the result of fragmented 

habitat and constrained dispersal opportunities is uncertain. As yet, no other studies of social 

structure in M. tuberculata populations exist, so it is unclear whether or not the Pikiariki 

population is typical in terms of association strength or longevity. It is worth noting that 

where non-random male-male relationships have been observed in other bats, it has typically 

been in the context of co-operative alliances during breeding (e.g. A. jamaicensis; Ortega & 

Arita, 2002; Ortega, Guerrero, & Maldonado, 2008; S. bilineata; Nagy et al., 2012), or in 

swarming flights (e.g. Myotis lucifugus; Burns & Broders, 2015). 

While breeding phenology is a key driver of social structure in M. tuberculata, several other 

elements are also significant. Being small, heterothermic, and vulnerable to predators 

promotes clustering and shared roost use for protection and thermoregulation (Kunz & 

Lumsden, 2003; Kerth, 2008). While these traits are common to many colony-roosting bats, 

they are perhaps more significant in M. tuberculata than in Hypsignathus monstrosus, the 

only other bat in which lek-breeding has been described to date (Bradbury, 1977). By 

comparison with M. tuberculata, which range in weight from 10-22 g, H. monstrosus have 

been reported weighing up to 420 g, and roost in the open on tree branches, relying on 

camouflage for predator avoidance (Langevin & Barclay, 1990; Wilson & Mittermeier, 

2019). Potential comparisons, however, are limited by a lack of studies of social structure in 

lekking mammals. Comparisons with the social systems of other lek breeders such as birds or 

insects are largely irrelevant, as the social systems of bats are so strongly influenced by their 

thermal and roosting requirements, which have little in the way of direct comparison.  

As a brief note, it is worth mentioning that period of time I considered plausible for roost 

emergence (up to 3 hrs post-sunset) was reasonably lengthy, and may have erred on the side 

of generosity. While the timeframe matched the data recorded, it differed from some previous 

findings regarding M. tuberculata emergence times (Christie, 2006). In a study of 12 radio-

tracked bats in Fiordland (6° of lattitude higher than my site), Christie (2006) observed 

emergence times of 20-80 minutes post-sunset. It is possible, however, that the observed 

differences are due to the relative darkness of the fragmented forest in Pikiariki compared to 

the contiguous forest in Fiordland. In either case, I do not consider that the more generous 

window will have had an adverse effect on the analysis, as safeguards were in place to 

prevent a bat from being included if it had not also been recorded arriving at the roost the 

same morning.  
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While a high proportion (90.3%) of PIT tagged individuals were recorded using communal 

roosts during the period of study, it is also worth considering those individuals that weren’t. 

Of the PIT tagged individuals not recorded at roosts, 55% were male, which is consistent 

with the roost sites’ primary function as maternity colonies and the known tendency of males 

to roost solitarily (Sedgeley, 2003). More significantly, however, 52% of undetected bats 

were aged seven or older, a demographic that made up only 26% of the detected population. 

Individuals aged five or older, meanwhile, made up 61% of detected, and 75% of undetected 

bats. Although these numbers clearly represent a loss to the population over time, the causes 

are uncertain; while it is likely that mortality plays a role in the failure to detect older 

individuals, the maximum lifespan of M. tuberculata is currently unknown. Estimates based 

on the lifespans of similar-sized bats have suggested that it might exceed 10 years (Molloy, 

1995). Other possible factors include emigration, solitary roosting by non-reproductive 

individuals, and loss or malfunction of PIT tags. This last factor is particularly probable for 

individuals aged seven or older, as they are likely to have been tagged in the first two years of 

the project, before it became standard practice to seal tag insertion sites with adhesive. It is 

worth noting that the individuals of this age class were detected in low numbers throughout 

the period of study, even as far back as 2013. 

Studies of social systems have been conducted in relatively few bat species to date, and those 

that have been conducted represent only a narrow taxonomic range. This study therefore 

creates a unique opportunity to assess network structure in a temperate, lekking species in 

which both sexes share colonial roosts. This provides a unique contribution to the literature 

that I hope will prove informative in future comparative studies. It is worth noting, however, 

that attendance at summer maternity roosts is only one possible avenue for social interaction 

– and does not even occupy the most active portion of the circadian cycle. Social interactions 

between all demographics are undoubtedly more complex than is possible to capture using 

summer roosting associations alone, and it is possible, and indeed probable, that interactions 

at singing roosts or while foraging form a significant component of male-male and female-

male relationships in this species.  
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tailed bats (Mystacina tuberculata) to 
playbacks show no evidence for an influence 
of duty cycle on song attractiveness 

 
 
 
 
 
 
 

 

  

III 

“And bats with baby faces in the violet light 
Whistled, and beat their wings 
And crawled head downward down a blackened wall 
And upside down in air were towers 
Tolling reminiscent bells, that kept the hours 
And voices singing out of empty cisterns and exhausted wells.” 

  – T. S. Eliot, ‘The Waste Land’ 
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3. Behavioural responses of lesser short-tailed bats (Mystacina 
tuberculata) to playbacks show no evidence for an influence 
of duty cycle on song attractiveness. 
 

3.1 Introduction 

Song is used by a wide variety of taxa across the animal kingdom for purposes such as mate 

attraction and territorial defence (Marler & Slabbekoorn, 2004; Catchpole & Slater, 2008). 

Courtship songs are produced by males across the taxonomic spectrum, including birds 

(Marler & Slabbekoorn, 2004; Catchpole & Slater, 2008), orthopterans (Zuk, 1987; Stange & 

Ronacher, 2012), anurans (Ryan, 1988), cetaceans (Herman, 2017) and bats (Bradbury, 1977; 

Behr & von Helversen, 2004; Davidson & Wilkinson, 2004; Bohn et al., 2009; Smotherman 

et al., 2016). Songs are known to convey information regarding attributes such as age and 

experience (Knörnschild et al., 2006, 2010), body size (Voigt et al., 2008; Hall et al., 2013; 

Toth & Parsons, 2018), dominance rank (Behr, von Helversen & Heckel, 2006), and even 

immunocompetence (Saino et al., 1997; Ryder & Siva-Jothy, 2000; Stange & Ronacher, 

2012). As such, songs have traditionally been considered a means by which singers may 

honestly signal their quality to a potential mate (Gil & Gahr, 2002; Fitch & Hauser, 2003). 

Many different aspects of male singing have been experimentally correlated with 

reproductive success (Catchpole & Slater, 2008). These include repertoire size or complexity 

(Mcgregor, Krebs & Perrins, 1981; Davidson & Wilkinson, 2004), syllable characteristics 

(Behr et al., 2006; Botero et al., 2009), and song rate or duty cycle (e.g. Gottlander, 1987; 

Reid & Weatherhead, 1990; McComb, 1991; Hoi-Leitner, Nechtelberger, & Hoi, 1995; 

Oberweger & Goller, 2001; Welling et al., 2016). Song rate (or call rate) is typically 

measured as the number of syllables/minute, while duty cycle is defined as the ratio of signal 

to silence, and as such represents the proportion of a given time period that is spent singing. 

While the two may be related, they are not necessarily equivalent (singers using 

comparatively few long syllables may have a high duty cycle, but a low song rate). The 

discrepancy is less significant in species where syllables are highly stereotyped, and many 

studies thus use song rate as the default. For that reason, I have included here a number of 

studies in which song rate is used as a metric. Duty cycle and/or song rate are thought to 

represent an honest signal of reproductive investment, on the basis that the production of 
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more or longer syllables requires more energy, and is thus more metabolically costly (Ryan, 

1988; Prestwich, 1994; Gil & Gahr, 2002; Gillooly & Ophir, 2010). Duty cycle and/or song 

rate have previously been associated with factors such as pairing date (Alatalo et al., 1990; 

Hoi-Leitner et al., 1995), territory quality (Gottlander, 1987; Hoi-Leitner et al., 1995), extent 

of parental care (Welling et al., 2016) offspring survival (Welling et al., 2016), and success in 

male-male contests (Clutton-Brock & Albon, 1979). 

The New Zealand lesser short-tailed bat, Mystacina tuberculata, has a lek breeding system in 

which males perform complex and vocally intensive courtship songs to attract females (Toth 

& Parsons, 2018; Toth et al. 2018). Songs may be performed for upwards of 8 hrs per night 

(Toth & Parsons, 2018), over a breeding season that lasts from November through until May 

(Lloyd, 2001; Toth, Dennis, et al., 2015). At high intensities, the song may reach rates of ~8 

phrases/second (K. Collier, unpubl. data). Toth & Parsons (2018) cited an average of 5 

syllables/s (where their ‘syllables’ are functionally equivalent to my ‘phrases’), from which 

they calculated >100,000 syllables/night – one of the highest sustained song outputs ever 

described in any species. As such, M. tuberculata songs are likely to involve significant 

energetic expenditure and may well be an honest signal of males’ physical condition or 

resource-holding potential (Read & Weary, 1992; Prestwich, 1994; Gil & Gahr, 2002; Ophir, 

Schrader & Gillooly, 2010).  

Given their presumed importance in the breeding of a vulnerable and actively managed 

species, relatively little is currently known about the songs of M. tuberculata (Lloyd, 2001; 

Carter & Riskin, 2006; Toth et al., 2015). Previous studies of M. tuberculata courtship 

behaviour have, however, gleaned a variety of details regarding how song is used and the 

signals it conveys (Toth et al., 2018; Toth, Dennis, et al., 2015; Toth & Parsons, 2018). Duty 

cycle in M. tuberculata has been shown to correlate negatively with male forearm length, 

though no relationship was found between forearm length and song rate (Toth et al., 2018). In 

other words, smaller males sing for a higher proportion of a given time period, but do not 

necessarily produce more syllables to do so. Smaller males have also been found to have 

higher rates of lek attendance, engage in longer singing bouts, produce higher numbers of 

offspring over short time periods, and to use trill-downsweep syllables that are longer in 

duration than those produced by larger males (Toth et al., 2018; Toth & Parsons, 2018). 

Given that duty cycle is correlated with male body size, and size with reproductive success, 

duty cycle is thought to be an honest signal of male reproductive investment, with higher duty 
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cycles presumed to be more attractive to females. While the existence of such a relationship 

has been hypothesised, it has not yet been tested directly. I therefore conducted a playback 

experiment to examine the relationship between duty cycle and song attractiveness in M. 

tuberculata courtship song. 

Playback experiments have been used in bat research for many years to investigate the uses 

and practical limits of echolocation (Ryan & Tuttle, 1983; Barlow & Jones, 1997; Brigham et 

al., 2004; Jones & Siemers, 2011). They have also been used to demonstrate bats’ learning 

and cognitive skills, including that they employ vocal learning (Prat et al., 2015), can learn 

novel social cues from heterospecifics (Patriquin et al., 2018), and are capable of  individual 

recognition in contexts such as mother-pup isolation calls (Knörnschild & von Helversen, 

2008; Knörnschild, Feifel, & Kalko, 2013) or contact-calls between members of a social 

group (Carter & Wilkinson, 2016). In recent years, playback has been used to investigate 

singing behaviour in a number of bat species, and has yielded significant information on song 

structure and behavioural function. For example, playback experiments in Brazilian free-

tailed bats (Tadarida brasiliensis) demonstrated that song syntax altered with social context 

(Bohn et al., 2013), while playbacks with greater sac-winged bats (Saccopteryx bilineata) 

provided some of the first direct evidence for female attraction to male song in a mammal 

(Knörnschild et al., 2017). 

Given its commonality as a measure of male song attractiveness across a variety of taxa and 

its correlation with male body size in M. tuberculata, I aimed to investigate whether high 

duty cycles made playbacks of male songs more attractive. Secondarily, I wished to assess 

the effectiveness of playback experiments as a means of testing song attractiveness in short-

tailed bats as, to the best of my knowledge, such an approach has not been attempted before. I 

hypothesised that free-living bats would display positive phonotaxis towards playback of 

conspecific songs, but not towards playback of anthropogenic signals (white noise) or to 

silence. I further hypothesised that bats would preferentially approach playback speakers 

broadcasting songs with high duty cycles over speakers broadcasting normal duty cycle or 

low duty cycle songs.  

 

Terminology: the terminology used to discuss song varies widely among biologists, and also 

differs from that used by linguists. To avoid ambiguity I use ‘song’ in its commonplace sense 
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of ‘a sustained series of vocalisations’, while each discrete unit of song (separated from 

others by ~20 ms of silence; Toth & Parsons, 2018) is referred to as a phrase.  

 

3.2 Methods 

Song file production: 

Audio files of M. tuberculata courtship songs were generously provided by C. Toth.  Songs 

were recorded in the Pikiariki Ecological Area during the summer breeding season of 2014. 

The recordings were made using a D980 bat detector (Pettersson Elektronik AB, Uppsala, 

Sweden) linked to a Sound Devices 722 digital recorder (Sound Devices, Reedsburg, WI, 

USA), and used a sampling rate of 192 kHz with 24-bit precision. Each male was recorded 

for 10 minutes to ensure that the full repertoire was captured.  

I retained all recordings that were of good quality (without excessive noise or interference), 

of more than 2.5 minutes duration, and which had a duty cycle between 0.25 and 0.31. The 

mean duty cycle for M. tuberculata courtship song is 0.28 ± 0.06 (Toth et al., 2018), so these 

songs were chosen on the basis that they were within 0.5 SD of the mean. Using a 

randomised selection process, I chose one song recording from each of ten males. There were 

no selection criteria in terms of male song structure (number of syllables or phrases used, 

song type, frequency characteristics, etc.), so as to avoid any effect of researcher bias. 

I isolated a 2.5 minute segment from each recording, simply choosing the first contiguous 2.5 

minutes of uninterrupted song. While phrases are commonly separated by periods of silence, 

I deemed a song to be ‘interrupted’ if broken by more than 10 s of silence, or if a disturbance 

(e.g. other animal vocalisations, researcher noise) was apparent in the recording.  

Songs were edited using RavenPro 1.5 (Cornell Laboratory of Ornithology, Ithaca, NY, 

USA). Spectrograms were generated using 1024-sample discrete Fourier transformations with 

95% overlap and a Hann window (frequency resolution 188 Hz, temporal resolution 2.67 

ms). Each song was subjected to three treatments (Fig. 1.). In the ‘normal’ treatment (N), the 

duty cycle was unaffected, but the selected segment was repeated to create a 10 minute song. 

In the high duty-cycle treatment (H), periods of silence were removed from between song 

phrases until the duty cycle was at least 1.5 SD above the population mean (> 0.37); the 

segment was repeated as often as necessary to create a 10 minute song. In the low duty-cycle 

treatment (L), periods of silence were added in between phrases of the recording until the 
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duty cycle was at least 1.5 SD below the population mean (< 0.19) and the total duration of 

the song was 10 minutes. The key concern was to keep the proportion and order of phrases 

consistent across treatments, but to do so while ensuring that each playback sequence 

remained 10 minutes long. In high and low treatments, the duty cycle was manipulated to be 

within 1.5 SD of the mean – this number was chosen so as not to fall outside the natural range 

of M. tuberculata song (0.13 – 0.38; Toth et al., 2018). A custom MATLAB script 

(MATLAB R2016a, Mathworks) was used to isolate song phrases and adjust duty cycles, 

while RavenPro 1.5 (Cornell Laboratory of Ornithology, Ithaca, NY, USA) was used to stitch 

files into songs of appropriate duration. A noise file was additionally constructed for use as a 

control, and consisted of background (ambient) noise taken from a recording of M. 

tuberculata song stitched together into a 10 minute file. 

  

a) 

b) 

c) 

Fig. 1. Spectrograms of M. tuberculata song manipulated for use in playback experiments. In the 
low duty cycle treatment (a), silences were added between phrases; in the normal duty cycle 
treatment (b), the song was unmodified; and in the high duty cycle treatment (c), silences between 
phrases were shortened. Silences were lengthened or shortened in proportion to their original 
duration.  
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Field methods: 

The study was conducted in the Pikiariki Ecological Area of Pureora Forest Park (38°26’S, 

175°39’E), central North Island, New Zealand, during April 2018. Pikiariki is remnant 

podocarp-hardwood forest dominated by rimu (Dacrydium cupressinum) mataī (Prumnopitys 

taxifolia) and tōtara (Podocarpus totara) (Wilcox et al., 1999). The location was selected 

because a colony of short-tailed bats are resident in Pikiariki and maintain summer maternity 

roosts there. Playbacks were conducted within the central lekking area, making use of 

existing introduced mammal bait lines near the communal roosts. Bait lines are set at 50 m 

intervals throughout Pikiariki, where they intersect with a walking/cycle track (Fig. 2). Males 

are commonly heard singing nearby.  

Each night, one of the five bait lines was randomly chosen, and a site a small distance (5-10 

m) from the cycle track was selected. Owing to the density of the undergrowth in some areas, 

sites were chosen on the basis of the nearest suitable flat ground. I chose to randomise the 

playback location both a) to prevent bats from habituating to the presence of the speakers and 

b) to ensure that resident males did not expend undue time and resources on territorial 

incursions. 

L35 

L36 

L39 

L37 

L38 

CR8 

CR6 

CR13 

Fig. 2. Approximate map of playback locations (L35 – L39) in relation to access 

track (black) and communal roosts (CRs).  
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A total of 19 sound files were included in the playback experiment (H, N, and L duty cycle 

for six males [=18 files], along with one noise file). Each was of 10 minutes’ duration. Ten 

sound files (nine song + noise) were played each night, beginning half an hour after sunset 

(6.37 pm on the first night of playback, 6.03 pm on the last night). Five minutes of silence 

were left before the first sound file was played, and then between each subsequent file, 

meaning that the total run time for an experiment each night was 2.5 hours. The song files 

were divided into two sets using random selection without replacement – the first nine 

chosen, with the addition of the noise file, became Set A, while the remainder, again with the 

addition of the noise file, became Set B. The order of sound files in each set was randomised 

each night, and sets were played on alternate nights unless interrupted by weather or technical 

failures. Playbacks continued until each song file had been played on at least four nights. I 

chose to randomise the time of night song files were played owing to time constraints. As 

each male in the experiment served as its own control, however, the time that the playback 

was conducted had no direct bearing on the hypothesis.  

Song files were compiled onto an SD card and played using a Sound Devices 722 digital 

recorder (Sound Devices, Reedsburg, WI, U.S.A.) linked through an amplifier  (Ultra Sound 

Advice S55, London, U.K.) to an ultrasound speaker (Ultra Sound Advice S56, London, 

U.K.). The playback speaker was contained in a piece of drainpipe to afford it some 

protection both from the weather and from interference by bats. The speaker was mounted on 

a tripod and the volume was calibrated to match that of naturally-occurring M. tuberculata 

song (77.0 ± 0.8 dB at 1 m distance; K. Collier unpubl. data). An HPR Plus automatic PIT-

tag reader (Biomark, Idaho, USA) was mounted on the speaker to identify individuals that 

approached or landed on it; the PIT tag reader had a detection radius of ~20 cm. An infra-red 

video camera (Sony handycam DCR-SR200) was set on a tripod facing the speaker at a 

distance of 10 m, and adjusted to show the area surrounding the speaker to a 2.5 m radius (the 

playback arena). A black plastic ring laid on the ground at the base of the speaker tripod was 

used to measure a 0.5 m radius around the speaker, and a second camera was mounted on a 

pole above the speaker facing downward to assess whether or not bats approached within the 

0.5 m radius (‘close approach’). A further camera was affixed to each tripod to capture 

different angles. All experiments were filmed.  
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Analytical methods: 

Recordings were analysed using an ethogram constructed in BORIS (v.7.0.5). Annotated 

behaviour included the direction of approach, angle of approach, and whether bats diverted 

from their original flight path towards or away from the speaker. While it was not generally 

possible to identify individual bats from the video footage, in several cases multiple passes 

were inferred to be by the same individual. These inferences were made on the basis of 

assumed trajectory (outside the range of the camera), timing, and parsimony (relatively few 

bats were recorded on any given night, ergo it is likely that multiple passes in quick 

succession were repeated loops by the same individual). Duration of all behaviour was 

recorded, along with total time present in playback arena, and whether any individuals passed 

within the 0.5 m radius surrounding the speaker (close approach).  

Due to the low numbers of bats visiting overall, I used the ratio of bat passes/time as the 

primary measure of interest when comparing between categories. I used Kruskal-Wallis tests 

(R version 3.5.2 base packages; R Core Team, 2019) to determine whether differences 

existed between groups.  

 

3.3 Results 

The overall number of bats recorded during the course of the experiment was low – a total of 

45 flight passes by 33 inferred individuals over the course of 14 experiment nights. Of those, 

several nights had to be removed from analyses due to technical failures or poor weather 

conditions, while others were removed to treat playback Set A and Set B with statistical 

equivalence. This resulted in a final dataset of 35 flight passes by 26 inferred individuals over 

8 experiment nights.  

As only one individual entered the 0.5 m radius surrounding the speaker at any point during 

the experiment, I was unable to run analyses based on approach proximity. Similarly, because 

visiting bats did not approach the speaker closely enough to be recorded by the PIT tag 

reader, I was unable to discriminate between male and female individuals. Nonetheless, I 

assumed that all visits represented an expression of interest in the recording being played, on 

the basis that high quality songs would warrant attention from both females (owing to the 

songs’ presumed attractiveness) and males (owing to the threat posed by a possible rival – 

territorial incursions by non-resident males are common; Toth et al., 2015).  
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Approach frequency in response to song/silence/noise. 

The frequency with which bat passes occurred during song playbacks vs. periods of silence or 

noise (as a proportion of total experiment time invested) did not differ significantly (χ² = 

1.64; df = 2; P = 0.44). Nor was there a significant difference in the number of individuals 

entering the playback arena (χ² = 1.75; df = 2; P = 0.42) or the total duration of bat presence 

(χ² = 2.08; df = 2; P = 0.35). 

Even when test categories were grouped simply as ‘song’ or ‘non-song’ there was no 

significant difference in the frequency with which bat passes occurred (χ² = 0.03; df = 1; P = 

0.87), the number of individuals entering the arena (χ² = 0.05; df = 1; P = 0.83), or the total 

duration of bat presence (χ² = 0.14; df = 1; P = 0.71). 

While there was no statistically significant evidence of a behavioural difference in response 

to playback of song vs. silence or noise, some of the footage obtained showed bats diverting 

from their original flight trajectory to approach the speaker during periods of song playback, 

in some cases circling it or approaching to within several feet (Fig. 3). 

 

Effect of duty cycle on song attractiveness 

The frequency with which bat passes occurred during high, normal, and low duty cycle 

playbacks (as a proportion of total experiment time invested) did not differ significantly (χ² = 

0.95; df = 2; P = 0.62).  Nor was there a significant difference in the number of individuals 

entering the playback arena (χ² = 0.9; df = 2; P = 0.64) or the total duration of bat presence 

(χ² = 1.12; df = 2; P = 0.57).  

 

Effect of individual male on song attractiveness 

There was no significant difference in the apparent attractiveness of different males’ songs 

(irrespective of duty cycle). The frequency with which bat passes occurred during playbacks 

of each male’s song (as a proportion of total experiment time invested) did not differ 

significantly (χ² = 2.61; df = 5; P = 0.76).  Nor was there a significant difference in the 

number of individuals entering the playback arena (χ² = 2.51; df = 5; P = 0.78) or the total 

duration of bat presence (χ² = 3.6; df = 5; P = 0.61). 
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Effect of site on song attractiveness 

The frequency with which bat passes occurred (as a proportion of total experiment time 

invested) did not differ significantly between sites (χ² = 5.68; df =5; P = 0.22).  Nor was there 

a significant difference in the number of individuals entering the playback arena (χ² = 5.68; df 

= 5; P = 0.22) or the total duration of bat presence (χ² = 5.12; df = 5; P = 0.27). 

  

Fig. 3. Screenshots of footage showing a pair of bats circling the playback speaker.  
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3.4 Discussion 

I compared the responses of free-living Mystacina tuberculata to song and non-song 

recordings to assess the effectiveness of playback experiments in this species. I found no 

significant differences in approach frequency, number of individual visitors, or visit duration 

between song and non-song playbacks, nor between any combination of song, noise and 

silence. Bat passes were recorded at higher rates during song playbacks than during periods 

of silence, and bats were not recorded approaching the speakers at all during periods of noise 

playback. However, there was no statistical significance between treatments once the 

frequency of occurrence over the duration of the experiment time was taken into account.  

While this does not necessarily mean that bats do not perceive differences between the three 

playback modes, analyses were insufficiently powerful to detect them in this case.  

I also investigated whether duty cycle is a factor in the perceived attractiveness of male M. 

tuberculata courtship songs by presenting playback of male songs with modified duty cycles. 

I found no evidence that duty cycle affects song attractiveness, discerning no significant 

differences in approach frequency, number of visitors, or visit duration between playback 

treatments; this is contrary to the hypothesis that higher duty cycle songs are an honest signal 

of male reproductive investment and would therefore receive higher rates of visitation. I also 

found no evidence for an influence of individual male identity or playback site on song 

attractiveness. 

The theoretical basis for assuming that higher duty cycles might be more attractive to females 

lies in the assumption that songs with higher duty cycles should be more energetically costly 

to produce, and that males who produce them are providing an honest signal of their 

reproductive investment. The evidence to support this, however, is surprisingly mixed. An 

increase from basal metabolic rates during calling or singing has been found in a range of 

species, particularly in orthopterans and anurans (Ryan, 1988; Prestwich, 1994), though 

evidence in passerine birds suggests that repertoire complexity may have a stronger influence 

on energy expenditure than duty cycle (Gil & Gahr, 2002; Garamszegi et al., 2006; Gillooly 

& Ophir, 2010; Ophir et al., 2010). Various studies have noted increases in bird singing rates 

at warmer ambient temperatures or with increased access to supplementary food (e.g. in 

European robins, Erithacus rubecula [Thomas, 1999] or in silvereyes, Zosterops lateralis 

[Barnett et al., 2007]), but a precise influence of duty cycle on energetic expenditure has 

seldom been shown. Indeed, laboratory trials on the subject showed comparatively small 
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increases in oxygen consumption during singing and low between-species variation, 

suggesting that the rate of energy expenditure during song may be relatively constant 

regardless of song rate, duty cycle, or song composition (Oberweger & Goller, 2001).  

While mammalian comparisons are scarce, whistling is thought to be a metabolically cheap 

form of communication in bottlenose dolphins (Tursiops truncatus; Pedersen et al., 2020), as 

is singing in humpback whales (Megaptera novaeangliae; Herman, 2017). One of the few 

mammalian models in which the biological significance of duty cycle has been investigated is 

the red deer (Cervus elaphus). Males that roar at higher rates are more attractive to females 

(McComb, 1991) and also more successful in male-male contests (Clutton-Brock & Albon, 

1979), but the energetic costs associated with roaring have not been quantified.  

As yet, we have relatively limited information regarding attributes of male song that may be 

perceived as attractive by female bats. Song rate has been correlated with reproductive 

success in greater sac-winged bats (Saccopteryx bilineata), as males that produce more 

territorial songs also sire more offspring (Behr, von Helversen & Heckel, 2006). Repertoire 

diversity also appears to be an attractive trait, as males that produce more unique types of 

composite syllables in courtship song have more females roosting in their territories 

(Davidson & Wilkinson, 2004). A low fundamental frequency of territorial songs has also 

been correlated with both reproductive success (Behr et al., 2006) and increased territorial 

counter-singing by rivals (Behr et al., 2009). Whether any of these features are similarly 

attractive in M. tuberculata song remains to be investigated. 

While analyses found no evidence that duty cycle is an attractive song trait in M. tuberculata, 

it is entirely possible that my metric for assessing attractiveness was simply inaccurate. I 

attempted to quantify attractiveness of songs based on bat passes, assuming approach 

frequency, number of visitors, and visit duration to be expressions of interest. If a link does 

exist between duty cycle and song attractiveness, however, it may well be one that was not 

captured by these methods. In a number of bird species, for example, male song rate has been 

linked to the date of pairing (Alatalo et al., 1990; Hoi-Leitner et al., 1995). At present, we 

have little information about when in the season female M. tuberculata select mates, whether 

they mate multiple times or only once, and whether they base their choice on the information 

available about a singer’s performance on a given night or whether it is an assessment built 

up over the entirety of the courtship period.  
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In this regard, it is worth considering the possible influence of female memory on perceptions 

of male attractiveness and, consequently, mate choice. Given the long duration of the 

breeding season (Carter & Riskin, 2006), the fact that male songs encode information 

regarding individual identity (Toth & Parsons, 2018), and the fact that females must commute 

past male display roosts regularly to forage (Toth, Cummings, et al., 2015; Toth, Dennis, et 

al., 2015), it is possible that females assess male attractiveness over the long-term, evaluating 

song-output on a scale of weeks or months before they choose a mate. Since the PIT-tagging 

of bats in Pikiariki began in 2013, individual males have been recorded returning to specific 

singing roosts in sequential years (Toth et al., 2018). It is possible that male site-fidelity and 

female memory mean that females can anticipate the presence of a particular male at a 

particular site and the response seen to playbacks was thus a response to something ‘out of 

place’. 

In some studies, a link has been indicated between song rate and territory quality (Gottlander, 

1987; Hoi-Leitner et al., 1995), another feature of the system that I was unable to 

accommodate, as our current knowledge of what represents a good territory is scant. As M. 

tuberculata males provide no resources to females beyond the genetic, females are unlikely to 

be concerned with the quality of foraging or roost sites in a male’s territory. It is 

hypothesised, however, that male singing roosts closer to the centre of the lek constitute 

‘better’ territories because of their proximity to the maternity roosts (Toth, Dennis, et al., 

2015). It is possible that the experimental design thus contained territory quality as a 

confounding factor, as I randomised the playback of high, normal, and low duty cycle songs 

at different sites. In this regard, it is worth noting that when assessed purely in terms of 

number of visits, site L38 received more attention than others. L38 was the site closest to the 

two communal roosts that were used most during the period of the experiment (CR6 and 

CR8). It is possible that the higher numbers at this site merely reflect traffic to and from the 

communal roosts, but it is also possible that this is a genuine reflection of female preference 

for singers with better territories (or a genuine perception of threat by males). A caveat is 

necessary here, however: in a number of songbirds, there is a direct causal link observable 

between the quality and quantity of food obtained and the metabolic investment available for 

singing – which may be expressed as an increase in song rate (Gottlander, 1987). As the 

quantity of food obtained is frequently a function of territory, the correlation between 

territory quality and song rate is clear. In M. tuberculata, however, the territories held by 

males as singing roosts differ from the territories used for foraging (Toth, Cummings, et al., 
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2015; Toth, Dennis, et al., 2015). While there may be a correlation between the two in terms 

of an individual male’s resource-holding potential, a direct causal link between the two is not 

so clear cut.  

Despite there being no statistically significant evidence of phonotaxis in response to 

conspecific song, some of the video footage obtained shows bats diverting from their original 

flight trajectory to approach the speaker during periods of song playback. In several cases, 

bats were observed to circle the playback speaker and/or to approach within several feet of it. 

This suggests that the use of playback experiments for behavioural research on M. 

tuberculata is worth pursuing, and may yield interesting results with some refinement.  

At present, the factor that most limits our current understanding of courtship and breeding in 

M. tuberculata is the limited information available on individuals’ reproductive success. An 

investigation of population genetics and individuals’ reproductive success would be the 

logical next step in the study of this system, and would significantly aid our understanding of 

lekking in bats. Such work would be of significant value in allowing us to elucidate links 

between attributes of courtship song and reproductive output, and would additionally provide 

substantial conservation benefits. The courtship song of M. tuberculata has many fascinating 

attributes, and further study of its relationship to female mate choice and male reproductive 

success is likely to yield valuable insights. 
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“Bats have no bankers and they do not drink and cannot be arrested and pay no tax 
and, in general, bats have it made.”        
    -  John Berryman, ‘Dream Song 63’ 
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4. Thermal energetics of male courtship song in the lesser 
short-tailed bat, Mystacina tuberculata.   
 

4.1 Introduction 

The use of song in courtship displays or territorial defence frequently functions as an honest 

signal that allows listeners to assess a variety of the singer’s traits (Read & Weary, 1992; 

Catchpole & Slater, 2008). Although song itself is not exclusive to males, it is a component 

of male courtship displays in many taxa (Catchpole & Slater, 2008; Odom et al., 2014; 

Smotherman et al., 2016). Aspects of song have commonly been correlated with measures of 

male reproductive success, including territory quality (Mcgregor, Krebs & Perrins, 1981; 

Catchpole, 1986), access to females (Davidson & Wilkinson, 2004), number of offspring 

produced (Mcgregor et al., 1981; Catchpole, 1986; Behr, von Helversen & Heckel, 2006), 

male body size (Behr et al., 2006; Voigt et al., 2008; Hall et al., 2013; Puechmaille et al., 

2014; Linhart & Fuchs, 2015; Toth & Parsons, 2018), and immunocompetence (Saino et al., 

1997; Ryder & Siva-Jothy, 2000; Stange & Ronacher, 2012). Furthermore, songs are noisy, 

which means that individuals who produce them are risking detection by predators, and that 

investment in mate attraction or rival deterrence also poses a potential fitness handicap 

(Zahavi, 1975; Zuk & Kolluru, 1998).  

Aspects of song output such as duration, note length, call rate, and inter-note interval are 

thought to reflect honest energetic investment, which should make them difficult signals to 

counterfeit (Read & Weary, 1992; Prestwich, 1994; Gil & Gahr, 2002; Ophir, Schrader & 

Gillooly, 2010). If the correlation between energy investment and song output holds true, 

then energetic investment should be one of the simplest pieces of information for a male to 

convey to a potential mate (Read & Weary, 1992; Prestwich, 1994; Gil & Gahr, 2002). 

Nonetheless, experimental investigations of the link between song output and energetic 

expenditure have produced variable results. Singing at high intensities is energetically costly 

in great reed warblers (Acrocephalus arundinaceus; Hasselquist & Bensch, 2008), and in 

sage grouse (Centrocercus urophasianus; Vehrencamp, Bradbury & Gibson, 1989), but the 

cost of song compared to daily energy expenditure is relatively low in pied flycatchers 

(Ficedula hypoleuca; Ward, Lampe & Slater, 2004). Oberweger and Goller (2001) found 

song production in zebra finches (Taeniopygia guttata), Waterslager canaries (Serinus 

canaria), and European starlings (Sturnus vulgaris) to be relatively low-cost, contending that 
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it was analogous to human speech. In terms of mammalian examples, singing appears to be 

relatively low-cost in humpback whales (Megaptera novaeangliae; Chu, 1988; Herman, 

2017), while rock hyraxes, (Procavia capensis) show an increase in metabolic costs related to 

longer-duration social calls, but not to longer bouts of singing (Ilany et al., 2013). To the best 

of my knowledge, the relationship between energy expenditure and singing in bats has never 

yet been investigated. 

An organism’s energy balance is affected by abiotic and biotic factors including weather 

conditions, availability of shelter, proximity of conspecifics, body condition, dietary quality, 

and reproductive state (Randall et al., 2000). In endotherms, the regulation of body 

temperature (Tb) is closely linked to metabolic rate and has often been used as a proxy for 

energy expenditure (Willis & Brigham, 2003; Willis & Cooper, 2009). Thus, a sustained song 

may be correlated with energy expenditure, and consequently increased body temperature. 

Bats are an interesting group in which to examine the honesty of male signalling through 

song as they are nocturnal, mobile, and highly social – factors that promote the adoption of 

complex acoustic signalling over long distances (Kunz & Lumsden, 2003; Smotherman et al., 

2016). Further, males producing songs for the purposes of courtship display have adapted the 

medium to advertise not only their presence, but also the individual traits that may win them 

mates (e.g. Davidson & Wilkinson, 2004; Behr et al., 2006). This is a critical adaptation as 

females are unable to visually inspect prospective partners; therefore, it is likely worth males’ 

time and energetic investment to convey as much information as possible through song. 

However, despite these interesting features, when compared to other taxa, the literature on bat 

song is scant, and even less is known about the energetics or behavioural context of song-

based displays (Smotherman et al., 2016).  

The New Zealand lesser short-tailed bat, Mystacina tuberculata, has one of the highest 

sustained song outputs ever recorded in a bat (Toth & Parsons, 2018). During the breeding 

season, males perform complex courtship songs to attract females (Toth, Dennis, et al., 

2015). Song output by male M. tuberculata has been negatively correlated with male size, as 

males with shorter forearms spend longer periods on average in display roosts and perform 

songs with higher duty cycles (the ratio of pulse duration to time period, i.e. the proportion of 

a given time period that is spent singing) (Toth et al., 2018). Male size has also been 

correlated with reproductive success, with small males on average siring more offspring than 
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large males over the short term (Toth et al., 2018). The existence of a relationship between 

song output and reproductive success, however, has not been tested directly.  

The energetic costs of singing for M. tuberculata are unknown, but are assumed to be high, as 

males may sing for as much as 34% of the night (Toth, 2016), which represents a 

considerable constraint to foraging time and energy budget. To offset periods of negative 

energy balance, many endotherms use bouts of energy saving torpor (i.e., a physiological 

state characterised by the drastic reduction of metabolic rate [MR] and subsequently Tb; 

Geiser, 2004; Ruf & Geiser, 2015). Although M. tuberculata enter into daytime torpor bouts 

to maintain a positive energetic balance, they do not use multi-day torpor during summer 

(Czenze et al., 2017a, 2017b, 2017c). During the summer breeding season, short torpor bouts 

are used on ~11% of summer days (n = 3 individuals; Czenze et al., 2017a), and bats are 

more likely to maintain a state of relatively high, stable Tb (normothermy). Further, during 

summer, male and female M. tuberculata do not differ in their use of torpor. This suggests 

that either singing is not sufficiently energetically stressful to warrant increased torpor use by 

males, or that torpor is not the means by which males compensate for reduced foraging time 

and, presumably, energy intake (Czenze et al., 2017a; Czenze and Thurley 2018).  

I used temperature-sensitive radio transmitters to estimate the costs of singing and investigate 

the thermoregulatory patterns of M. tuberculata males during the summer breeding seasons 

of 2017 and 2018. Skin temperature (Tsk) is a good proxy for body temperature (Tb) and/or 

metabolic rate (MR) in small endotherms such as bats, so externally applied transmitters are 

adequate to determine energetic expenditure, provided some caveats are taken into account 

(Willis & Brigham, 2003; Willis & Cooper, 2009). I hypothesised that energy expenditure by 

male bats would vary based on behavioural state (i.e., singing vs. resting while 

normothermic). I further hypothesised that energetic expenditure would vary with duty cycle, 

with bats that sang at higher rates maintaining a higher Tb while doing so. 

 

Abbreviations used: Ta (ambient temperature), Tb (body temperature), Tsk (skin temperature), 

Tday (day-roosting normothermy), Tsing (singing temperature), Tmsr (temperature of male in 

singing roost), DC (duty cycle - the ratio of pulse duration to time period, i.e. the amount of a 

given time period that is spent singing) Eex (energy expenditure), MR (metabolic rate) 
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4.2 Methods 

 

Field Methods: 

The study took place in the Pikiariki Ecological Area of Pureora Forest Park (38°26’S, 

175°39’E), central North Island, New Zealand during the Austral summer and autumn 

(January – May). The Pikiariki site is approximately 450 ha in extent, and consists of remnant 

podocarp-hardwood forest (Wilcox et al. 1999). A M. tuberculata colony of ~800 individuals 

is resident in Pikiariki, where they make use of large hollow trees as summer maternity 

roosts. Fourteen maternity roosts have been identified to date, of which four were in use 

during the period of this study.  

Mystacina tuberculata have a lek breeding system, in which males occupy small cavities in 

trees and perform song-based displays to attract females (Toth et al., 2015). M. tuberculata 

courtship song is audible at a distance of ~100 m, meaning that male singing roosts can be 

easily located when occupied. Studies in Pikiariki have located 71 male singing roosts, some 

of which are accessible either from the ground or via overhead branches to which lines can be 

fixed. During early January in 2017 and 2018, I visited known singing roosts at night to find 

those that were both in-use and relatively accessible. PIT-tag readers (HPR Plus, Biomark, 

Idaho, USA) were fixed at the entrance to accessible male singing roosts to determine 

whether the roosts were a) used by PIT tagged males in our database; b) used by a single 

male or by several males in a timeshare arrangement (sensu Toth, Dennis et al., 2015); and c) 

used consistently by the same individual(s). Providing these criteria were met, I attempted to 

capture males from target roosts using harp traps set at roost entrances. 

Captured bats were sexed, aged, and weighed to the nearest 0.1 g using a spring Pesola. 

Forearm lengths were measured to the nearest 0.1 mm using digital calipers. A handheld PIT-

tag reader was used to scan captured individuals and identify target males. When target bats 

were identified, I clipped a small patch of fur between the shoulder blades and attached 

temperature-sensitive radio transmitters (BD-2NT; Holohil Systems Ltd, Carp, Ontario, 

Canada) using a latex adhesive (TORBOT Group Inc., Cranston RI, USA). Transmitters were 

reinforced for extra waterproofing and chew-resistance, which brought their total mass up to 

~0.95 g. The average body mass of bats was 15.1 ± 0.2 g (range: 13.9 – 16.5 g), so 

transmitters represented between 5.8 – 6.8 % of body mass.  
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Bats were radio-tracked each morning using a scanning receiver (Australis 26K, Titley 

Electronics, Ballina, Australia) connected to a 3-element Yagi antenna. If they could not be 

found at known communal roosts, I searched for other day roosts. I deployed data logging 

receivers (Lotek SRX400, SRX600 and SRX800; Lotek Engineering Inc., Newmarket, 

Ontario, Canada) at day roosts to record Tsk at 10-minute intervals (2017) or 1-minute 

intervals (2018) whenever a radio-tagged bat was within range. Lotek receivers were also 

deployed at singing roosts to record Tsk when bats were present overnight.  

I monitored singing roosts overnight, using scanning receivers to determine when target 

males were present. When target males were present and singing, I recorded their song using 

a Bruel and Kjaer 1/4” Free-field Microphone (Type 4939) linked to a Sound Devices 722 

digital recorder (Sound Devices, Reedsburg, WI, USA). Songs were recorded within 10 m of 

the roost tree using a sampling rate of 192 kHz with 24-bit precision. Songs from nine target 

males were successfully recorded for periods of at least 10 minutes in duration. Multiple 

songs were obtained for all but one individual.  

I recorded Ta at 10-minute intervals using a HOBO datalogger (HOBO Micro Station Data 

Logger – H21-002, Onset Computer Corporation, Cape Cod, MA, USA). The datalogger was 

located in the shade ~2 m above the ground, at the entrance to one of the communal roost 

trees. As the lek is centred on the communal roosts and there is minimal variation in the 

surrounding topography, I considered this a reasonable measure of Ta throughout the lekking 

area.    

 

Analytical methods 

1. Energetic cost of singing  

I removed periods of torpor from day-roosting records, retaining only normothermic values. 

Delineating the boundary between torpor and normothermy is challenging, and a constant 

rule can seldom be applied (Barclay et al., 2001; Willis & Cooper, 2009); in the first instance, 

however, I considered Tsk records below 30°C to constitute non-normothermic values. While 

some of these were not necessarily torpid Tsk values, they may still have represented either 

cooling or warming phases (Jonasson & Willis, 2012; Czenze et al., 2017a, 2017b, 2017c), 

and were therefore assessed in relation to adjacent readings to determine whether or not they 

should be retained (Barclay et al., 2001; Willis & Cooper, 2009). However, it is likely that 
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this was a conservative interpretation given the known propensity of M. tuberculata to remain 

active throughout a wide thermal range (Christie & Simpson, 2006). 

I used Tsk as a proxy for Tb (Willis & Brigham, 2003; Willis & Cooper, 2009) and assumed 

bat mass to be 80% water (Czenze et al., 2017b). Under these assumptions, I estimated the 

energy used to produce the recorded Tsk values using the formula: kJ = (80% of mass*specific 

heat capacity of water)*(Tsk – Ta). I then estimated the rate of energy expenditure using: W = 

(kJ s-1) *1000 (Czenze et al., 2017b). 

I used a linear mixed effect model (LME; packages ‘MASS’ version 7.3-51.5, ‘lme4’ version 

1.1-21, ‘multcomp’ version 1.4-12  and ‘lmerTest’ version 3.1-1 in R version 3.6.2; R Core 

Team, 2019) to compare day-roosting normothermic (Tday) and singing (Tsing) energetic 

expenditure for the nine male bats for whom verified singing records were available. I used 

rate of energy expenditure (W) as a response variable, behavioural state (Tsing vs. Tday) as a 

fixed effect, and individual identity as a random effect to control for the use of multiple 

recordings from the same individual and avoid pseudoreplication. I then expanded the dataset 

to include individuals for whom no verified singing records were available, supplemented 

with further data provided by Z. Czenze. This allowed me to compare Tday (n= 17 bats) 

against the temperature of individuals that were present at male singing roosts, but which 

could not be definitively verified as coinciding with a singing bout, as I was not physically 

present at the time (Tmsr; n= 12). I used rate of energy expenditure (W) as a response variable, 

behavioural state (Tsing vs. Tmsr) as a fixed effect, and year and individual identity as random 

effects. All values are reported as means ± 1 SD. I assessed significance at the P < 0.05 level. 

  

2. Energetic costs associated with song duty cycle  

I calculated the duty cycle (i.e., ratio of song signal to silence) of song recordings obtained 

from each of the nine target bats. Song recordings were analysed using Raven Pro 1.5 

(Cornell Laboratory of Ornithology, Ithaca, NY, USA). Spectrograms were generated using 

1024-sample discrete Fourier transformations with 95% overlap and a Hann window 

(frequency resolution 188 Hz, temporal resolution of 2.67 ms). Song elements were manually 

selected, and the duty cycle was calculated based on a two-minute sample of each song. Duty 

cycle was compared with each bat’s mean energy expenditure at the time of song recording 

using linear regression analysis (base packages in R version 3.6.2; R Core Team, 2019). I 



56 
 

also conducted regression analyses of song duty cycle and energy expenditure against 

morphometric data (body condition index [body mass/forearm length; BCI; Speakman & 

Racey, 1986], mass, and forearm length) to test for the possible influence of male body size 

on song traits.   

 

4.3 Results 

I attached transmitters to 12 male M. tuberculata and recorded 49 bat-days and 100 bat-nights 

of Tsk data. Body mass ranged from 13.9 – 16.5 g, forearm length from 41.8 – 44.2 mm, and 

BCI from 0.32 – 0.38. 

  

1. Energetic cost of singing  

The Tday and Tsing temperatures of target males differed (P < 0.001, t = 7.6, df = 2979.2) with 

males engaged in singing bouts expending more energy (1.12 ± 0.13 W) than during periods 

of resting normothermy (1.02 ± 0.19 W).  This represents a rate of increase of ~1.098 from 

pre-song levels (i.e. a 9.8% increase). The resting normothermic range of energy expenditure 

was greater than the range recorded during singing bouts (Tday min = 0.48 W Tsing min = 0.85 

W; Tday max = 1.57 W, Tsing max = 1.42 W; Fig. 1).  

When all available data were incorporated into the model, the difference between day and 

night values was more marked (P < 0.001, t = 26.6, df = 15200.4). Average energetic 

expenditure by males at singing roosts was higher (1.17 ± 0.17 W) than for males during day-

resting normothermy (1.04 ± 0.17 W), and had higher minimum and maximum values (Tday 

min = 0.48 W, Tmsr min = 0.71 W; Tday max = 1.61 W, Tmsr max = 1.64 W; Fig. 2).  
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Fig. 1. Rate of energy expenditure (W) of day-roosting normothermic 
and singing M. tuberculata males (n = 9).  

Fig. 2. Rate of energy expenditure (W) of M. tuberculata males at day roosts 
(day-roosting normothermic; n = 17) and at singing roosts (n = 12) 
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2. Energetic costs associated with song duty cycle  

The energetic cost of singing did not correlate with duty cycle (P = 0.96, t = -0.06, r² = 

0.0005; Fig 3). Song duty cycle was not correlated with BCI (P = 0.3, t = 1.2, r² = 0.17), body 

mass (P = 0.2, t = 1.4, r² = 0.21), or forearm length (P = 0.48, t = 0.7, r² = 0.07). Rate of 

energy expenditure was also not significantly correlated with BCI (P = 0.6, t = 0.5, r² = 0.03), 

body mass (P = 0.5, t = 0.7, r² = 0.06), or forearm length (P = 0.4, t = 0.9, r² = 0.095). While 

no statistically significant relationships were found, there were positive trends evident in 

these analyses indicating that both song duty cycle and rate of energy expenditure may have 

some correlation with body size (Fig. 4). 

 

 

 

Fig. 3. Rate of energy expenditure (W) of M. tuberculata males over a 10-minute recording 
period shows no relationship with song duty cycle (P = 0.96, t = -0.06, r² = 0.0005).  



59 
 

 

 

 

   

b) 

c) d) 

e) f) 

a) 

Fig. 4. Song duty cycle (a) and rate of energy expenditure (b) plotted against body condition index; 
song duty cycle (c) and rate of energy expenditure (d) plotted against body mass; and song duty 
cycle (e) and rate of energy expenditure (f) plotted against forearm length for nine M. tuberculata 
males (no significant relationships).  
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4.4 Discussion 

Engagement in reproductive activities such as singing is critical for individual fitness, but 

may come at a high energetic cost. I found that energy expenditure by M. tuberculata males 

during singing bouts increased 1.09-fold from pre-song levels (day-resting normothermy). 

This supports the hypothesis that song constitutes an energetic investment on the part of 

males, but suggests that it may be comparatively less costly than previously assumed. To the 

best of my knowledge, this is first study to investigate the energetic cost of singing in bats, so 

this finding has interesting implications for the further development of the field. 

Behavioural state played a substantial role in the energy expenditure of male bats in this 

study, with Tsing records having higher mean and minimum values than Tday records. 

Interestingly, the range of normothermic Tday values recorded was considerable, and none of 

the recorded Tsing values approached the upper bounds of the range. I suggest that this is 

because daytime normothermy is likely to include a wide range of activities and varying 

degrees of energetic expenditure; while some of the day is undoubtedly spent resting, other 

periods may be spent moving around the roost, grooming, fighting, or engaging in other 

social behaviours (e.g. Wilkinson, 1986; Kerth et al., 2003). Bats can often be heard 

vocalising from inside communal roost trees during the day, so it is likely that at least part of 

the daytime normothermic range includes an active phase (Lloyd, 2001). For comparison, 

while behaviour at singing roosts includes some posturing and scent-marking, singing itself is 

the main component of the display, and takes place while relatively stationary (Toth, 2016; 

Toth et al., 2015, 2018).  

The average difference between singing and day-roosting was 0.1 W. This represents a 9.8% 

increase in energy use from day-roosting normothermy, and extrapolated, means that an 

individual singing for eight hours (a normal display night; Toth & Parsons, 2018) would 

spend 2.9 kJ more than a day-roosting individual. While acoustic communication has 

typically been thought of as energetically costly, a growing body of evidence suggests that it 

is perhaps less so than previously thought (e.g Ilany et al., 2013; Herman, 2017; Pedersen et 

al., 2020). In a study of pied flycatchers (Ficedula hypoleuca) singing inside a respirometry 

chamber (n = 3), the metabolic rate was 0.62 ± 0.11 W (compared to my 1.12 ± 0.13 W for 

M. tuberculata), which represented a rate of increase of 1.12 from standing (compared to a 

rate of increase of 1.09 from day-resting normothermy for M. tuberculata). Similarly, 

Oberweger & Goller (2001) found that singing increased metabolic costs at rates between 
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1.02–1.36 from pre-song levels in zebra finches (Taeniopygia guttata), Waterslager canaries 

(Serinus canaria), and European starlings (Sturnus vulgaris). 

At present, we have little information about the energetic costs of various behaviours in M. 

tuberculata and thus have no knowledge of how they may compare to the cost of singing. A 

recent attempt to determine the species’ basal metabolic rate was unsuccessful owing to the 

high variability of body temperatures recorded (McNab & O’Donnell, 2018). While flight is 

thought to be more efficient in bats than in birds, it is still likely to form a significant 

component of daily energy budgets (Winter & von Helversen, 1998). A study of the costs of 

locomotion in mastiff bats (Molossus currentium), found the metabolic cost of high-speed 

terrestrial locomotion to be 2.8 ± 1.4 W (more than double the cost of singing in M. 

tuberculata), while costs of flight reached 3.6 ± 1.1 W (Voigt, Borrisov, & Voigt-Heucke, 

2012). The usefulness of M. currentium as a comparative model, however, is limited – in 

body mass, it is towards the upper limit of the M. tuberculata range (17-18.8 g compared to 

10-22 g; Burnett et al., 2001; Carter & Riskin, 2006), but its flight is better suited to open-

space foraging (Voigt, Holderied, et al., 2012), while M. tuberculata are likely better adapted 

to terrestrial locomotion (Riskin et al., 2006). Future studies on the energetics of flight and 

terrestrial locomotion in M. tuberculata would be of considerable interest given its unique 

adaptations and evolutionary history, and would allow us to better answer questions about the 

costs and benefits of song production in this species.  

I found no effect of increased song duty cycle on energy expenditure, as might have been 

predicted if the production of more or longer syllables increases metabolic costs (Prestwich, 

1994; Gil & Gahr, 2002). Nevertheless, periods of song recording were of relatively short 

duration, and it is possible that if recorded over longer time periods an effect would be 

observable. There are several other possibilities, however. Bats may have an alternative 

means of compensating for the energetic cost of singing, such as reduced postcopulatory 

investment (Dunn et al., 2015). It has also been suggested that males may preferentially feed 

on the nectar-rich parasitic plant Dactylanthus taylorii as a means of compensating for higher 

reproductive costs during the summer breeding season (Lloyd, 2001; Czenze & Thurley, 

2018). There is some evidence to support this theory, as adult males and juveniles have been 

observed visiting flowers at higher rates than adult females (Czenze & Thurley, 2018). This 

does not explain, however, how males are able to compensate in areas of their range where D. 

taylorii is not found (compare Ecroyd, 1996; Holzapfel, 2001; O’Donnell, 2008). 
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As there was relatively little use of torpor by bats during this study (i.e. prior to data 

filtering), it is unlikely that males who expend more energy overnight are compensating with 

increased use of torpor during the day. This is consistent with the finding that males use 

torpor no more frequently than females do during the summer breeding season (Czenze et al., 

2017a). While it is possible that some other kind of trade-off exists between display quality 

and thermal maintenance, it is also possible that singing at higher duty cycles is genuinely no 

more demanding of energy than singing at lower cycles. It is equally possible that sample 

sizes were too small, or equipment and calculations too crude to assess it accurately. Singing 

rates in M. tuberculata are extremely high, and can fluctuate rapidly from moment to moment 

(Toth & Parsons, 2018). The period of sampling can thus have a significant influence on duty 

cycle, and there may be a lag effect in terms of how changes in duty cycle affect energetic 

expenditure (Catchpole & Slater, 2008). 

Numerous aspects of song production, such as pitch, call rate and duty cycle have previously 

been linked to male body size. In M tuberculata, male body size is negatively correlated with 

the duration of trill-downsweep syllables (Toth & Parsons, 2018). My findings indicated that 

both song duty cycle and energy expenditure may be positively correlated with body size, 

though the relationships were not statistically significant. Given that the number of 

individuals studied was low it is not possible to draw any definitive conclusions, but it does 

open up several interesting theoretical avenues. The correlation between energy expenditure 

and size was consistent across all measures of body size analysed, suggesting that singing 

may be a ‘fixed cost’ that is proportional to an individual’s size. Given that duty cycle was 

also correlated with body size, it is possible that there is an inherent property of larger bodies 

that makes them capable of achieving higher song outputs (e.g. larger lungs supporting the 

production of longer notes per period of time). If this is indeed the case, it might reflect the 

pattern seen in some taxa in which certain measures of song output have been reported to 

increase with body size. For example, Hesler and colleagues (2012) found a correlation 

between body size and repertoire size in Eurasian blackbirds (Turdus merula); Soma and 

colleagues (2006) found body size was associated with longer songs and increased note 

production in Bengalese finches (Lonchura striata); and Read and Weary (1992) found that 

individuals with heavier bodies had larger song repertoires in 24 out of 46 songbird species 

studied. It is important to note, however, that my findings in this regard are directly counter 

to previous findings in M. tuberculata that showed a negative correlation between forearm 

length and song duty cycle (Toth et al., 2018). Further research into the relationship between 
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male morphology, metabolism and singing behaviour is clearly necessary before any serious 

conclusions can be drawn, but the field will likely prove worthy of further investigation.  

The energetics of singing in bats are poorly understood and much yet remains to discover. As 

a temperate bat that is active throughout a wide thermal range and sings for a lengthy portion 

of the summer, M. tuberculata is uniquely placed to allow us to explore the costs and benefits 

of mammalian song. I suggest that future studies on the energetics of singing in M. 

tuberculata would be of significant interest given the species’ complex vocal repertoire, 

unusual mating system, and unique behavioural adaptations. 
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Syntactic properties of male courtship 

song in the lesser short-tailed bat, Mystacina 
tuberculata.   
 
 
 
 
 

  
“In Tonga 
the sacred bats 
hang in their chosen grove 
sinister old dustbags, charcoal gray, 
doze upside down, alien, innocent. 
Restless, like seals on a rock, 
they nudge one another, 
they slip off into air to circle 
return, squeaking their utterance, 
a fluttering language, and others, disturbed, 
squeak in reproof.” 

– Denise Levertov, ‘A Door in the Hive’ 
 
 

V 
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5. Syntactic properties of male courtship song in the lesser 

short-tailed bat, Mystacina tuberculata  

 

5.1 Introduction 

Bats (Mammalia: Chiroptera) have long been distinguished by their sophisticated acoustic 

abilities, which include both echolocation and non-ultrasound communication. A wide range 

of bat communications have now been recorded, including resource defence calls (Barlow & 

Jones, 1997); infant isolation calls (Balcombe, 1990; Bohn, Wilkinson & Moss, 2007; Bohn, 

et al., 2008; Prat, Taub & Yovel, 2016); contact calls (Bohn et al., 2008; Bohn, Smarsh & 

Smotherman, 2013); territorial aggression calls (Bohn et al., 2008; Behr, Knörnschild & von 

Helversen, 2009; Prat et al., 2016); human interaction calls (Bohn et al., 2008); and male 

courtship vocalisations, including song  (Behr & von Helversen, 2004; Davidson & 

Wilkinson, 2004; Russ & Racey, 2007; Bohn et al., 2008, 2009; Toth & Parsons, 2018). 

Moreover, both ultrasound and social calls have been shown to communicate aspects of 

individual identity such as sex, age, and breeding status, and may even be directly addressed 

from an individual to an intended recipient (Prat et al., 2016). 

Although they have long been under-studied compared to other taxa, attention is increasingly 

turning to the singing behaviour of bats. It is now clear that many bat species produce songs 

that rival those of songbirds in terms of output and complexity (Smotherman et al., 2016; 

Vernes & Wilkinson, 2020). While the complexity of vocalisations that are considered ‘song’ 

varies greatly both within and between taxa, it is indisputable that many bat songs are highly 

sophisticated, requiring considerable vocal plasticity (Scharff & Petri, 2011; Vernes, 2017). 

The distinction between song, language and other vocalisations such as calls is poorly 

defined, but is typically agreed to be behavioural rather than mechanistic. Songs are often 

described as ‘performative’, involving a display of some kind, and are typically linked to a 

specific behavioural function, such as a courtship or territorial display (Catchpole & Slater, 

2008).   

The most complex songs are combinatorial: – that is, they are composed of hierarchical 

elements which are combined in different ways to generate meaning (Marler, 1977; Hailman 

& Ficken, 1986; Berwick et al., 2012; Engesser & Townsend, 2019). The rules governing the 
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order in which elements can be arranged are known as syntax (Marler, 1977). Combinatorial 

syntax allows a multitude of possible meanings to be generated from a relatively small 

number of base sounds, allowing a wide range of concepts to be expressed, as in human 

language (Berwick et al., 2012). There is a distinction between phonological syntax (the rules 

governing the assembly of smaller vocal units into larger ones), which is common in animal 

communication systems, and lexical syntax (the corresponding changes in meaning), for 

which evidence is more scarce (Marler, 1998). While there is as yet relatively little evidence 

for either kind of syntax in bats, it is likely that phonological syntax, at least, is relatively 

widespread (Bohn et al., 2009, 2013; Smotherman et al., 2016).  

Complex syntax allows a wide scope for individual expression, and may thus contain features 

that honestly signal a singer’s attributes, aid individual recognition, and facilitate mate choice 

(Catchpole & Slater, 2008). Female preference for a particular type of song construction has 

been demonstrated in the greater sac-winged bat, Saccopteryx bilineata, where males that use 

more unique types of composite syllables have more females roosting in their territories 

(Davidson & Wilkinson, 2004). Consistent differences in syllable construction between 

individuals have also been shown in a number of species, including S. bilineata (Behr & von 

Helversen, 2004), Pipistrellus nathusii (Russ & Racey, 2007; Jahelková, Horáček, & 

Bartonička, 2008), and Mystacina tuberculata (Toth & Parsons, 2018). Individual-specific 

differences are thought to enable females to identify particular males, thus facilitating mate 

choice.  

The courtship songs of the New Zealand short-tailed bat (M. tuberculata) provide an 

excellent opportunity for the study of syntactic complexity in free-living bats. Bat song is 

relatively under-studied, and little is known about how it evolved, its proximate mechanisms, 

how it is acquired, or how it is constructed phonologically (Smotherman et al., 2016). M. 

tuberculata is a particularly interesting species in which to study song construction, as it 

employs a great diversity of combinatorially-constructed syllables and has one of the highest 

sustained song outputs ever recorded in a bat (Toth & Parsons, 2018). M. tuberculata are lek 

breeders, with males selecting small cavities in trees as display roosts (Carter & Riskin, 2006) 

and performing complex courtship songs to attract females (Toth & Parsons, 2018). Display 

sites are aggregated in the vicinity of maternity colonies, and males display nightly between 

November and May by singing and scent marking (Toth, Dennis et al., 2015) 
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In this paper, I examine the phonological structure of male M. tuberculata courtship song. 

The aim was to determine whether individual male M. tuberculata possess unique song 

structures that may allow female bats to identify and assess their individual attributes. To do 

this, I tested the following hypotheses at the population and individual level: (i) that the 

frequency of song element production is non-random; (ii) that the position of song elements 

within larger constructs (syllables and phrases) is non-random; and (iii) that the transitions 

between song constructs are non-random. 

 

5.2 Methods 

Male Mystacina tuberculata were recorded at their display roosts in the Pikiariki Ecological 

Area of Pureora Forest Park (38°26’S, 175°39’E), central North Island, New Zealand during 

the summer breeding seasons of 2017 and 2018. Recordings were made using a Bruel and 

Kjaer 1/4” Free-field Microphone (Type 4939) linked to a Sound Devices 722 digital 

recorder (Sound Devices, Reedsburg, WI, U.S.A). Songs were recorded within 10 m of the 

singing roost tree using a sampling rate of 192 kHz with 24-bit precision. The identity of each 

individual male was confirmed using a Biomark HPR Plus automatic PIT tag reader 

(Biomark, Boise, ID, U.S.A) mounted over the entrance to the singing roost. Recordings from 

nine individual males were selected as suitable for syntactic analysis. Each recording was >10 

minutes in length, but owing to the exceedingly high song output of M. tuberculata, only two 

minutes from each song were analysed in detail. I used RavenPro 1.5 (Cornell Lab of 

Ornithology, Ithaca, NY, U.S.A.) to visually classify song elements. Spectrograms were 

generated using 1024-sample discrete Fourier transformations with 95% overlap and a Hann 

window (frequency resolution 188 Hz, temporal resolution 2.67 ms).  

Mystacina tuberculata song includes four basic elements: – trills (A), tones (B), upsweeps 

(C), and downsweeps (D). These were originally described by Toth & Parsons (2018), though 

using the term ‘notes’ rather than elements. I also included a fifth element, clicks (E), in 

analyses. Clicks were of very short duration, appearing in spectrograms as vertical or near-

vertical frequency bands, and typically occurred in rapid bursts, or singly as a tail attached to 

the end of another element sequence. In addition to these five elements, I included a further 

category (F) for elements that did not fit easily into any other classification or were too 

indistinct to make out. While I have restricted this analysis to basic categorisation of song 

elements, it is important to note that the acoustic properties of these elements (such as the 
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peak amplitude of a downsweep or the number of fluctuations in a trill) may hold 

considerable significance for a receiver, but are not analysed in detail here. At a bare 

minimum, the four most commonly-used syllables in M. tuberculata song (trills, upsweep-

trills, trill-downsweeps and upsweep-trill-downsweeps) are produced with sufficient 

between-individual variation to allow for the identification of individual singers (Toth & 

Parsons, 2018). This implies that acoustic variation in song element production may be of 

substantial biological significance. 

Elements are acoustically distinct components that may be combined to form syllables (e.g. 

upsweep-tone) or may occur independently as syllables in their own right (Fig. 1). Syllables 

are discrete units of song, surrounded by silences of at least 1 ms (Kanwal et al., 1994). 

Syllables may likewise occur independently, or may be combined with others to form 

phrases. A phrase is a segment of one or more syllables in which the silent period between 

any two syllables is roughly similar and always less than the total duration of those two 

syllables (Kanwal et al., 1994; Bohn et al., 2008, 2013; Wiley, 2018). In M. tuberculata, 

phrases are generally separated by silences of ~20 ms (Toth & Parsons, 2018). My primary 

unit of analysis was the phrase, but these were annotated throughout so as to allow for 

smaller-scale analyses by element or syllable.  

 

 

 

Fig.1. The construction of Mystacina tuberculata song. There are five basic elements (i): trills 
(A), tones (B), upsweeps (C), downsweeps (D), and clicks (E). These can be combined in a 
variety of ways to form syllables (ii) such as ‘downsweep-upsweep’ (DC), ‘upsweep-trill’ (DA), 
or ‘downsweep-downsweep’ (DD); elements may also stand alone as syllables in their own 
right. Syllables can be combined to make phrases (iii), such as ‘downsweep-upsweep; 
downsweep-upsweep; downsweep-downsweep; downsweep’ (DC; DC; DD; D), though 
syllables may equally stand alone as phrases in their own right. Phrases are typically separated 
from one another by ~20 ms of silence. The phrase is the basic unit of analysis, and a series of 
phrases delivered in sequence is a song.  
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As the basic elements of M. tuberculata song have already been described (Toth & Parsons, 

2018), I have concentrated on the second step in phonological investigation – describing the 

rules used to combine elements (Mitani & Marler, 1989; Bohn et al., 2009). I used Pearson’s 

chi-square tests to assess the structure (i.e. note sequence) of songs and evaluate whether the 

appearance of element types was dependent upon song position (Mitani & Marler, 1989). 

This included the frequency with which song elements were produced, the number of 

elements used in phrases, and the positioning of each element type within syllables/phrases. 

The positions used in analyses were first (the element used to begin a syllable or phrase), last 

(the element used to end a syllable or phrase), isolated (elements occurring alone and 

surrounded by silence) and intermediate (all elements occurring in a non-start/end position 

within a composite syllable or phrase) 

I also examined the transition probabilities between element, syllable, and phrase types 

within each song (i.e. the frequency with which a particular song construct was followed by 

another; Mitani & Marler, 1989; Bohn et al., 2009). Pearson’s chi-squared tests were 

conducted using the four most common elements (upsweeps, downsweeps, trills and tones). 

Less common elements were excluded as they typically occurred at frequencies lower than 

5%, which would have violated chi-squared assumptions. Because certain of these elements 

were still used at low rates by particular individuals, I also employed Fisher’s exact tests 

(simulated P-value based on 2000 replicates). 

I used Mantel r-test comparisons of structural similarity to examine first-order (element-

element) transitions, but did not statistically compare the second-order (syllable-syllable) or 

third-order (phrase-phrase) transitions owing to the enormous quantity of syntactic 

possibilities and the high degree of individual variation expressed. Analyses were conducted 

in R version 3.5.3 using base packages (R Core Team, 2019). Individual bats were given 

names during tracking in the field, which I retain here for ease of reference.   

 

5.3 Results 

1. Frequency of song element production 

(i) By population 

The frequency of song-element production at the population level was non-random (χ² = 13.9, 

df = 3, P = 0.003; Fisher’s P = 0.003). A total of 12,740 song elements were classified, with 
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upsweeps and downsweeps being the most commonly used. These made up almost exactly 

equal proportions of total sounds analysed, with downsweeps accounting for 4060 of all 

classified sounds (31.87%) and upsweeps for 4055 (31.83%). Trills were the next most-

common song element, accounting for 20.7% of all classifications. Other elements 

contributed relatively little overall, though were more important for some individuals than 

others. Tones contributed 4.6%, and clicks 4.2%. The final 6.8% was made up of elements 

that either did not fit the existing classification or were too indistinct to label with certainty.  

 

(ii) By individuals 

The basic rate of element use was non-random in seven of the nine individuals (all p < 0.05, 

except Antoninus [χ² = 5.5, df = 3, P = 0.1; Fisher’s P = 0.1] and Trajan [χ² = 4.5, df = 3, P = 

0.2; Fisher’s P = 0.2]). However, in none of the nine individuals did the rate of element use 

differ significantly from the natural rate of element occurrence within the population (p < 

0.05). All individuals thus maintained similar basic rates of element use (See Appendix II for 

full tables of results). 

In six of the nine individuals analysed, upsweeps and downsweeps were the two most 

commonly-used element types. Each of these elements typically contributed 20 – 40% of an 

individual’s total repertoire. In three bats (Commodus, Hadrian and Nero), the upsweep was 

the most commonly-used element (35.8 – 41.4%) and the downsweep the second-most 

common (24.9 – 36.1%). In one bat (Otho), upsweeps and downsweeps both contributed 

36.4% of the total repertoire, while in two others (Trajan and Antoninus), the downsweep 

was the most common (29.8 and 31.8%), and the upsweep the second-most common (22.6 

and 29.8%). In all but one of these individuals the third most-commonly used element was 

the trill (12.8 – 16.1% of total repertoire). The one exception was Hadrian, whose song 

contained a high proportion of clicks (17.2%), with trills (11.6%) falling into fourth place 

behind them.   

The three remaining bats displayed different song patterns. In one (Lucius), downsweeps 

were the most commonly-used element (42.4%), but trills were the second-most common 

(29.1%). In two others (Domitian and Marcus), trills made up the highest proportion of the 

song (32.4 and 36.3%), followed by upsweeps (Domitian; 28.3%) and downsweeps (Marcus; 

31.8%).  
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While tones, clicks and unclassified elements did not contribute a large amount to the 

analysis overall, they did add considerable variation to individuals’ repertoires. Antoninus 

and Trajan used a higher proportion of tones (12.6% and 12.0%, compared to 0.3 – 5.9% for 

other bats), while Hadrian, Trajan and Domitian included clicks in their songs at far higher 

rates (17.2%, 14.4% and 8.3%, respectively), than other bats did (0.0 – 1.8%). The proportion 

of indistinct or unclassified elements in an individual’s song ranged from 1.3% (Lucius) to 

10.4% (Commodus).  

 

2. Number of song elements used in phrases 

(i) By population 

The greatest proportion of sounds produced at the population level were single elements 

delivered in isolation (33.6% of all sounds). Two-element and three-element phrases made up 

28.6% and 17.2%, respectively, of sounds at the population level. Four-element (7.1%), five-

element (4.2%), and six-element (2.9%) phrases were all used at least once by every 

individual analysed, and a range of more complex sounds were also employed, though at 

relatively low frequencies. The maximum number of elements employed in the construction 

of a single phrase was 16 (0.08% of all sounds analysed). It is worth noting that single-

element phrases may still be of long duration and acoustically dominant; ergo, the syntactic 

complexity of a phrase does not necessarily have any effect on a bat’s duty cycle. 

 

(ii) By individuals 

The pattern of construct use varied between individuals. Some bats favoured simple 

constructs such as single-element phrases while others favoured multi-element phrases such 

as a series of rapidly-repeating clicks. Six bats displayed similar patterns (thereby driving 

those of the sample population as a whole), while three displayed distinctive dissimilarities. 

Those reflecting most closely the sample population average (Antoninus, Domitian, Hadrian, 

Marcus, Nero and Otho) typically had high proportions of single-element phrases, moderately 

high proportions of two- and three-element phrases, and declining proportions of more 

complex phrases thereafter (Fig. 2). Hadrian was atypical due to the low number of single-

element phrases used (12.8%, compared to a population average of 33.6%), and also to a 

relatively high proportion of phrases within the range of 5-10 elements, though the difference 
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from the population average was non-significant (χ² = 7.3, df = 3, P = 0.06; Fisher’s P = 

0.07).  

 

Commodus differed from the overall population (χ² = 9.6, df = 3, P = 0.02; Fisher’s P = 0.03) 

because of the large number of complex, multi-element phrases he employed – accounting for 

the majority of those with ten or more elements. Lucius, similarly, differed from the 

population average (χ² = 20.01, df = 3, P = 0.0002; Fisher’s P = 0.0005) due to low use of 

single-element phrases (9.7%), favouring two- and three-element constructions (39.1% and 

31.4%). Trajan, by contrast, favoured single-element phrases (60.5% of repertoire), and used 

no phrases with more than six elements, and thus differed from the remainder of the 

population (χ² = 10.4, df = 3, P = 0.02; Fisher’s P = 0.01).  

 

 

 

Fig. 2. The number of song elements used to construct phrases by each individual bat, given 
as a proportion of their overall repertoire.  
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3. Positioning of song elements within larger constructs 

(i) By population 

Syllables: 

The positioning of song elements controls the range of syllables or phrases used by a given 

individual – and it should be noted that this differs from an individual’s most frequently-used 

syllables or phrases. At the population level, the distribution of first (χ² = 25.2, df = 3, P 

<0.0001; Fisher’s P = 0.0005), last (χ² = 31.7, df = 3, P <0.0001; Fisher’s P = 0.0005) and 

isolated (χ² = 11.9, df = 3, P = 0.0075; Fisher’s P = 0.0095) elements was non-random (i.e. 

certain elements occurred more often in a particular position than expected by chance). The 

distribution of intermediate elements, however, did not differ from random (χ² = 4.5, df = 3, P 

= 0.2; Fisher’s P = 0.2). When compared to the natural rate of element expression by the 

population, only the distribution of last elements was significantly different (χ² = 11.4, df = 3, 

P = 0.0095; Fisher’s P = 0.009); the difference was driven by high rates of upsweeps and 

downsweeps and the very low occurrence of trills in the final position.  

Trills accounted for the majority (26.2%) of single-element syllables, a higher proportion 

than anticipated by their rate of expression overall (20.7%). In syllables involving multiple 

elements, downsweeps accounted for the majority of syllable-starts (50.9%) and syllable-ends 

(47.3%), a higher proportion than anticipated by their overall rate of expression (31.9%). The 

frequencies with which elements were recorded in an intermediate (non-start/end) position in 

a multi-element syllable were: trills (32.4%); upsweeps (30%) downsweeps (23.5%); tones 

(12.8%); unclassified (0.9%); and clicks (0.4%).  

 

Phrases: 

The positioning of song elements within phrases was a more obvious source of patterning 

than their positioning within syllables. The distribution of first (χ² = 24.6, df = 3, P <0.0001; 

Fisher’s P = 0.0005), last (χ² = 27.5, df = 3, P <0.0001; Fisher’s P = 0.0005); isolated (χ² = 

14.5, df = 3, P = 0.002; Fisher’s P = 0.002) and intermediate elements (χ² = 18.5, df = 3, P = 

0.0003; Fisher’s P = 0.0005) were all non-random. Moreover, the distribution of first (χ² = 

15.5, df = 3, P = 0.001; Fisher’s P = 0.001), last (χ² = 17.1, df = 3, P = 0.0006; Fisher’s P = 

0.0015); and isolated (χ² = 18.9, df = 3, P = 0.0003; Fisher’s P = 0.0015) elements all differed 

from the natural rate of element expression by the population, with only the distribution of 

intermediate elements reflecting that rate (χ² = 1.7, df = 3, P = 0.6; Fisher’s P = 0.6).  
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Trills accounted for the majority (36.4%) of single-element phrases – a higher proportion 

than anticipated by their rate of expression overall (20.7%). In phrases involving multiple 

elements, upsweeps accounted for the majority (50.3%) of phrase-starts, and downsweeps for 

the majority (60.2%) of phrase-ends – likewise higher proportions than anticipated by their 

overall rates of expression (31.8% and 31.9% respectively). The frequencies with which 

elements were recorded in an intermediate position in a multi-element phrase were: upsweeps 

(38.1%); downsweeps (34.5%); trills (14.6%); clicks (5.3%); tones (4.3%); and unclassified 

(3.1%). These proportions reflected the overall abundance of various song elements 

expressed by the population. 

 

(ii) By individuals 

Syllables: 

The construction of syllables by individual bats was non-random (distribution of first and last 

elements all P < 0.05; distribution of isolated elements P < 0.05 in seven out of nine 

individuals [with the exception of Antoninus: χ² = 2.7, df = 3, P = 0.4; Fisher’s P = 0.5; and 

Trajan: χ² = 2.2, df = 3, P = 0.5; Fisher’s P = 0.6]; distribution of intermediate elements P < 

0.05 in six out of nine individuals [with the exception of Marcus: χ² = 3.3, df = 3, P = 0.4; 

Fisher’s P = 0.3; Nero: χ² = 4.9, df = 3, P = 0.2; Fisher’s P = 0.2; and Otho: χ² = 4.01, df = 3, 

P = 0.3; Fisher’s P = 0.2]). The placement of elements within syllables also differed 

significantly from the natural ratio of element production by the population (distribution of 

first, last, and intermediate elements, all P < 0.05; distribution of isolated elements P < 0.05 

in seven out of nine individuals [with the exception of Nero: χ² = 2.2, df = 3, P = 0.5; Fisher’s 

P = 0.6; and Otho: χ² = 0.5, df = 3, P = 0.9; Fisher’s P = 0.9]).  

Some commonalities of syllable construction were shared between individuals, but no single 

structure dominated. Downsweeps were the elements most commonly used as syllable-starts 

(by six out of nine bats; 52.5 – 89.5% of their syllable-starts), though two bats used trills 

(Lucius, 39.8%; and Marcus, 63.3%), and one used upsweeps (Domitian, 53.6%). Upsweeps 

were the element most commonly used as syllable-ends (by five out of nine bats; 52.1 – 

80.2% of their syllable-ends), while downsweeps were favoured by the remainder (45.6 – 

85.8%). Trills were favoured as intermediate elements by five individuals (37.9 – 55.6% of 

their intermediate elements), while three others favoured upsweeps (37.2 – 50.8%), and one 

downsweeps (Trajan; 40%). The most common isolated elements (single-element syllables) 
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were upsweeps (favoured by four individuals; 26.8 – 42.9% of their isolated elements) and 

trills (favoured by three others; 36.3– 38.9%). Two bats used two different elements in 

approximately equal proportions: Commodus used both trills (28.9%) and upsweeps (28.5%), 

while Trajan used trills and clicks (22.3% each).  

 

Phrases: 

The construction of phrases by individual bats was again a more obvious source of patterning 

than the construction of syllables. Phrase-construction was non-random (distribution of first 

and intermediate elements all P < 0.05; distribution of last elements P < 0.05 in eight out of 

nine individuals [with the exception of Trajan: χ² = 6.4, df = 3, P = 0.095; Fisher’s P = 0.07]; 

distribution of isolated elements P < 0.05 in seven out of nine individuals [with the exception 

of Trajan: χ² = 2.8, df = 3, P = 0.4; Fisher’s P = 0.4; and Nero: χ² = 6.6, df = 3, P = 0.09; 

Fisher’s P = 0.08]). The pattern of element use within phrases also differed significantly from 

the natural ratio of element production by the population (distribution of first elements P < 

0.05 in eight out of nine individuals [with the exception of Commodus: χ² = 6.1, df = 3, P = 

0.1; Fisher’s P = 0.1]; distribution of last elements P < 0.05 in eight out of nine individuals 

[with the exception of Commodus: χ² = 1.3, df = 3, P = 0.7; Fisher’s P = 0.8]; distribution of 

isolated elements P < 0.05 in eight out of nine individuals [with the exception of Otho: χ² = 

2.5, df = 3, P = 0.5; Fisher’s P = 0.5]). The distribution of intermediate elements was more 

mixed, with four individuals (Lucius, Otho, Commodus and Antoninus) reflecting the general 

distribution of elements within the population, and five others deviating significantly from it 

(see Appendix II for full results). 

The pattern of phrase construction was remarkably consistent between individuals (Table 1). 

As in the analyses for the population as a whole, upsweeps were the element most commonly 

used to begin multi-element phrases (seven of nine individuals; 43.4 – 76.6% of their phrase-

starts). One individual (Trajan; 65.3%) used downsweeps and one (Marcus; 52.9%) used trills 

as their preferred phrase-starts. Downsweeps were the most commonly used final element 

(seven of nine individuals; 36.2 – 87.8% of their phrase-ends), while one individual favoured 

upsweeps (Trajan; 40.8%), and one trills (Domitian; 48.9%). Trills were the element most 

commonly used in isolation (six of nine individuals; 27.1 – 73.3% of single-element phrases), 

while two individuals favoured clicks (Trajan, 26.7%; and Domitian, 33.8%). In one bat, the 
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majority of single-element phrases were unclassified (Commodus, 42.1%); if unclassified 

elements were discounted, the next most common were trills (38.6%). 

 

 
 

Ant. Luc. Hadr. Nero Oth. Com. Marc. Dom. Traj. 

First 

 

C 
55.1 

C 
49.3 

C 
46.8 

C 
69.8 

C 
52.9 

C 
43.4 

A 
52.9 

C 
76.6 

D 
65.3 

Int. D 
40.6 

D 
38.7 

C 
48 

C 
48 

C 
41.4 

C 
40.5 

A 
49 

A 
44.6 

C/D 
34.3 

Last D 
49.8 

D 
87.8 

D 
48 

D 
65.5 

D 
55 

D 
36.2 

D 
79.7 

A 
48.9 

C 
40.8 

Only 

 

A 
34.9 

A 
69.1 

A 
73.3 

A 
35 

A 
27.1 

F 
42.1 

A 
33.2 

E 
33.8 

E 
26.7 

 

 

4. Transitions between song constructs 

(i) By population 

Element-Element: 

The most common element-element (first-order) transitions across all individuals were 

downsweep to upsweep (D-C; 37.2%); trill to downsweep (A-D; 22%); upsweep-downsweep 

(C-D; 14.5%); and upsweep-trill (C-A; 7.6%). Of the remaining possible element-element 

combinations, six had occurrence frequencies between 1-5%, 17 had occurrence frequencies 

between 0-1%, and nine possible transitions never occurred at all. 

 

 

 

Table1. The element most commonly used in the first, intermediate (Int.) or last position 
within a phrase for each individual bat, along with elements most like to be found as stand-
alone/isolated (Only). Elements are listed by annotation as: trill (A), tone (B), upsweep (C), 
downsweep (D), click (E), and unknown/unclassified (F). Each is listed with the proportion 
of times the element was found in that position. 
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Syllable-Syllable: 

The most common syllable-syllable (second-order) transitions across all individuals were 

upsweep to upsweep (C-C; 11.4%); downsweep upsweep to downsweep upsweep (DC-DC; 

10.6%); upsweep to downsweep upsweep (C-DC; 7.1%); trill to trill (A-A; 5.5%); upsweep 

to trill (C-A; 5.2%); upsweep to downsweep (C-D; 4.8%); and click to click (E-E; 4.8%). Of 

the remaining possible syllable-syllable combinations, 13 had occurrence frequencies 

between 1-4%, 257 had occurrence frequencies between 0-1%, and 3642 possible transitions 

never occurred at all (taking into account only known syllables – if the prospect of novel 

syllables is entertained the possibilities become correspondingly greater).  

 

Phrase-Phrase: 

At the level of transition from phrase to phrase (third order), the enormous variety of possible 

combinations ensured that the most common transitions were likely to be simple (single-

element transitions) and contribute only a small proportion to the overall repertoire. These 

were often recognisable in spectrograms as rapidly repeated single elements (such as click 

trains) or as repeated sequences of a common phrase. The most common phrase-phrase 

transitions across all individuals were trill to trill (A-A; 3.1%); trill downsweep to trill 

downsweep (AD-AD; 3%); click to click (E-E; 2%); and trill to trill downsweep (A-AD; 

1.1%), along with three transitions containing unknown/undefined elements (F-F, 3.05%; F-

A, 1.3%; A-F, 1.2%). Of the remaining possible phrase-phrase transitions, 13 had occurrence 

frequencies between 0.5-1%, 81 had occurrence frequencies between 0.1-0.49%, and 2430 

possible transitions occurred at least once, but individually represented ≥0.09% of total 

transitions. Considering only known phrases, 222900 possible transitions never occurred at 

all. While the more complex polysyllabic phrases typically did not have a high repeatability 

rate, some were repeated often enough across the population to be notable. The most highly-

ranked polysyllabic phrase-phrase transitions largely involved upsweeps and trills: C A - C A 

(0.5%); C D – C D (0.2%); C AD – C AD (0.2%); A – C A (0.2%); CA – C A (0.2%); and C 

AD – C A (0.2%).  

Transition sequences increased in complexity across increasing taxonomic level (i.e. from 

first- to third-order). Of the element-element transitions, 37.2% were accounted for by a 

single transition; this increased to 59.2% with the addition of the second-most common 

transition. By contrast, at the level of the syllable, the most common transition accounted for 

only 11.4% of all transitions used, with the eight most-common transitions combined 
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required to exceed 50% of the total. At the level of the phrase, the most-common transition 

accounted for only 3.1%, while over 200 possible transitions were required to reach 50% of 

the total.  These results are indicative of expanding complexity and increasing individual 

variation with increasing combinatorial possibility. 

 

(ii) By individuals 

Element-Element: 

While the most common element-element transition overall was the downsweep-upsweep, its 

use among different individuals varied considerably, comprising between 7% and 73.2% of 

element-element transitions within an individual’s repertoire. The second-most common 

element-element transition overall was the trill-downsweep, which formed 55.7% of one 

individual’s repertoire, but was never used by a second individual. 

First-order (element-element) transitions were highly conserved, with all individuals having 

either downsweep-upsweep (D-C) or trill-downsweep (A-D) as their most-frequently-used 

transition. Given that there were 25 possible first-order combinations (more if we allow for 

the possibility of unknown/unclassified elements), this is strong evidence of syntactic 

patterning underlying the construction of song.  Mantel tests of structural similarity revealed 

a high degree of correlation between first-order transition matrices in the majority of 

individuals analysed (of 36 possible comparisons, 11 had R values ≥ 0.9, and 20 had R values 

≥ 0.5), though one individual (Domitian) had distinctly different element transition patterns 

(Table 2). 
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Syllable-Syllable: 

Second-order (syllable-syllable) transition use was highly varied between individuals. While 

the most commonly-used second-order transition overall was upsweep-upsweep (C-C), its 

use among different individuals varied considerably, ranging from 0.3% (Lucius) to 27.6% 

(Hadrian) of second-order transitions used by an individual. The second-most common 

second-order transition overall was downsweep upsweep to downsweep upsweep (CD-CD), 

which formed 0.7% of one individual’s repertoire (Marcus), and 19.4% of another’s 

(Commodus). The construction of phrases via the transition from one syllable to another was 

thus similarly varied, and was dominated by unique patterns of syllable use. 

 

Phrase-Phrase: 

Third-order transitions between phrases displayed considerable individual variation, and an 

enormous range of possible transitions were demonstrated by each individual. While the most 

commonly-used third-order transition overall was from trill to trill (A-A; 3%), it made up 

only a small proportion of the total transitions used by each individual, ranging from 1.3% 

 Ant.  Com.   Hadr.    Oth. Traj. Ner. Dom. Luc. Marc. 
Ant. 1 

(0.001) 
0.93 

(0.002) 
0.68 
(0.07) 

0.94 
(0.006) 

0.96 
(0.003) 

0.92 
(0.02) 

0.14 
(0.21) 

0.40 
(0.12) 

0.57 
(0.05) 

Com. 
 

1 
(0.001) 

0.44 
(0.07) 

0.99 
(0.006) 

0.92 
(0.002) 

0.97 
(0.02) 

0.09 
(0.17) 

0.34 
(0.17) 

0.47 
(0.05) 

Hadr. 
  

1  
(0.002) 

0.43 
(0.07) 

0.68 
(0.07) 

0.39 
(0.08) 

-0.03 
(0.35) 

0.13 
(0.26) 

0.32 
(0.17) 

Oth. 
   

1 
(0.003) 

0.93 
(0.003) 

0.98 
(0.005) 

0.14 
(0.16) 

0.40 
(0.13) 

0.51 
(0.02) 

Traj. 
    

1  
(0.002) 

0.91 
(0.02) 

0.11 
(0.24) 

0.37 
(0.14) 

0.52 
(0.07) 

Ner. 
     

1  
(0.002) 

0.30 
(0.11) 

0.54 
(0.09) 

0.63 
(0.006) 

Dom. 
      

1 
(0.002) 

0.95 
(0.004) 

0.70 
(0.004) 

Luc. 
       

1 
(0.002) 

0.82 
(0.004) 

Marc. 
        

1 
(0.001) 

Table 2. Mantel r-test comparisons of structural similarity in first-order element transition matrices. 
Five of nine individuals display a highly conserved pattern (R values [in bold] in excess of 0.9; P-
values in parentheses). Two individuals (Luc & Marc) show a moderate degree of structural 
similarity to others (R-values in the range of 0.13 – 0.95); while one (Dom) is distinctly different in 
structure (R-values <0.3).  
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(Lucius) to 6.1% (Commodus). The second-most common third-order transition at the 

population level was from click to click (E-E; 2.9%), which formed 13% of phrase-phrase 

transitions for Domitian; 12.2% for Trajan, and 1.5% for Commodus, but was never used by 

the other individuals. The high number of possible transitions and the high degree of 

variation between individuals at third-order level is such that further analysis here is not 

useful. 

 

5.4 Discussion 

Male Mystacina tuberculata have at their disposal a highly versatile song structure that 

allows for considerable individual variation. I have shown that M. tuberculata songs are 

hierarchically constructed and employ phonological syntax to build syllables and phrases. I 

have additionally shown that bats employ high structural similarity and conservatism in the 

construction of syllables, while retaining a capacity for versatility and innovation at higher 

levels.  

The first hypothesis I investigated had to do with the frequency of element production in M. 

tuberculata song. The frequency of element production by individuals is non-random, and 

elements are not used with equivalent frequency in the course of a song. Upsweeps, 

downsweeps and trills make up the majority of the song, with other elements perhaps 

providing an opportunity for individuals to distinguish themselves by deviating from the 

common theme. There also appears to be an upper limit to the possible complexity of 

phrases; the most complex I recorded contained 16 distinct elements, but most had between 

one and three; again, it is possible that increasing the complexity of phrases allows particular 

individuals the opportunity to differentiate themselves from neighbours. 

My second hypothesis related to the positioning of elements within larger song constructs, 

which I likewise found to be non-random. While my interpretation of the syntactic rules 

governing song must be prefaced by the caveat that this was a small study of relatively few 

individuals, nonetheless, some general conclusions may be drawn: downsweeps are the 

element most commonly used to end both syllables and phrases; if used to begin a syllable, a 

downsweep is usually followed by an upsweep; upsweeps are the element most commonly 

used to start a phrase; and trills are the element most commonly found in isolation.  
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The third hypothesis I investigated had to do with the structuring of transitions between song 

constructs. While transitions between the component elements of a composite syllable are 

non-random, it is less clear precisely how much structural dependence exists in the transitions 

between the component syllables of a composite phrase, or in the transition from one phrase 

to another. The unit of the phrase seems, functionally, to be the independent unit of M. 

tuberculata song (in that it occurs surrounded by silence; compare Kanwal et al., 1994; Behr 

& von Helversen, 2004; Davidson & Wilkinson, 2004; Bohn et al., 2009), and its production 

should theoretically not be physiologically constrained by the phrase that preceded it. Thus, 

there would seem to be some reliance on ‘patterning’ for the building of syllables (and 

possibly phrases) but, once constructed, phrases appear able to be used more or less at will. 

This is supported by the high degree of variation and randomness exhibited in the ordering of 

phrases. It is worth noting, however, that strings of similar syllables or phrases frequently 

occur together, as do sequences that ‘morph’ gradually from one into another (for example, C 

> C > C A > CA > CAD > AD > AD > A D). This mirrors patterns seen in sac-winged bats 

(Saccopteryx bilineata; Behr & von Helversen, 2004), and also in mice (Holy & Guo, 2005). 

Broadly speaking, the finding of this study are similar to those regarding song structure in 

free-tailed bats (Tadarida brasiliensis; Bohn et al., 2009) and greater sac-winged bats (S. 

bilineata; Behr & von Helversen, 2004). While our methods differed in some respects 

(including nomenclature and level of analysis, which makes direct comparison difficult), all 

three species appear to have relatively conserved methods of syllable construction, with more 

diversity apparent at the higher levels. Even at the higher levels, however, certain preferred 

broad-scale patterns remain apparent in each species. For instance, I found that phrases were 

more likely to end with downsweeps than any other element, just as T. brasiliensis songs are 

most likely to end with buzzes (Bohn et al., 2009). In all three species, males had repertoires 

that varied considerably in the frequency and ordering of phrases, which may provide an 

opportunity to encode individual identity.  

Given the scope that this syntactic structure allows for individual expression, and the song’s 

assumed role in attracting females for mating (Lloyd, 2001; Carter & Riskin, 2006; Toth et 

al., 2015; Toth & Parsons, 2018), it is highly likely that aspects of song construction are used 

by females to assess male traits. This has been shown in S. bilineata, where males that use 

more unique types of composite syllables retain more females in their territories (Davidson & 

Wilkinson, 2004), and males show consistent individual differences in song construction that 

may aid individual recognition and facilitate female mate choice (Behr & von Helversen, 
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2004). Numerous similar examples exist in birdsong studies in which aspects of song 

construction have been correlated with female preference or male reproductive success (e.g. 

Mcgregor, Krebs & Perrins, 1981; Catchpole, 1986; Lampe & Espmark, 2003; Ballentine, 

2009). For example, female swamp sparrows (Melospiza georgiana) demonstrate a 

preference for particular syllable types (Ballentine, 2009), while reproductive success in great 

tits (Parus major) is correlated with overall repertoire complexity (Mcgregor et al., 1981). 

Interestingly, both the number of syllable types and the number of transitions between 

different syllable types used by New Zealand bellbirds (Anthornis melanura) were recently 

found to correlate with reproductive success in females, but not in males (Brunton, Roper & 

Harmer, 2016). Some correlates between song construction and male traits in M. tuberculata 

have already been discovered, including a negative correlation between the duration of trill-

downsweep syllables and forearm length (Toth & Parsons, 2018). Given the complexity of 

the song structures in question, I anticipate that there is further information to be gleaned 

from courtship songs regarding males’ individual attributes and energetic investment (e.g. 

Behr et al., 2006), and possibly even social context (Bohn et al., 2013). 

It is as yet unclear how song in M. tuberculata is learned (if indeed it is learned). If vocal 

learning occurs during ontogeny, and is not open-ended, then the question arises as to how a 

male pup learns courtship song when raised predominantly by a female parent. In S. 

bilineata, song is learned via vocal imitation during ontogeny by pups of both sexes 

(Knörnschild et al., 2006, 2010). The breeding systems of the two species differ, however, in 

that S. bilineata live year-round in harems, meaning that pups have close contact with the 

harem male and are regularly exposed to his courtship songs (Knörnschild et al., 2006, 2010). 

While M. tuberculata males are known to day-roost at maternity colonies, to display in their 

vicinity, and have even been heard singing there during the day (pers. obs), it is unclear 

whether this on its own is sufficient for pup vocal learning to take place.  

The alternative, that M. tuberculata are open-ended learners, suggests the possibility of 

eavesdropping and repertoire sharing between close territory holders. Repertoire-sharing has 

frequently been observed in birds with adjoining territories (Hultsch & Todt, 1981; Beecher 

et al., 2000). Given that M. tuberculata males display relatively close to one another (and 

indeed may in some instances ‘timeshare’ roosts), the potential for eavesdropping and 

repertoire-sharing would seem high. Toth and Parsons (2018) investigated the possibility 

briefly, but failed to find any evidence for it. While the spatial aspect of such a question was 

beyond the scope of my analysis, I did note certain visual similarities between the 
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spectrograms of phrase types shared by two individuals known to share a timeshare roost 

(Otho and Lucius); these similarities, however, are not quantifiable at this stage.  

Open-ended learning also raises the potential for eavesdropping at singing roosts by rival 

males, possibly as a learning mechanism for juniors or subordinates. While there is as yet no 

solid evidence of such behaviour in M. tuberculata, male incursions into singing territories 

have been observed, which typically result in the invader being driven off (Toth, Dennis, et 

al., 2015). On the other hand, if no song learning occurs at all, it is not impossible that large 

parts of the repertoire are innate and are merely being combined in different ways. In a 

number of songbirds, the combination of open-ended learning and honest signalling drives 

increasing repertoire complexity over time, with more complex songs being an indicator of 

age and/or experience (Gil & Gahr, 2002; Catchpole & Slater, 2008). If the same is true of M. 

tuberculata, that has a number of fascinating implications in terms of the species’ learning 

abilities, early development, and cognitive functioning. 

The songs of male short-tailed bats are sophisticated, intricate, and display remarkable 

syntactic complexity. I posit that M. tuberculata song utilises a form of phonological syntax, 

in which smaller vocal units are combined into larger ones in accordance with certain rules. 

Whilst this study may have been able to shed some light on the nature of those rules, much 

yet remains to be discovered regarding the limits they may impose on individual 

performance, and the amount of information that males are able to convey within those 

bounds.  
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“And then he laughed to think that what seemed hard 
Should be so simple--a bat rose from the hazels 
And circled round him with its squeaky cry, 
The light in the tower window was put out.” 
     – W. B. Yeats, ‘The Phases of the Moon’ 
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6. General Discussion  
 

6.1 Summary of Key Findings 

In this thesis I have described attributes of the social and singing behaviour of the New 

Zealand lesser short-tailed bat (Mystacina tuberculata). In doing so, I have elucidated 

previously unknown characteristics of a vulnerable endemic species, adding much-needed 

taxonomic breadth to our current knowledge of bat communication, mating behaviour, and 

social systems.  

The social complexity hypothesis predicts that species with complex social systems will 

develop complex communicative abilities to maintain them (Dunbar, 2009; Freeberg et al., 

2012). I investigated social and communicative behaviour in M. tuberculata and found 

evidence of significant structure in both social interactions and vocal performance. 

I found that the pattern of roost use during the summer breeding season was affected by 

social preference (Chapter Two). Both males and females preferentially elected to associate 

with particular individuals and maintained those relationships over the long term – in some 

cases for up to seven years. General rates of association were low compared to other bat 

species (Wilkinson et al., 2019), but the evidence of selective association between specific 

individuals indicates a population with a complex social structure. This is one of the first 

studies to demonstrate significant associations between males and females during the 

breeding season in a temperate-zone bat, and as such is an interesting counterpoint to 

previous work. 

In investigating male singing behaviour, I considered the hypothesis that attributes of male 

song convey information that is used by females to assess potential mates (e.g. Catchpole & 

Slater, 2008). I tested the potential influence of duty cycle on song attractiveness, calculated 

the energetic cost of singing, and analysed the syntactic structure of song to determine 

whether individual male M. tuberculata possess unique song structures. While I found no 

evidence that duty cycle influences song attractiveness (Chapter Three) and no evidence that 

increased duty cycle increases the energetic cost of singing, I did find that singing utilises 

higher rates of energy expenditure than day-roosting (Chapter Four). Extrapolated over the 

course of a night or a breeding season, singing represents a cost to males that females may be 

able to use to honestly assess their reproductive investment (Gil & Gahr, 2002). The acoustic 
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content of the song itself is structured in accordance with syntactic rules (Marler, 1977), but 

there is sufficient flexibility inherent in the structure to allow for considerable individual 

variation in expression (Chapter Five). It is likely that this variation contains components that 

females may use to assess male attributes (Gil & Gahr, 2002). 

 

6.2 Synthesis 

One limitation of this study is that, while we can hypothesise about what makes males 

attractive, we have limited knowledge regarding actual reproductive success in M. 

tuberculata and how it may correlate with particular traits. To date, paternity of 24 juveniles 

has been assigned to 15 adult males (offspring/male range 1-4; Toth et al., 2018), but we have 

relatively little understanding of lifetime reproductive success at the population level. I tested 

for a possible correlation between song attractiveness and duty cycle (Chapter Three) because 

of a negative correlation found between duty cycle and forearm length in M. tuberculata 

(Toth et al., 2018), and because duty cycle is often associated with male success in birds, 

anurans, orthopterans and other taxa (Fitch & Hauser, 2003; Catchpole & Slater, 2008). 

Nonetheless, such a correlation in mammals has only ever been shown in red deer (McComb, 

1991), and our understanding of the role that duty cycle may play in bat song is limited.   

A second limitation is that the sections of this thesis that deal with the energetic cost (Chapter 

Four) and the syntactic structure (Chapter Five) of M. tuberculata song were based on data 

from only nine focal individuals. The extent to which those individuals may be representative 

of all males is unclear. One element that may correlate significantly with males’ song 

performance is their occupancy of either solitary or timeshare roosts (Toth et al., 2018). 

While both roost types were used by the males in my analyses, the sample size was 

insufficient to allow a comparative assessment of either song structure or energy use. Toth 

(2018) hypothesised that males holding solitary roosts are better competitors, able to defend a 

territory alone, and that timesharing represents an alternate mating strategy that allows 

weaker males access to females. While this may indeed be the case, it is interesting to note 

that the majority of singing males observed to date appear to be doing so as part of a 

timeshare arrangement. A comparative assessment of song structures and energy use between 

timeshare and solo-roosting males would be of considerable interest, and would help to 

elucidate the nature of the mating system and dominance dynamics within the species.  
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My findings regarding social structure and song syntax allow us to put M. tuberculata 

behaviour into context alongside other bat species. The summer social structure aligns most 

closely to those of tropical species, in which adult males and females share the same 

communal roosts and females have marginally higher association rates than do males. Based 

on studies of social structure conducted using similar methods, the species with the most 

similar systems to M. tuberculata are Phyllostomus hastatus and Desmodus rotundus 

(Wilkinson et al., 2019). Both of these species are members of the family Phyllostomidae, 

which is closely related to the Mystacinidae (both fall within the superfamily Noctilionoidea; 

Teeling et al., 2005), so it is possible that the social systems of these groups have evolved 

similarly due to a shared phylogenetic history.   

In terms of song composition, few bat species have been studied in detail, so it is difficult to 

make meaningful comparisons. However, M. tuberculata song shares acoustic, syntactic, and 

behavioural elements with Saccopteryx bilineata, one of the best-studied species to date. S. 

bilineata use complex courtship songs to attract females for mating (Behr & von Helversen, 

2004), and it is likely that the song functions similarly in M. tuberculata. Acoustic features of 

the songs are also similar, covering a similar frequency range and containing shared elements 

such as trills (Behr & von Helversen, 2004), though the range of possible element 

combinations appears more variable in M. tuberculata. There are also some commonalities 

between the songs of M. tuberculata and Tadarida brasiliensis, although the latter are more 

stereotyped in construction. In both species, there is patterning involved in the construction of 

syllables and phrases, and variability derived from their repetition and ordering. In T. 

brasiliensis, however, only three phrase-types are produced, which are highly stereotyped and 

classifiable into distinct categories (Bohn et al., 2008). In M. tuberculata, phrase construction 

is much more variable – a structure that allows for more distinct performances, and may 

facilitate individual identification. Smotherman and colleagues (2016) suggest that more 

personalised vocal performances, such as those seen in S. bilineata, are related to small, 

stable groups which facilitate individual identification, while the more stereotyped songs seen 

in T. brasiliensis are related to large colonies and broad migration patterns. M. tuberculata 

certainly fits this trend, as they maintain stable social structures over many years (Chapter 

Two), and have comparatively small colony sizes (though information in this regard is 

variable; O’Donnell, 2008) .  
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6.3 Implications for Conservation Management 

The conservation of M. tuberculata is actively managed by the New Zealand Department of 

Conservation. The Southern subspecies, at least, appears to have seen some population 

recovery since monitoring began, but population trends in general are poorly understood 

(O’Donnell et al., 2018). Although considerable effort is being put into bridging the shortfall, 

it is a truism that poor management decisions made with bad information can be worse than 

no management at all. Conservation management needs to be flexible, species-specific – in 

some cases even population-specific – and able to respond rapidly to new information. While 

the following should not necessarily be taken as a guide to policy, I raise here several points 

that should be taken into consideration when making conservation management decisions for 

M. tuberculata.  

First and foremost, given that my analysis of social structure showed high rates of individuals 

returning to the same communal roosts throughout the seven years of the study, I am led to 

assume that rates of dispersal from the population, at least in Pikiariki, are low. Given that 

numbers of males and females returning in each age class were approximately equal, I am 

also led to presume that the colony structure of the population is founded on both-sex natal 

philopatry. This type of colony structure is rare in bats, with female-philopatry and male-

dispersal being more typical (Burland & Wilmer, 2001; Kunz & Lumsden, 2003; Patriquin & 

Ratcliffe, 2016). While other structures have been observed, I have found only one other 

reference to both-sex natal philopatry – in Spix’s disc-winged bat, Thyroptera tricolor 

(Chaverri & Kunz, 2011). T. tricolor is a neotropical bat, and also a member of the 

superfamily Noctilionoidea (Teeling et al., 2005). Again, this suggests a possible relationship 

between phylogeny and social structure, though it is also possible that similar patterns of 

social structure may have arisen independently on multiple occasions.  

While it is still possible that individuals might immigrate into the population from elsewhere 

and be PIT-tagged as adults (which researchers would have no way of knowing without 

genetic testing), PIT-tagging sessions generally focus on post-volant juveniles, who can be 

reasonably presumed to have been born in the colony. This begs the question of how M. 

tuberculata avoids inbreeding depression, particularly if (as is usual in lek breeding systems) 

a small proportion of males are gaining a large share of the available mates (Bradbury, 

Vehrencamp & Gibson, 1985). Given that M. tuberculata is a threatened species with a 

restricted habitat range (O’Donnell et al., 2013), this question is one that deserves attention.  
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Secondly, singing clearly plays a significant role in the mating system of M. tuberculata, and 

should be considered carefully should any future attempts be made to translocate the species 

(e.g. Ruffell & Parsons, 2009). Historically, translocations often took place using whichever 

individual specimens happened to be caught. While more care is typically taken now to 

ensure the maintenance of genetic diversity (Stockwell et al., 1996; Storfer, 1999), the need 

to retain species’ cultural diversity may be less well understood (Slabbekoorn & Smith, 2002; 

Lewis, Williams & Gilman, 2020). Translocation using a small sub-sample of a population 

could lead to repertoire variation and communicative capacity being lost - as, for example, in 

song birds with divergent dialects that are unable to interbreed successfully with conspecifics 

from whom they have been separated for several generations (e.g. North Island kōkako, 

Callaeas wilsoni; Bradley et al., 2014). 

Finally, but perhaps most significantly, I strongly urge the preservation of potential singing 

roost trees in forest areas within the range of M. tuberculata populations. As yet we have 

little knowledge regarding how social relationships function between timeshare individuals, 

whether a dominance hierarchy is involved, whether females associate displaying males with 

particular roosts, and the role that roost site, territory, and spatial memory may play in mate 

selection. We also have no knowledge of whether song learning or song sharing take place, or 

of the role that singing roosts may play in either. Given that individual bats and timeshare 

groups have long-term associations with particular roost trees (Toth et al., 2018), there may 

be adverse implications for the mating system and social hierarchy if even a few key roosts 

are removed in a season. It is also worth reiterating that, while the majority of known singing 

roosts are knotholes in trees, a range of other singing roosts have also been recorded, 

including crevices beneath flakes of bark (Toth, Dennis et al., 2015), tree stumps, and holes 

in standing dead trees (C. Toth & K. Collier, unpubl. data). Furthermore, the trees chosen for 

singing roosts include not only large podocarps, but also a number of smaller, faster-growing 

species such as māhoe (Melicytus ramiflorus) and five-finger/whauwhaupaku (Pseudopanax 

arboreus), which are not typically considered high-value (C. Toth & K. Collier, unpubl. 

data). While current impact-mitigation strategies commonly involve an expert identification 

of possible roosts prior to felling or track-clearing by contractors (Jones, Borkin & Smith, 

2019), it is worth acknowledging that: a) bats may utilise a wider range of singing roosts than 

we are currently aware of; b) the majority of existing mitigation strategies and contractor 

training is targeted at long-tailed bats; and c) that even experts are likely to overlook things. 



91 
 

The first choice should always be to leave native vegetation in place and undisturbed 

wherever possible.  

 

6.4 Future Directions 

While this thesis has investigated specific questions relating to singing behaviour and social 

structure in M. tuberculata, it has raised a number of additional questions about the nature of 

singing in M. tuberculata, and about the species’ behaviour more generally.  

A key question raised by this thesis is how males compensate for the energetic cost of 

singing. The breeding season in M. tuberculata may last upwards of six months (Carter & 

Riskin, 2006), and males have been known to sing for up to eight hours in a night (Toth & 

Parsons, 2018). Given the lost foraging time given over to singing, the fact that they do not 

compensate with increased torpor during the day (Czenze et al., 2017a), and that singing 

increases the rate of energy expenditure, the question of how males bear the metabolic burden 

of singing is of considerable interest. The metabolic cost of song in bats has rarely, if ever 

been investigated, and further comparative studies would significantly aid understanding of 

how singing evolved (Smotherman et al., 2016).  

While energetic expenditure may indicate reproductive investment (Ryan, 1988; Oberweger 

& Goller, 2001; Gillooly & Ophir, 2010), it is likely that other attributes of male song also 

contain information related to male qualities (Gil & Gahr, 2002; Fitch & Hauser, 2003). 

Which attributes of song are most attractive is a question that begs further investigation, as 

does the question of which males are most successful, and whether or not there is any 

correlation between the two. A more in-depth assessment of reproductive success and 

paternity in M. tuberculata would be of considerable value to future studies and would 

provide a metric against which attributes of singing behaviour could be assessed.    

Another question prompted by this thesis regards how and when song in M. tuberculata is 

acquired. As yet, no studies have investigated whether M. tuberculata song is learned or 

innate, and – if learned – whether it is acquired during ontogeny (e.g. Knörnschild et al., 

2006, 2010) or continually modified throughout a bat’s lifetime. While adult males share 

communal roosts with females and pups, it is uncertain how much exposure young pups have 

to adult male song, and whether this alone is sufficient for the development of a vocal 

repertoire. An investigation of song learning in M. tuberculata would add greatly to our 
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knowledge and understanding of vocal capabilities in this species, and of bat song more 

generally (Vernes & Wilkinson, 2020). 

Given the complex structuring of the society and the presence of males, females and pups in 

shared summer communal roosts, I suggest that non-song communication is likely to play a 

considerable role in mediating social dynamics. While some communication may be 

olfactory, tactile or visual (Chaverri et al., 2018), bats are also often heard vocalising at 

communal roosts during the day (Lloyd, 2001). These vocalisations are typically social calls, 

but also include song (pers. obs.). As yet, no studies have investigated the use of social 

vocalisations in M. tuberculata or the extent to which song may be used outside of courtship 

displays. 

Inevitably, all research on under-studied species will generate more questions than it answers. 

There are numerous lines of enquiry provoked by this study that I was unable to address 

within the scope of this thesis. Nonetheless, I hope that this work will provide a springboard 

for additional research to facilitate a better understanding of song and social behaviour in 

bats, and a more comprehensive knowledge of this extraordinary species.  
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7. Appendices 

 

Appendix I: Communal roost visitation rates 

 

 

 

 

 

 

  

          

          

   2013 2014 2015 2016 2017 2018 

CR6 
♀ 184 (2340) 256 (2268) 333 (6448) 405 (13836) 377 (8868) 377 (3279) 
♂ 182 (2637) 275 (3079) 300 (6630) 362 (8802) 327 (7350) 330 (3122) 
Unkn. 3 (21) 34 (265) 30 (721) 28 (826) 21 (460) 21 (182) 

CR7 
♀ 178 (1250) 198 (1880) 5 (5)  307 (1575) 345 (18083) 
♂ 179 (1976) 216 (2109) 7 (8)  285 (1725) 275 (3961) 
Unkn. 3 (12) 18 (41) 2 (4)  19 (83) 20 (574) 

CR8 
♀ 179 (2683) 255 (15722) 48 (65) 324 (9438) 393 (64366) 390 (17384) 
♂ 174 (1811) 273 (6612) 84 (166) 284 (14265) 337 (48724) 341 (8583) 
Unkn. 3 (19) 36 (895) 5 (8) 22 (875) 21 (3074) 21 (665) 

CR10 
♀   3 (3)    
♂   6 (6)    
Unkn.   1 (1)    

CR11 
♀ 40 (99) 3 (3) 275 (1274)    
♂ 75 (218)  225 (934)    
Unkn. 1 (2)  23 (113)    

 CR12 
♀ 156 (689) 3 (3) 4 (6)    
♂ 156 (840) 6 (6) 3 (6)    
Unkn. 3 (4)      

CR13 
♀  256 (30873) 340 (32318) 401 (12526) 323 (1448) 364 (3050) 
♂  267 (34460) 304 (21271) 361 (8401) 256 (940) 302 (1770) 
Unkn.  32 (3883) 31 (2228) 28 (613) 17 (72) 20 (91) 

Totals ♀ 191 (7061) 268 (50749) 340 (40119) 405 (35800) 393 (76257) 394 (41796) 
 ♂ 186 (7482) 284 (46266) 304 (29021) 363 (31468) 338 (58739) 344 (17436) 
 Unkn. 3 (58) 37 (5084) 31 (3075) 28 (2314) 21 (3689) 21 (1512) 
 Pop. 381 (14601) 589 (102099) 675 (72215) 796 (69582) 752 (138685) 759 (60744) 

 

         

Table 1. Number of individual bats recorded by automatic PIT-tag readers, sorted by sex, roost (CR = 
communal roost) and year. Numbers in brackets represent the number of occurrence records obtained for a 
particular demographic. Not all roosts were consistently monitored in all years, and the degree of sampling 
effort is unknown. Months when records were obtained, however, were: 2013: Sept – Dec; 2014: all; 2015: all 
except Jul; 2016: all except Dec; 2017: Mar, Apr, Oct – Dec; 2018: Jan – Apr. Note also that PIT-tagging first 
began in 2013, so the number of tagged individuals was initially low. 
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Appendix II: Song transition chi-square tests 

 

 

 

 

BASIC ELEMENT USE OVERALL
Element Ant Com Hadr Oth Traj Ner Dom Luc Marc Pop Rand
A 16.10063 14.90043 11.63142 15.63089 14.42308 12.78721 32.3741 29.12317 36.30051 20.722135 16.66667
B 12.64151 5.796586 0.251762 4.143126 12.01923 5.494505 1.258993 1.983299 3.661616 4.56043956 16.66667
C 29.74843 35.81081 41.38973 36.34652 22.59615 39.96004 28.32734 24.58246 20.64394 31.8288854 16.66667
D 31.8239 31.40114 24.92447 36.34652 29.80769 36.06394 21.94245 42.43215 31.75505 31.8681319 16.66667

Compared to general population distribution
X2 4.437 1.3304 7.8468 1.2598 5.5279 2.9936 6.321 4.4277 6.6778 0 13.934

df 3 3 3 3 3 3 3 3 3 3 3
p 0.218 0.7219 0.04929 0.7387 0.137 0.3926 0.09699 0.2188 0.08291 1 0.003

fisher's p 0.2484 0.7216 0.03648 0.7421 0.1644 0.4053 0.08896 0.2224 0.08646 1 0.0035

Compared to random distribution
X2 5.5511 14.209 28.251 18.484 4.5384 18.665 20.31 22.518 17.016 13.934 0

df 3 3 3 3 3 3 3 3 3 3 3
p 0.1356 0.00264 <0.0001 0.00035 0.2089 0.00032 0.00015 <0.0001 0.0007 0.002997 1

fisher's p 0.1419 0.004 0.0005 0.001 0.1774 0.0005 0.0005 0.0005 0.0015 0.006497 1

NUMBER OF ELEMENTS USED PER PHRASE

No of elem   Ant Com Dom Hadr Luc Marc Ner Oth Traj Pop
1 35.2459 41.80108 40.58501 12.87554 9.700428 45.46512 29.85075 45.73643 60.48387 33.6270191
2 30.7377 10.61828 33.63803 21.88841 39.08702 36.27907 28.35821 25.96899 20.16129 28.5924061
3 21.5847 9.005376 19.0128 12.66094 31.38374 11.97674 16.41791 14.34109 13.70968 17.2015943
4 8.879781 6.317204 2.193784 12.01717 11.84023 3.604651 6.268657 7.751938 3.225806 7.11139081

Compared to general population distribution
X2 0.26997 9.5891 3.3238 7.3238 20.011 4.1465 0.1073 1.9713 10.352 2.22E-31

df 3 3 3 3 3 3 3 3 3 3
p 0.9656 0.0224 0.3443 0.06226 0.00017 0.2461 0.9909 0.5784 0.0158 1

fisher's p 0.937 0.02549 0.3233 0.07496 0.0005 0.3173 0.9945 0.5617 0.01299 1
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ELEMENT USE IN SYLLABLES POOLED BY POPULATION
Only_All First_All Oth_All Last_All Pop Rand

A 26.23245 21.96246 32.40741 6.289101 20.72214 16.66667
B 5.060398 2.173197 12.77778 4.478103 4.56044 16.66667
C 31.14594 23.74053 30 41.62002 31.82889 16.66667
D 15.54032 50.9055 23.51852 47.25058 31.86813 16.66667

Compared to general population distribution
X2 5.603 5.9426 7.2932 11.443 0 13.934

df 3 3 3 3 3 3
p 0.1326 0.1144 0.06312 0.00956 1 0.003

fisher's p 0.1679 0.09745 0.08746 0.009 1 0.003

Compared to random distribution
X2 11.945 25.178 4.5028 31.745 13.934 0

df 3 3 3 3 3 3
p 0.00757 <0.0001 0.212 <0.0001 0.003 1

fisher's p 0.0095 0.0005 0.2349 0.0005 0.005 1

ELEMENT USE IN PHRASES POOLED BY POPULATION
Only_All First_All Oth_All Last_All Pop Rand

A 36.43169 24.65234 14.64479 18.07534 20.72214 16.66667
B 5.55209 4.140329 4.320731 4.843305 4.56044 16.66667
C 14.7224 50.31606 38.05567 12.50396 31.82889 16.66667
D 10.41797 10.36662 34.5243 60.24058 31.86813 16.66667

Compared to general population distribution
X2 18.893 15.466 1.6757 17.133 0 13.934

df 3 3 3 3 3 3

p 0.00029 0.00146 0.6423 0.00066 1 0.003

fisher's p 0.0015 0.001 0.6307 0.0015 1 0.004

Compared to random distribution
X2 14.478 24.651 18.529 27.537 13.934 0

df 3 3 3 3 3 3
p 0.00232 <0.0001 0.00034 <0.0001 0.003 1

fisher's p 0.002 0.0005 0.0005 0.0005 0.005 1
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ELEMENT USE IN SYLLABLES
Only_Ant First_Ant Oth_Ant Last_Ant Only_Com First_Com Oth_Com Last_Com Only_Hadr

A 25.31 4.09 11.48 3.14 28.94 2.47 3.85 0.87 13.02
B 13.89 5.66 14.75 15.72 7.14 1.60 29.49 4.65 0.39
C 26.76 28.30 50.82 35.53 28.50 5.67 37.18 80.23 42.91
D 16.91 61.95 21.31 45.60 11.19 89.53 25.64 13.81 10.71

Compared to general population distribution
X2 10.00 20.55 14.06 21.16 11.06 61.04 30.69 45.85 14.63
df 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
p 0.02 0.00 0.00 <0.0001 0.01 <0.0001 <0.0001 <0.0001 0.00
fisher's p 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Compared to random distribution
X2 2.66 36.95 13.33 23.82 10.75 74.85 16.49 58.76 28.84
df 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
p 0.45 <0.0001 0.00 <0.0001 0.01 <0.0001 0.00 <0.0001 <0.0001
fisher's p 0.46 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

First_Hadr Oth_Hadr Last_Hadr Only_Oth First_Oth Oth_Oth Last_Oth Only_Traj First_Traj Oth_Traj Last_Traj
14.33 55.56 1.19 23.97 5.13 20.00 5.13 22.33 0.00 0.00 15.56

0.00 0.00 0.00 4.11 2.56 20.00 5.13 10.68 2.22 33.33 17.78
10.45 16.67 67.76 30.48 23.08 40.00 64.10 16.50 4.44 26.67 53.33
74.63 11.11 31.04 28.42 68.38 20.00 24.79 15.53 77.78 40.00 11.11

33.23 35.09 34.42 0.46 24.18 12.77 20.69 9.52 61.36 43.45 23.65
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 <0.0001 <0.0001 0.93 <0.0001 0.01 0.00 0.02 <0.0001 <0.0001 <0.0001
0.00 0.00 0.00 0.91 0.00 0.01 0.00 0.02 0.00 0.00 0.00

50.58 37.33 61.11 13.56 44.27 4.01 36.71 2.15 73.27 28.62 15.04
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 <0.0001 <0.0001 0.00 <0.0001 0.26 <0.0001 0.54 <0.0001 <0.0001 0.00
0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.61 0.00 0.00 0.00

Only_Ner First_Ner Oth_Ner Last_Ner Only_Dom First_Dom Oth_Dom Last_Dom Only_Luc First_Luc Oth_Luc
16.74 7.72 41.38 7.72 36.74 26.40 46.30 25.60 36.34 39.78 42.99

8.15 2.70 17.24 2.32 1.25 0.00 5.56 1.60 0.49 0.77 5.14
36.56 35.91 20.69 52.12 24.37 53.60 18.52 14.00 22.20 37.62 28.97
27.09 52.51 20.69 37.07 6.27 18.40 29.63 58.80 34.39 20.74 22.90

2.15 11.23 18.41 11.45 22.27 13.96 12.86 16.29 9.26 11.04 8.81
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
0.54 0.01 0.00 0.01 <0.0001 0.00 0.00 0.00 0.03 0.01 0.03
0.58 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.04

9.96 34.00 4.93 35.10 26.95 33.50 17.24 32.71 25.74 27.24 15.98
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
0.02 <0.0001 0.18 <0.0001 <0.0001 <0.0001 0.00 <0.0001 <0.0001 <0.0001 0.00
0.02 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



97 
 

 

 

 

Last_Luc Only_Marc First_Marc Oth_Marc Last_Marc Pop Rand
9.29 38.95 63.32 37.88 3.69 20.72 16.67
3.10 1.97 5.54 18.18 2.64 4.56 16.67

11.61 29.74 15.30 22.73 7.39 31.83 16.67
75.70 14.74 13.72 21.21 85.75 31.87 16.67

31.40 12.89 34.36 16.25 51.89 0.00 13.93
3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 0.00 <0.0001 0.00 <0.0001 1.00 0.00
0.00 0.00 0.00 0.00 0.00 1.00 0.00

45.27 22.35 28.23 3.26 64.68 13.93 0.00
3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 <0.0001 <0.0001 0.35 <0.0001 0.00 1.00
0.00 0.00 0.00 0.32 0.00 0.00 1.00

ELEMENT USE IN PHRASES
Element Only_Ant First_Ant Oth_Ant Last_Ant Only_Com First_Com Oth_Com Last_Com Only_Hadr
A 34.88 8.86 11.46 16.88 38.59 15.70 9.57 17.29 73.33
B 14.73 8.86 12.50 15.40 4.18 7.16 5.30 7.48 1.67
C 8.91 55.06 32.81 13.29 7.07 43.42 40.49 31.07 3.33
D 12.40 17.30 40.63 49.79 2.89 19.17 38.78 36.21 8.33

Compared to general population distribution
X2 28.74 16.66 7.07 17.63 38.55 6.14 5.73 1.25 67.63
df 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
p <0.0001 0.00 0.07 0.00 <0.0001 0.10 0.13 0.74 <0.0001
fisher's p 0.00 0.00 0.09 0.00 0.00 0.13 0.14 0.80 0.00

Compared to random distribution
X2 9.41 22.34 11.50 12.24 28.51 13.80 22.50 11.31 58.00
df 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
p 0.02 <0.0001 0.01 0.01 <0.0001 0.00 <0.0001 0.01 <0.0001
fisher's p 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00
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First_Hadr Oth_Hadr Last_Hadr Only_Oth First_Oth Oth_Oth Last_Oth Only_Traj First_Traj Oth_Traj Last_Traj
20.94 3.95 14.29 27.12 11.43 15.79 10.00 21.33 6.12 2.86 20.41

0.25 0.00 0.74 3.39 5.00 4.51 3.57 9.33 4.08 20.00 18.37
46.80 48.03 23.40 24.58 52.86 41.35 25.00 12.00 12.24 34.29 40.82

4.68 24.78 48.03 23.73 27.14 37.59 55.00 14.67 65.31 34.29 14.29

25.56 19.34 8.46 2.55 8.02 1.82 10.73 10.63 28.17 23.39 16.01
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 0.00 0.04 0.47 0.05 0.61 0.01 0.01 <0.0001 <0.0001 0.00
0.00 0.00 0.03 0.48 0.03 0.62 0.01 0.03 0.00 0.00 0.00

7.28 40.79 29.02 13.11 23.97 19.95 28.60 2.84 39.91 18.84 6.36
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 <0.0001 <0.0001 0.00 <0.0001 0.00 <0.0001 0.42 <0.0001 0.00 0.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00 0.00 0.07

Only_Ner First_Ner Oth_Ner Last_Ner Only_Dom First_Dom Oth_Dom Last_Dom Only_Luc First_Luc Oth_Luc
35.00 9.36 5.10 20.85 31.53 7.38 44.58 48.92 69.12 42.97 31.62
15.00 7.66 2.32 5.11 0.90 0.92 1.25 1.85 0.00 0.63 5.33
13.00 69.79 48.03 6.81 6.76 76.62 17.92 2.46 7.35 49.29 23.71
14.00 5.96 41.53 65.53 6.76 2.77 29.58 45.85 4.41 4.58 38.66

23.36 36.94 14.41 27.47 26.25 51.68 14.48 39.81 66.46 34.61 3.61
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 <0.0001 0.00 <0.0001 <0.0001 <0.0001 0.00 <0.0001 <0.0001 <0.0001 0.31
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31

6.57 39.89 38.51 35.02 24.12 64.47 25.92 47.37 58.65 45.29 14.59
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
0.09 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.00
0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Last_Luc Only_Marc First_Marc Oth_Marc Last_Marc Pop Rand
8.69 33.25 52.88 49.02 15.35 20.72 16.67
0.47 2.30 4.90 6.27 2.13 4.56 16.67
2.53 30.18 31.56 20.39 1.92 31.83 16.67

87.84 12.79 4.69 22.35 79.74 31.87 16.67

58.99 11.24 34.15 15.53 48.32 0.00 13.93
3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 0.01 <0.0001 0.00 <0.0001 1.00 0.00
0.00 0.00 0.00 0.00 0.00 1.00 0.00

73.05 19.96 32.88 16.47 60.21 13.93 0.00
3.00 3.00 3.00 3.00 3.00 3.00 3.00

<0.0001 0.00 <0.0001 0.00 <0.0001 0.00 1.00
0.00 0.00 0.00 0.00 0.00 0.00 1.00
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