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In the last decade, there has been a growing interest in the study of rodent ultrasonic 

vocalizations (USV) for their usefulness as a measure for behaviorally phenotyping individuals 

and as a model for the study of neural and molecular mechanisms of vocal communication. The 

functional role of USV remains poorly understood, however, and most of the research has been 

heavily influenced by studies in just a couple of species, mainly rats and mice. The study of 

USV in a less social, non-communal breeder and more aggressive rodent species, such as the 

golden hamster (Mesocricetus auratus), provides valuable comparative data that shed light on 

the evolution of this social behavior. The present work studied the vocal repertoire elicited 

immediately after sexual interactions and how the vocalizations are modulated rapidly by social 

context and hormonal changes. I found that the vocal repertoire was mainly composed of 1-note 

simple calls that were highly variable and chaotic. Repertoire composition, entropy and 

bandwidth of the calls showed modest sex differences. In addition, social environment 

differentially modulated male vocal behavior in response to a female. Temporal, frequency and 

amplitude properties of USV changed over time differently when another male had been present 

during the interaction with a female than when no male had been present. Moreover, social 

defeat stimulated losers to maintain longer calls and increase frequency parameters over time, 

but only if the social interaction with the female involved the presence of another familiar neutral 

male and not in the presence of a familiar winner. Finally, I found rapid modulatory effects of 

steroids on male vocal behavior in response to a female. In only 30 minutes, a single 
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subcutaneous injection of 17-β estradiol increased temporal parameters of USV, while an 

injection of dihydrotestosterone increased frequency and amplitude parameters of USV and the 

mean number of frequency jumps in multi-note calls. Testosterone also had acute effects but 

those depended on time of call occurrence. Together these findings suggest that USV in 

hamsters are dynamic signals that are rapidly modulated by social context on a moment-to-

moment basis via the nongenomic action of sex hormones. 
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CHAPTER 1 

INTRODUCTION 

 

Mammals have evolved to produce sounds in a wide range of frequencies for 

communication in many different environments and in some cases for highly specialized 

functions such as echolocation. Many species vocalize and hear high frequency sounds 

(>20 kHz) and these ultrasounds can have functional roles in nearly all the contexts in 

which signals of lower frequencies occur (Ehret & Kurt, 2010). Ultrasonic signals are 

produced by a few terrestrial mammals and by most species of bats and rodents 

(Braune, Schmidt, & Zimmermann, 2005; Cherry, Izard, & Simons, 1987; Sales, 2010; 

Zimmermann, 1996).  

At least 50 species in 30 genera of rodents are known to produce ultrasonic 

vocalizations (USV) (Sales, 2010). Many USV consist of a single frequency component 

but calls with more harmonics and components are also produced. Species-specific 

frequency bands or patterns have not been found but some species are more similar in 

their calls than others (Sales, 2010). USV have been studied in rats (Rattus norvegicus), 

mice (Mus musculus), golden hamsters (Mesocricetus auratus) and Mongolian gerbils 

(e.g.,(Floody, Pfaff, & Lewis, 1977; Holman, 1980; Holy & Guo, 2005; Nyby, 1983; Nyby, 

Wysocki, Whitney, & Dizinno, 1977; Sales, 1972a, 1972b; White, Cagiano, Moises, & 

Barfield, 1990), and, to a lesser extent, in wild species such as deer mice, Peromyscus 

spp (Briggs & Kalcounis-Rueppell, 2011; Kalcounis-Rueppell et al., 2010; Kalcounis-

Rueppell, Metheny, & Vonhof, 2006; Pultorak, Fuxjager, Kalcounis-Rueppell, & Marler, 

2015), voles, Microtus spp (Kapusta & Sales, 2009; Pierce, Sawrey, & Dewsbury, 1989) 
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and the wild-derived house mouse (Hoffmann, Musolf, & Penn, 2011, 2012; Musolf, 

Hoffmann, & Penn, 2010). Given that ultrasounds are heavily attenuated in air and could 

be easily reflected and scattered in an environment composed of mostly grass or a 

cluttered understory, it is puzzling why rodents use ultrasounds rather than lower 

frequencies (Bradbury & Vehrencamp, 1999; Sales, 2010). Certainly, the rapid 

attenuations of ultrasounds could confer special antipredator advantages for 

communication over moderate short ranges (Sales, 2010). Therefore, communication by 

ultrasounds is considered to be restricted to short distances around the sender 

(Bradbury & Vehrencamp, 1999; Ehret & Kurt, 2010; Sales, 2010). 

In the last decade, there has been a growing interest in the study of rodent USV 

mostly for its potential to become a model system for the study of vocal learning. 

Although evidence of some vocal development has been found (Arriaga, Zhou, & Jarvis, 

2012; Grimsley, Monaghan, & Wenstrup, 2011), it seems clear that USV in mice are not 

learned in the same way birds or humans learn or imitate vocalizations (Kikusui et al., 

2011; Mahrt, Perkel, Tong, Rubel, & Portfors, 2013). Instead, USV have become a 

useful measure to behaviorally phenotype individual rodents and to study the genetic 

basis and brain circuitry of vocal communication (Portfors & Perkel, 2014). Currently, 

USV are measured in mouse models of neurodevelopmental disorders of social deficits 

and are used as a behavioral covariate in knockout mice (e.g.,(Scattoni, McFarlane, et 

al., 2008; Scattoni, Crawley, & Ricceri, 2009; Scattoni, Gandhy, Ricceri, & Crawley, 

2008). Deficits in vocal behavior have been observed in mice in which genes related to 

autism spectrum disorder have been mutated (Ey, Pfefferle, & Fischer, 2007; Scattoni, 

Gandhy, et al., 2008). USV in rats are used in studies of the neuroanatomical and 

pharmacological basis of motivation and emotion, including depression (e.g.(Kroes, 

Burgdorf, Otto, Panksepp, & Moskal, 2007) and vocal impairment in the rat model of 

Parkinson’s disease (e.g.(Ciucci et al., 2009). The vast majority of research on USV has 
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focused on its applicability as a behavioral measure for biomedical research. However, 

the natural function of USV in communication remains poorly understood (Portfors & 

Perkel, 2014). To effectively use ultrasonic vocal behavior as a tool, functional aspects 

of the behavior itself should be clarified in at least a few species. 

A trend that USV are emitted in specific situations has been repeatedly observed 

in those species studied in more detail. Spontaneous ultrasonic calling rarely happens in 

adults while in their housing cage. Most of what we know today about USV in rodents is 

based on studies in which USV were stimulated during or after an interaction between 

conspecifics. However, spontaneous USV have been recorded from Peromyscus 

californicus in the laboratory colony room and in the wild (Kalcounis-Rueppell et al., 

2010). In general, rodent ultrasonic behavior has been related to offspring-mother 

communication, territorial or aggressive behavior, social recognition and reproductive 

behavior. However, the functional role of ultrasonic behavior is far from clear given the 

prevalent role that odors have in sexual behavior, communication and recognition in 

rodents. It is unknown whether USV are truly necessary for an individual to communicate 

with conspecifics or to secure reproductive success. The question of why vocal 

communication would evolve in this group remains largely unaddressed. 

 The function of USV produced by newborn pups and infants is the only function 

that is well established. The production of USV by pups has been detected in many 

species of rodents (e.g. Blake, 2002; Brudzynski, Kehoe, & Callahan, 1999; Hashimoto, 

Moritani, Aoki-Komori, Tanaka, & Saito, 2004; Mandelli & Sales, 2004). Pup USV are 

often emitted from a pup outside the nest in response to changes of body temperature, 

handling and contact with adults, littermates or their odors (Ehret, 2005). These USV 

serve as important social signals in the communication between mother and offspring 

since they induce maternal search, retrieval behavior and a prompt care-giving response 

in the mother (Ehret, 2005; Farrell & Alberts, 2002; Scattoni & Branqui, 2010; Wöhr & 
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Schwarting, 2008).  

Territorial, aggressive or defensive behavior has been associated to a lesser 

extent to USV produced by adults. USV have been reported in rats and 14 other species 

of rodents during male-male or lactating female-male encounters in resident-intruder 

experiments (Sales, 1972a). Siberian hamsters also produce broadband ultrasounds 

during same-sex dyadic encounters that were significantly correlated with aggressive 

behaviors (Keesom, Rendon, Demas, & Hurley, 2015). In adult house mice USV are not 

normally emitted during agonistic or playful situations (Gourbal, Barthelemy, Petit, & 

Gabrion, 2004; Nyby, 2010; Portfors, 2007), but a recent study suggested a role in 

territoriality (Hammerschmidt, Radyushkin, Ehrenreich, & Fischer, 2012).   

A role in social discrimination and recognition has also been examined 

infrequently. USV have been found to be significantly different among callers of different 

ages (house mice:(Grimsley et al., 2011; Liu, Miller, Merzenich, & Schreiner, 2003), 

sexes (Merten, Hoier, Pfeifle, & Tautz, 2014), colonies (Merten et al., 2014), kinship 

(Musolf et al., 2010) and individuals (house mice:(Hanson & Hurley, 2012; Holy & Guo, 

2005). Social elicited-USV in mice are the only calls among rodents whose acoustic 

structure and sequence have ever been categorized as a song (Holy & Guo, 2005). The 

mouse song exhibits a regular (nonrandom) temporal structure including the production 

of repeated themes with sharp transitions between syllable types. Apparently, different 

males can show characteristic syllable usage and temporal structure of the song (Holy & 

Guo, 2005).  

The occurrence of USV during mating activities had been correlated with sexual 

arousal since its initial description in rats (Barfield & Geyer, 1972). In general, adult 

rodent USV have been typically studied during intersexual encounters and for that 

reason, they have been often related to courtship behaviors and sexual arousal (house 

mouse:(Holy & Guo, 2005; Musolf et al., 2010; Nyby, 1983; Nyby et al., 1977; Sales, 
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1972b; Whitney, Coble, Stockton, & Tilson, 1973; gerbils:(Holman, 1980; golden 

hamsters: Cherry, 1989; Floody & Pfaff, 1977a; Floody et al., 1977). Generally, not all 

sniffing or mounting is accompanied by USV in rodents, but when vocalizations occur, 

they occur in close temporal proximity to those behaviors (Hanson & Hurley, 2012; Nyby, 

1983; Sales, 1972b). USV can be used to facilitate copulatory activities by increasing 

solicitation behavior in the female or by increasing the likelihood that the female will 

remain stationary in lordosis while the male attempts to mount (Barfield, Auerbach, 

Geyer, & Mcintosh, 1979; Cherry, 1989; Floody & Bauer, 1987; Pierce et al., 1989; 

White & Barfield, 1990). Male USV have been found to attract females and to induce 

approach to the source of ultrasound (Barfield et al., 1979; Chabout, Sarkar, Dunson, & 

Jarvis, 2015; Floody & Pfaff, 1977a; Hammerschmidt, Radyushkin, Ehrenreich, & 

Fischer, 2009; Musolf et al., 2010; Shepard & Liu, 2011). In house mice, USV may also 

serve to inhibit female aggression (Whitney et al., 1973) and females preferred to spend 

more time with an intact tethered male than with a devocalized tethered male, or with a 

devocalized male accompanied by artificial ultrasounds than with one that was not 

accompanied by artificial ultrasounds (Pomerantz, Nunez, & Bean, 1983). Although male 

USV are present during courtship, facilitate mating and attract females, it is not clear 

how sexual selection is operating on these signals. However, it was recently shown that 

female mice prefer complex songs to simpler ones (Chabout et al., 2015). 

 Most of the study of USV in rodents has been heavily influenced by research in 

mice and rats. Their vocal behavior offers an opportunity to understand the neural and 

molecular mechanisms behind communication, but research limited to a couple of 

species hinders a deeper understanding of the proximate and ultimate causes of the 

behavior.  Today, the absence of comparative data from a range of species makes it 

challenging to study homologies in structure and function in the social brain (Taborsky et 

al., 2015). The study of vocal communication in a less social, non-communal breeder 
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and more aggressive rodent species, such as the golden hamster (Mesocricetus 

auratus), could provide an interesting comparative approach and shed light on the 

function and evolution of this behavior. Golden hamsters live solitarily in simple burrow 

systems and scent mark and defend their territory from intruders (Huck, Lisk, Allison, & 

Van Dongen, 1986; Huck, Lisk, & Gore, 1985). Females are aggressive and dominant 

toward males except on the day of estrus when the female briefly allows the male 

access to her burrow (Lisk, Ciaccio, & Catanzaro, 1983; Payne & Swanson, 1972). USV 

have been studied in male and female hamsters in the past and are known to occur 

during and after sexual encounters (Floody et al., 1977) and facilitate copulation by 

lengthening the time the female remains in lordosis (Cherry, 1989; Floody & Bauer, 

1987). Both males and females vocalize substantially and there is some evidence of 

sexual dimorphism in the calls, suggesting a role in sexual recognition and 

advertisement of reproductive state (Floody & Pfaff, 1977b). However, the vocalizations 

have not been properly analyzed spectrographically and the nature of their acoustic 

variation is unknown. The effect of social context besides the inter- or intra-sexual 

interactions on vocal behavior has never been explored before.  

To understand behavioral function, we need to understand the context in which 

behavior occurs and the possible sources that cause variation in behavior. 

Communication involves the provision of information by a sender to a receiver (Bradbury 

& Vehrencamp, 1999). However, the exchange of information does not occur in a 

vacuum and often the “signal design” is contingent not only on the dyadic interaction 

between the sender and the receiver but also on a communication network describing 

the broader social and asocial environment (Doutrelant, McGregor, & Oliveira, 2001; 

Searcy & Nowicki, 2005; Taborsky & Oliveira, 2012). Mechanistically, hormones set the 

stage for signaling behavior by coordinating behavioral with physiological events at the 

appropriate time (Adkins-Regan, 2005). In addition, hormones can have acute 
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neuromodulatory effects on signaling behavior by rapidly activating the neural circuits 

that support the production and perception of signals (Remage-Healey, 2013). Both 

hormonal events may be required for the expression of a given behavior (Cornil, Ball, & 

Balthazart, 2012). Rapid fluctuations in the concentration of hormones in circulation and 

in the brain are starting to provide some answers to the question of how animals rapidly 

integrate social, environmental and sensory information (Remage-Healey, 2013). 

The present work explored vocal communication in the golden or Syrian hamster 

(Mesocricetus auratus). I studied the acoustic properties of the USV elicited during 

sexual interactions and how the vocal production is modulated rapidly by social context 

and hormonal changes. Specifically, this research systematically categorized for the first 

time complex and highly variable signals in the vocal repertoire in the golden hamster. I 

examined sexual and individual differences between the ultrasonic vocalizations (USV) 

produced by males and females after social interactions (Chapter 1). In addition, I 

examined the social environment that could modulate this system of communication. 

Male golden hamsters recognize and fear familiar winner but not familiar neutral males. 

Therefore, I examined whether the vocal response of a male subject to an estrous 

female stimulus is modulated by the presence of another male competitor and the 

presence and identity of a male competitor (e.g. familiar winner vs. familiar neutral) 

(Chapter 2). Finally, I examined whether steroids can exert rapid effects in the activation 

and modulation of acoustic properties of female-elicited USV in males. I compared the 

effects of single subcutaneous injections of vehicle and a high dose of testosterone, 

dihydrotestosterone or 17β-estradiol administered 30 m prior a sexual interaction across 

a mesh barrier (Chapter 3). Effects of treatments were primarily determined by 

examining the total number, composition and temporal and spectral properties of USV 

produced by males after interacting with an estrous female.  
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CHAPTER 2 

Ultrasonic vocalizations in golden hamsters (Mesocricetus auratus) reveal modest 

sex differences and nonlinear signals of sexual motivation   

 

Introduction 

 

Animal vocalizations have the potential to encode functionally relevant 

information for a receiver. This information is usually encoded by some kind of variation 

in spectral and temporal characteristics in the vocal signal or by differences in the time 

or frequency of use of specific sounds. Vocal signatures and call recognition have been 

demonstrated in audible vocalizations produced by several species of mammals (e.g. 

(Mathevon, Koralek, Weldele, Glickman, & Theunissen, 2010; Rendall, Owren, Weerts, 

& Hienz, 2004; Volodin, Lapshina, Volodina, Frey, & Soldatova, 2011). In addition, many 

mammal species have evolved to produce sounds over a wide range of frequencies in 

different environments. The production of ultrasonic vocalizations (USV) in rodents is an 

example of this, and currently, at least 50 species in 30 genera of rodents are known to 

produce USV (Sales, 2010). Adult rodent USV have been typically recorded during 

intersexual encounters in several species, are activated by gonadal steroids and appear 

to facilitate mating, supporting the interpretation that these signals may function in 

courtship and mating behaviors (Barfield, Auerbach, Geyer, & Mcintosh, 1979; Cherry & 

Lepri, 1986; Floody & Bauer, 1987; Floody, Walsh, & Flanagan, 1979; Holman, 1980; 

Kapusta & Sales, 2009; Matochik & Barfield, 1991; Nunez, Nyby, & Whitney, 1978; 
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Nyby, 1983; Pierce, Sawrey, & Dewsbury, 1989; Pomerantz, Fox, & Clemens, 1983; 

Whitney, Coble, Stockton, & Tilson, 1973). In addition, some vocal signatures have been 

found in house mice USV that serve to discriminate vocalizations from mice of different 

ages (Grimsley, Monaghan, & Wenstrup, 2011; Liu, Miller, Merzenich, & Schreiner, 

2003), natural populations (Merten, Hoier, Pfeifle, & Tautz, 2014), strains (Choi, Park, & 

Kim, 2011; Kikusui et al., 2011; Scattoni & Branqui, 2010) and individuals (Hanson & 

Hurley, 2012; Hoffmann, Musolf, & Penn, 2012; Holy & Guo, 2005).  

It is unclear, however, if USV could be used to discriminate sex in rodents. In 

non-rodent vertebrates, it is common that one sex, but not the other, produces 

vocalizations or that each sex produces distinctive calls (e.g. Bouchet, Pellier, Blois-

Heulin, & Lemasson, 2010; Rendall et al., 2004). These are known as sex-specific 

vocalizations (Gahr, 2007).  In other species, both sexes produce the same type of call 

but they differ in calling rates, in the context in which the call is used or in the acoustic 

structure of the calls. These are known as sex-typical vocalizations (Gahr, 2007). Thus, 

male and female vocal behavior can differ in the diversity of repertoire and usage. The 

production of USV has been reported for female as well as male rodents but there has 

been variation in the context used for females (e.g. resident/intruder paradigm vs. 

neutral arenas, same-sex vs. opposite-sex interactions) (Briggs & Kalcounis-Rueppell, 

2011; Hammerschmidt, Radyushkin, Ehrenreich, & Fischer, 2012; Maggio & Whitney, 

1985; Merten et al., 2014; Moles, Costantini, Garbugino, Zanettini, & Amato, 2007; 

Thomas & Barfield, 1985; White & Barfield, 1987). Also, males have been found to be 

the predominate callers during intersexual contact in some species (Cherry & Lepri, 

1986; Floody, Pfaff, & Lewis, 1977; Holman, 1980; Maggio & Whitney, 1985; Sales, 

1972; Whitney et al., 1973). Few experimental studies have compared both sexes’ vocal 

behavior during the same sexual context and when the identity of the caller is 

unambiguous (Briggs & Kalcounis-Rueppell, 2011; Merten et al., 2014). No 
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discriminatory signatures in USV were found between sexes of free-living California mice 

(Briggs & Kalcounis-Rueppell, 2011). Because this species is monogamous, however, 

sex differences in the vocal behavior were not necessarily expected (Briggs & Kalcounis-

Rueppell, 2011). 

 In addition, mammalian vocalizations are often considered an index of behavioral 

state that can be actively modulated by motivation and arousal (Stefan M. Brudzynski, 

2010, 2013) and can also significantly influence the affective state and behavior of 

others (Rendall & Owren, 2010). Currently, specific acoustic properties of USV have 

been proposed to convey varying degrees of motivational states. For instance, USV 

produced by rats are considered a model of the relationship between vocalizations and 

affective states of the callers. Adult 22kHz are associated with aversive events whereas 

adult frequency modulated (FM) 50kHz calls are associated with positive social 

interactions (Stefan M. Brudzynski, 2013; Panksepp, 2010; Wöhr & Schwarting, 2010). 

The avoidance of 22kHz and the approach behavior to 50kHz USV are believed to 

reflect appetitive affective states and different rewarding values of the signals (Burgdorf 

et al., 2008; Burgdorf & Moskal, 2010; Panksepp, 2010; Wöhr & Schwarting, 2007); 

contrary results found in (Snoeren & Ågmo, 2013, 2014). Moreover, the presence of 

nonlinear phenomena (NLP) in mammalian sounds and their functional significance in 

communication has received increased attention and study in recent years (Blumstein & 

Récapet, 2009; Fitch & Hauser, 2003; Fitch, Neubauer, & Herzel, 2002; Reby et al., 

2005; Stoeger, Charlton, Kratochvil, & Fitch, 2011; Townsend & Manser, 2011). When 

the oscillations of the sound source (e.g. vocal cords) are not periodic and out of 

synchrony, irregular perturbations to the spectral structure, or NLP, are observed in 

vocalizations (Fitch & Hauser, 2003). These phenomena were previously overlooked 

and once thought to be present in just a few irregular variants that were difficult to 

analyze and quantify (Fitch et al., 2002). Today, NLP are known to be quite common in 
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many vertebrate vocalizations, somewhat related to affective state and physical 

condition and responsible for increasing the complexity of the vocal repertoire (Digby, 

Bell, & Teal, 2014; Fee, Shraiman, Pesaran, & Mitra, 1998; Rice, Land, & Bass, 2011; 

Suthers et al., 2006; Tyson, Nowacek, & Miller, 2007). 

Although USV in laboratory rats and mice have been systematically studied, 

especially in the last decade, and there is a better understanding of this vocal behavior 

(Arriaga, Zhou, & Jarvis, 2012; Burgdorf et al., 2008; Chabout et al., 2012; 

Hammerschmidt et al., 2012; Hanson & Hurley, 2012; Merten et al., 2014; Musolf, 

Hoffmann, & Penn, 2010; Wright, Gourdon, & Clarke, 2010), the evolution and function 

of USV in rodents remains unclear. A role in social communication is described as the 

general function, but there are species differences. Thus, variability in function is 

expected depending upon the social structure, mating system and evolutionary history of 

each species. Consequently, comparative analyses will provide a more useful insight 

about the biological significance of this behavior that is so widespread in this taxonomic 

group. In addition, a better understanding of this natural behavior will provide more 

opportunities to explore the neural mechanisms behind the production and perception of 

social signals. 

In the golden hamster (Mesocricetus auratus), both males and females show 

high rates of USV during and after interacting with opposite sex conspecifics or just their 

odors (Cherry, 1989; Floody et al., 1977). The function of these vocalizations is not 

known but it could be hypothesized that they facilitate sex recognition and/or mate 

assessment. Under semi-natural conditions, golden hamsters lived solitarily in simple 

burrow systems, and social contact was usually restricted to mating interactions, when 

the female briefly allowed the male access to her burrow (Huck, Lisk, Allison, & Van 

Dongen, 1986; Lisk, Ciaccio, & Catanzaro, 1983). Males competed for access to 

receptive females and sperm competition has been demonstrated after multiple matings 
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(Huck et al., 1986; Huck, Quinn, & Lisk, 1985). Also, females are aggressive and 

dominant toward males during the non-estrous days of the cycle (Lisk et al., 1983; 

Payne & Swanson, 1972). Therefore, sex-specific or sex-typical variation in vocal signals 

could facilitate sex recognition, allowing males to identify receptive females and perhaps 

allowing females to select males around the time of mating. Therefore, in the present 

study, we examined in detail the repertoire of USV produced after a social interaction 

and tested whether vocal behavior was sexually dimorphic. Specifically, we examined 

sex differences in: 1) calling rates, 2) composition, by quantifying the occurrence of calls 

of varying structural complexity, distinct call types and nonlinear phenomena (NLP) and 

3) spectro-temporal characteristics of the USV most commonly used. In addition, we 

analyzed the variability in acoustic parameters of the USV of individual hamsters to 

determine whether that variability carries information about the identity of the caller. It is 

important to emphasize that in this study we analyzed and categorized the vocal 

repertoire of females of a known estrous state, produced in the same sexual context as 

in males and when the identity of the caller was unequivocal. 

 

Materials and Methods 

 

Subjects and animal housing 

 
All animal procedures in this study were conducted with approval from Cornell 

University’s Institutional Animal Care and Use Committee (protocol #1993-0120). 

Animals were bred and raised in captivity at Cornell University. Hamsters were weaned 

at 30 days of age and housed individually in solid bottom polycarbonate cages (45 x 24 x 

14.5 cm) with sani-chip bedding material inside a colony room. Food and water were 
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available ad libitum. Hamsters were maintained on a 14L:10D light:dark schedule. 

Behavioral experiments were run between 13:00 and 16:00h (middle of dark phase) 

inside a sound proof room under a low dim light.  

We divided the hamsters used in this study into two groups: subject and stimulus 

animals. We used 28 adult male and 26 female hamsters (6-10 months old) as subjects 

that were sexually mature but had never had social experience after weaning or 

breeding experience. We randomly selected pairs of subject-stimulus hamsters, 

controlling relatedness and familiarity. Each subject and stimulus animal was used only 

once in behavioral trials. The estrous cycle of all the females in the colony was regularly 

determined after sexual maturity by briefly placing a stud male in the female’s home 

cage and watching for lordosis. Female hamsters have a very consistent 4-day estrous 

cycle (Lisk, 1985), so the estrous day of each female used in the study was verified 

using the stud male four days before the testing day. During the experiment, a female’s 

estrus was again confirmed by observing the female displaying lordosis during the 

interaction with a male across the wire mesh.  

 

Experimental procedure: Social elicitation of USV  

 
We used a Plexiglas box (91.5 x 50.5 x 30.5 cm) lined inside with acoustic foam 

(SONEXone acoustical panels, 5.08 cm thick). Inside this box, we had a rectangular 

enclosure made of wire mesh (41 x 21 x 29.5 cm) with a wire mesh barrier in the middle 

dividing the enclosure in two compartments. 

Our behavioral experiment consisted of male and estrous female subjects 

interacting with a same or opposite sex stimulus. Each experimental trial consisted of 3 

periods, each lasting 3 min. Using a plastic cup, we transferred the subject into one of 

the compartments of the wire mesh enclosure. After a 2 min acclimation period, the pre-
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interaction period started and the subject moved freely inside the compartment. At the 

end of the first 3 min, we introduced the stimulus hamster inside the other compartment 

and the hamsters interacted across the mesh divider for 3 min. The barrier allowed 

visual, olfactory and acoustic interactions, while restricting physical contact. At the end of 

this interaction period, we removed the stimulus animal and the subject remained in its 

compartment for an additional 3 min (post-interaction period). We performed four 

different permutations of this experiment using different combinations of subject and 

stimulus hamsters. Between trials, all equipment was cleaned and rinsed with 50% 

ethanol to eliminate residual odors. 

During each period, we recorded all the USV produced using SONOTRACK 

1.5.0 (Metris B.V., Netherlands), at 200 kHz sampling rate and 16-bit sample resolution. 

We used three microphones (SONOTRACK, 15-100 kHz) to record simultaneously from 

different locations during each period. We placed microphones 1 and 2 in front of the 

subject’s compartment at a height of 10 cm. Microphones 1 and 2 were 23 and 55 cm, 

respectively, away from the subject’s compartment. Microphone 3 was placed 45 cm 

above the subject’s compartment.  

To determine whether the vocal repertoires of male and female hamsters were 

different, we analyzed the USV recorded in the post-interaction period of opposite-sex 

experiments only. These vocalizations were elicited by both sexes after the same social 

experience and under the same context. The USV produced during the social 

interactions were not used to examine sex differences because estrous females 

displayed lordosis in the presence of a male and female hamsters do not produce 

vocalizations during lordosis (Cherry, 1989; Floody et al., 1977). During the short periods 

when the female was not in lordosis, we could not analyze the USV produced due to 

uncertainty of the identity of the caller. SONOTRACK 1.5.0 does not provide real-time 

spectrogram display, thus at the moment of collecting the data, we were not confident 
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enough to determine when each member of the pair was vocalizing. Given that during 

the pre-interaction period the numbers of USV produced were very low, the vocalizations 

from this period were not analyzed either. Therefore, with the exception of calling rates, 

all the analysis of USV was performed on those vocalizations recorded during the post-

interaction period, when the identity of the caller was unequivocal.  

 

Data analysis  

 
The acoustic structure of USV had been previously studied in golden hamsters 

[76], but the complete repertoire and its variability demanded a more thorough acoustic 

analysis and description. Given that the general patterns of these vocalizations were not 

known, we avoided using automatic computer counters and performed the 

categorization manually by visual inspection of the spectrograms. All USV recorded by 

the SONOTRACK recorder were converted into .wav files and analyzed using Raven 

Pro 1.4 (Cornell Lab of Ornithology, Ithaca, NY, U.S.A). We generated spectrograms in 

Raven with a Hanning (Hann) window function, 16-bit sample format, a DFT (discrete 

Fourier transform) size of 512 samples and a time window overlap of 80%. In addition to 

the acoustic measurements calculated by the software, we annotated each spectrogram 

with call ID number, call type, structural complexity and nonlinear phenomena (NLP), 

each defined below. 

We divided our analysis of sex differences in vocal repertoire into three main 

areas: calling rates, composition and acoustic structure. For the analysis of calling rates, 

we included all male and female subjects used in the opposite-sex experiments. 

However for the analysis of composition and acoustic structure, we excluded 4 males 

and 5 females because they emitted fewer than 18 calls in the post-interaction period. 

Eighteen calls was the lower quartile of the distribution of total calls emitted by subjects 
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after interacting with an opposite sex hamster. A sample size of less than 18 calls per 

individual was considered not a representative sample of calls for statistical analysis and 

less likely to provide enough high quality calls for spectrogram analysis.  

 

Calling rates  

We counted the total number of USV uttered during the 3 min recording period by 

visually inspecting the spectrograms. We excluded short sounds that had a duration less 

than 10 ms. The USV used for acoustic analysis were those recorded in the microphone 

with the highest filtered root-mean square (F-RMS) amplitude, which had to be at least 

double the F-RMS amplitude of the background noise (i.e. good signal-to-noise ratio). 

USV overlapped by object sounds (e.g. noise from the mesh cage) were counted in the 

total number of calls produced but were not included in the sound analysis. A call 

surrounded by more than 150 ms of silence was identified and counted as an individual 

USV (see below).  

 

Composition  

General composition of the repertoire was described based on structural 

complexity, call types and the presence of NLP. The proportion of calls produced under 

the different categories of complexity, call types or NLP was calculated over the total 

recording time to provide a percentage of occurrences of these different components.  

Complexity described the structural complexity based on the number of notes 

present in an individual call. We defined a note as a single, continuous and complete 

spectrographic contour. A 1-note simple call consisted of one note and its harmonically 

related elements and resonances. A composite call was counted as a single unit or call 

that consisted of 2 or more notes separated by less than 150 ms and more than 10 ms 

of silence. The silence between two notes in a composite call is roughly similar to the 
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average duration of any 1-note simple call (~150 ms). This criterion was previously used 

in the categorization of bat calls (Kanwal, Matsumura, Ohlemiller, & Suga, 1994). If two 

or more notes were separated by less than 10 ms of silence, those were classified as 2-

note, 3-note or 4+note simple calls. These calls, composed of notes separated by such a 

small amount of time, were essentially frequency jumps that we will describe later.  

Call type categorization. We classified hamster USV into morphologically distinct 

types based on the shape of the frequency trajectory or contour. We adapted the 

terminology used for this categorization from the descriptions of vocalizations made for 

other mammal species, especially those used for USV in the house mouse and in the rat 

(Grimsley et al., 2011; Kikusui et al., 2011; Mitani & Marler, 1989; Portfors, 2007; 

Scattoni, Gandhy, Ricceri, & Crawley, 2008; Wright et al., 2010). Rodent USV have been 

described as flat or constant frequency (Grimsley et al., 2011; Kikusui et al., 2011; 

Portfors, 2007; Scattoni et al., 2008), wave frequency modulation (Kikusui et al., 2011; 

Scattoni & Branqui, 2010; Scattoni et al., 2008), hump frequency modulation (Portfors, 

2007), chevrons (or U-shaped or inverted-U modulation; (Grimsley et al., 2011; Kikusui 

et al., 2011; Portfors, 2007; Scattoni & Branqui, 2010; Scattoni et al., 2008; Wright et al., 

2010), frequency-modulated sweeps (or upward and downward;(Kikusui et al., 2011; 

Portfors, 2007; Scattoni et al., 2008; Wright et al., 2010) and frequency steps or jumps 

(1, 2 or multi-steps, Grimsley et al., 2011; Kikusui et al., 2011; Portfors, 2007; Scattoni et 

al., 2008; Wright et al., 2010). I identified these types in the USV produced by hamsters 

and classified them further into a more detailed scheme of 21 categories of call subtypes 

to categorize as much of the variation as possible (Table 2.1, Figure 2.1).  

The Nonlinear phenomena (NLP) classification quantified the occurrence of 

nonlinearities in the repertoire. Although several NLP have been described in the 

literature, I mainly found two types (Fitch et al., 2002; Riede, Owren, & Arcadi, 2004). 

First, vocalizations were produced as a broadband spectrum with energy at many 
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frequencies and traces of harmonic elements. This is usually termed as deterministic 

chaos (DC) (Fitch et al., 2002; Tokuda, Riede, Neubauer, Owren, & Herzel, 2002). Given 

that the presence of DC was widespread, I identified by visual examination four levels of 

irregularity that fell on a scale of increasing atonality. The category Linear (L) referred to 

tonal USV, with a clearly defined frequency contour and without major traces of noise. 

Deterministic chaos 1 (DC1) described harmonic calls with sudden onset/offset of 

chaotic noise and remnants of harmonic structure. Deterministic chaos 2 (DC2) referred 

to harmonic calls with significant noisy overlay and energy concentrated in one or few 

bands along the whole call. Deterministic chaos 3 (DC3) consisted of noise without 

clearly distinguishable frequency bands and with energy distributed approximately in all 

frequencies. This classification did not quantify the degree of irregularity or determine 

whether atonal calls were low- or high-dimensional (Tokuda et al., 2002). However, this 

classification provided a general overview of the presence of chaos in male and female 

USV. The second type of NLP that I found in hamster USV was a sudden frequency 

change in the peak carrier, disrupting and moving the pitch up or down. These abrupt 

changes are termed frequency jumps (FJ) and are believed to be the result of instability 

in the vibratory pattern (Riede et al., 2004). 
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Table 2.1. Description of call types used to categorize USV in male and estrous female 
golden hamsters (Mesocricetus auratus).  
 
Complexity Call Types Subtypes  Description 

Flat (FT) Near- constant frequency with < 5 kHz of 
modulation 

Erratic flat (EF) Flat signal with random inflections < 5 kHz 
along the main frequency 

Tail-flat (tailFT) Flat signal with an upward or downward 
inflection at the beginning.  

Flat-tail (FTtail) Flat signal with an upward or downward 
inflection at the end. 

Flats 
 

2tail-flat (2tailFT) Flat signal with an upward or downward 
inflection at the beginning and at the end. 

Wave up-down 
(WUD) 

Frequency increases  > 5 KHz from starting 
point to the first frequency peak and then 
decreases > 5 KHz into one frequency bottom. 

Wave down-up 
(WDU) 

Frequency decreases > 5 KHz from starting 
point to the first frequency bottom and then 
increases > 5 KHz into one frequency peak 

Waves 
 

Complex wave 
(CW) 

Wave containing 2 or more frequency peaks or 
bottoms.  

Left hump (LH) Frequency is constant and then increases  > 5 
KHz from into a frequency peak or hump that 
decreases into constant frequency. Hump 
forms at the left side, closer to the beginning of 
the call. 

Right hump (RH) Frequency is constant and then increases  > 5 
KHz from into a frequency peak or hump that 
decreases into constant frequency. Hump 
forms at the right side, closer to the end of the 
call. 

Humps 
 

Center hump 
(CH) 

Frequency peak or hump is approximately at 
the center of the call. Sides are constant 
frequency 

Chevron-up (CU) Upright chevron-shaped (U-shape) note Chevrons 
Chevron-down 
(CD) 

Downright chevron-shaped (inverted U-shape) 
note 

Down-sweep 
(DSW) 

Frequency decreases > 5 KHz from starting 
point to end 

Sweeps 

Up-sweep (UPS) Frequency increases > 5 KHz from starting 
point to end 

Simple 1-note 

Broadband Broadband (BB) Noisy, atonal call with unclear frequency bands 
and the contour cannot be indentified as any 
particular type 

1-Jump up (1JU) Sudden frequency change to a higher 
frequency. Elements separated by <10 ms of 
silence  

Simple 2-
notes 

1-Frequency 
jump (1-FJ) 

1-Jump down 
(1JD) 

Sudden frequency change to a lower 
frequency. Elements separated by <10 ms of 
silence 

2-Step (2S) Two sudden frequency changes to a higher 
and then a lower frequency. Elements 
separated by <10 ms of silence 

Reversed 2-Step 
(R2S) 

Two sudden frequency changes to a lower and 
then a higher frequency. Elements separated 
by <10 ms of silence 

Simple multi-
notes  

 

Multi - 
Frequency 

jumps (multi-
FJ) 

 

3+Step (3+S) Three or more sudden frequency changes. 
Elements separated by <10 ms of silence 
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Figure 2.1. Spectrograms of typical call types produced by golden hamsters after 
interacting with a stimulus hamster of the opposite-sex. Call subtypes are merged 
into 8 major categories of call types: A. Flats (Flat1-3, 2tail-flat4), B. Waves (Wave down-
up1, Wave up-down2, Complex wave3), C. Humps (Center hump1, Left hump2, Right 
hump3), D. Chevrons (Chevron-down1, Chevron-up2), E. Sweeps (Down-sweep1, Up-
sweep2), F. Broadband, G. 1-Frequency jump (1-Jump up1, 1-Jump down2), H. Multi-
Frequency jumps (2-Step1, 3+Step2). 
 

Acoustic Structure 

For the spectrogram analysis, I selected a total of 1103 1-note simple calls that 

had good signal-to-noise ratio (at least double the F-RMS of the background noise) 

including the principal carrier, harmonics and resonances. Here, I defined the principal 

carrier as the main frequency contour of the highest amplitude. I avoided using the term 

fundamental frequency (F0) because in many cases the frequency with the highest 

amplitude was a harmonic and not the F0. From those 1103 simple calls, only in 540 

calls was the carrier identifiable so that it was possible to extract the principal carrier. 
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Therefore in the rest of this paper, when I make reference to the principal carrier, this is 

the F0 or the harmonic of highest (or peak) amplitude.  

I measured 14 spectro-temporal parameters in Raven. The descriptive statistics 

(mean ± standard error) shown in Table 2.2 were calculated on the means per individual. 

In addition to the commonly used acoustic parameters, we included two measures of 

entropy, which measured the energy distribution within a selection (a high value means 

greater disorder in the sound while a zero value means a sound with energy in only one 

frequency bin). Average entropy calculated the entropy value for each slice of time and 

then took the average, while the aggregated entropy measured the total energy within a 

selection providing the overall disorder in the sound (Charif, Waack, & Strickman, 2010). 

Inter-quartile range bandwidth (IQR BW) contained the middle 50% of the energy in a 

selection. I analyzed the principal carrier of all 1-note simple call types combined (N = 

540 calls) and then subdivided by flats (N = 319), waves (N = 103), humps (N = 57) and 

sweeps (N = 31). Additionally, I analyzed the spectro-temporal parameters of 2-note 

simple (N = 149) and multi-note simple (N = 219) call types. 

To measure the degree periodicity in the hamster USV, I quantified the harmonic-

to-noise ratio (HNR). HNR is the ratio of periodic components to noise, finding the 

maximum difference in dB between peak of any present harmonic and the averaged 

chaotic energy in the selection of the spectrogram for each call. Lower HNR values 

indicate increased aperiodicity and calls are perceived as harsh and hoarse, while higher 

HNR values indicate high tonality and calls are perceived as harmonic and clear (Riede, 

Herzel, Hammerschmidt, Brunnberg, & Tembrock, 2001; Yumoto, Gould, & Baer, 1982). 

This measure does not identify turbulent noise or differentiate between different degrees 

of deterministic chaos but it has been demonstrated to be useful for quantifying the noise 

within a signal (Riede et al., 2001). Moreover, HNR was positively correlated with a low-

dimensional nonlinearity measure used to distinguish different degrees of atonal calls 
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[82]. To measure this parameter, I randomly selected 16 1-note simple calls from the 

post-interaction recordings of each subject and extracted their HNR values using the “To 

Harmonicity (cc)” command (0.01 s time step, minimum frequency 10000 Hz) in the 

sound program PRAAT 5.3.55.  

 

Table 2.2. Acoustic parameters (mean ± SE) measured for the analysis of the entire full 
spectrum of simple 1-note calls and of the principal carrier of simple 1-note calls 
produced by male (N = 14) and female (N = 12) subjects after interacting with a stimulus 
hamster of the opposite sex.  
 

 Analysis full spectrum  
(N = 1103) 

Analysis of the principal carrier  
(N = 540) 

 Male Female P-valuef Male Female P-valuef 
Duration (ms) 106.5 ± 4.96 130.1 ± 9.3 < 0.05 99.3 ± 5.31 123.6 ± 11.9 NS 
Minimum frequency (kHz) 23.0 ± 0.71 20.1 ± 0.42 < 0.01 26.4 ± 0.88 23.5 ± 0.68 < 0.05 
Maximum frequency (kHz) 54.5 ± 0.97 54.3 ± 1.00 NS 40.3 ± 1.07 40.9 ± 0.87 NS 
Q1 frequency (kHz) a 33.5 ± 0.99 32.3 ± 0.73 NS 33.1 ± 1.09 31.1 ± 0.75 NS 
Q3 frequency (kHz) b 40.6 ± 0.89 39.5 ± 0.9 NS 35.7 ± 1.05 34.8 ± 0.84 NS 
Center frequency (kHz) 36.7 ± 0.94 35.6 ± 0.85 NS 34.5 ± 1.08 32.9 ± 0.77 NS 
Peak frequency (kHz) 36.4 ± 1.01 35.4 ± 0.85 NS 34.7 ± 1.05 33.2 ± 0.81 NS 
Delta frequency (kHz) c 31.5 ± 1.23 34.2 ± 1.17 NS 13.9 ± 0.65 17.4 ± 0.49 <0.001 
IQR BW (kHz) d 7.15 ± 0.78 7.20 ± 0.33 NS 2.62 ± 0.23 3.71 ± 0.24 <0.01 
Average power (dB) 66.4 ± 0.80 65.5 ± 0.83 NS 68.3 ± 0.90 66. 6 ± 0.90 NS 
Peak power (dB) 84.1 ± 0.84 83.7 ± 0.84 NS 83.7 ± 1.05 82.7 ± 0.94 NS 
Energy (dB) 100.6 ± 0.72 100.9 ± 0.86 NS 98.6 ± 0.95 98.5 ± 1.10 NS 
F-RMS Amplitude (u) e 992.9 ± 82.1 939.6 ± 75.3 NS 861.2 ± 105.7 771.9 ± 77.5 NS 
Aggregated Entropy (u) 5.06 ± 0.12 5.24 ± 0.08 NS 4.11 ± 0.09 4.41 ± 0.08 < 0.05 
Average Entropy (u) 4.52 ± 0.10 4.60 ± 0.10 NS 3.53 ± 0.07 3.76 ± 0.09 < 0.05 
 

a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. f Statistical 
comparisons made by two-group Kruskal-Wallis test, 
 

 

I assessed patterns of call variability within- and among-individuals by calculating 

the coefficient of variation (CV = (SD/mean)*100) for each acoustic parameter for the 

data set from 12 males and 14 females. I estimated within-individual variation (CVw) for 

each individual and the among-individual variation (CVa). The CVw was calculated based 

on the individual means and SD. The CVa was calculated from the grand mean and SD 

of each parameter based upon the average values per individual (averaging 26 

individual means). I then estimated the ratio of CVa to CVw (CVa/CVw) as a measure of 
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relative inter-individual variability. This ratio is often referred to in some studies as the 

potential for individual coding (PIC) (e.g. Budka & Osiejuk, 2013; Garcia, Charrier, 

Rendall, & Iwaniuk, 2012). A ratio or a PIC > 1 would indicate that the variability between 

individuals is greater than the variability within individuals, and therefore, that the 

parameter could function as an individual signature.  

 

Statistical analysis 

All tests were two-tailed and used a threshold significance level of P < 0.05. I 

tested for normality using the Shapiro-Wilk Normality test in JMP 9 (SAS Institute). I 

performed nonparametric tests in those cases in which the data failed to meet the 

assumptions of normality and heteroskedasticity and when data transformations were 

not successful in normalizing the data. I compared the number of USV between the pre- 

and post-interaction using a Wilcoxon signed-rank test for each combination of subject 

and stimulus hamsters. I used a Kruskal-Wallis test to compare the post–interaction 

calling rates between the same and opposite sex stimulus hamsters in each subject sex. 

I explored differences in calling rates along the 3 min of the post-interaction recording 

period using a Friedman test. 

 To statistically analyze the data on composition, I obtained the proportion of calls 

produced per individual (number of calls in each category for each subject / total number 

of calls recorded in each subject) and averaged them by category within complexity, call 

type or NLP. I performed an angular (arcsine) transformation of the proportions and used 

those as the response variable in a generalized linear model (GLM) testing the main 

effects of composition (either complexity, call types or NLP), sex and the interaction 

between the two. Main effect pairwise comparisons of parameter estimates were made 

by JMP using a Student’s t test and a Bonferroni correction for multiple comparisons. I 
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measured repertoire diversity by calculating a Shannon-Wiener index for each subject 

based on the 21-call subtype categorization (Table 2.1) and then comparing them 

between males and females with a Student’s t test. The Shannon Diversity Index 

computes the number of different call subtypes in each individual and the evenness of 

the distribution. 

I performed a principal component analysis (PCA) to reduce the number of 

parameters into a few orthogonal variables (principal components, PC) that would 

explain most of the variation in the data and ran a generalized linear mixed model 

(GLMM) with each PC as the dependent variable. The GLMM included subject ID as a 

random effect to account for repeated sampling of the same individuals (several USV 

per individual) and sex as a fixed effect. In the cases in which the normality assumption 

was not fulfilled, I took mean values of the vocalizations from the same individual and 

performed a Kruskal-Wallis test for two groups with a chi-square test statistic to compare 

parameters between males and females. Similarly with those mean values, I used 

Spearman correlations to explore whether call rates or call duration predicted the 

variation in other acoustic parameters. I also tested the effect of sex in HNR values (log-

transformed to reach normality) using a GLMM. Kernel plots of male and female HNR 

distributions were constructed in “R” statistical package version 2.2-5.3  (R development 

Core Team 2013) on the means per individual (12 females, 13 males) instead of total 

calls from males (N = 189) and females (N = 191) to avoid pseudoreplication. Skewness, 

kurtosis and the coefficient of variation (CV) were calculated on male and female 

distributions and compared with a Student’s t test. Finally, I explored whether changes in 

log HNR were predicted by other acoustic parameters using a GLMM. 

In addition to calculating the ratio of CVa to CVw to examine individual variability, I 

performed a stepwise forward discriminant function analysis (DFA) in SPSS v.19.0 

(SPSS Inc, Chicago, IL) to determine whether each call could be correctly assigned to 
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the individual caller. The prior probabilities were computed from group sizes. I examined 

correct classification using a leave-one-out cross-validation procedure in which each call 

is assigned to each individual based on the discriminant functions established with all 

calls except with the one being classified, and thus, testing for predictive power and the 

probability of misclassification.   

 

Results 

 

Calling rates 

The series of social elicitation of USV experiments showed that subjects rarely 

produced USV in the pre-interaction period, but produced a higher number of USV in the 

post-interaction period after male subjects (Wilcoxon signed-rank test: W = 68, P < 

0.001, N = 18) and female subjects (W = 75.5, P < 0.001, N = 17) interacted with an 

opposite sex stimulus animal (Figure 2.2A). There was also a significant difference 

between the total number of USV produced between pre- and post- interaction periods in 

female subjects (W = 15, P = 0.04, N = 9), but not in male subjects when interacting with 

a same sex stimulus individual (W = 13.5, P = 0.117, N =10) (Figure 2.2A). By 

comparing the post-interaction calling rates, I found that encounters with the opposite 

sex, and not with the same sex, elicited the largest amount of USV in male (Kruskal-

Wallis test: X2 = 12.6, P < 0.01) and in female subjects (Kruskal-Wallis test: X2 = 6.02, P 

= 0.0141) (Figure 2.2A). Thus, an interaction and removal of a conspecific elicited the 

production of USV in hamsters, except in male-male interactions. The interaction 

between opposite sexes was the strongest social interaction for eliciting vocal behavior 

(Figure 2.2A).  

I examined a potential sex difference in calling rates after the interaction with an 
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opposite sex hamster and found that female subjects did not call significantly more than 

male subjects (Kruskal-Wallis test: X2 = 3.17, P = 0.0746) (Figure 2.2A). There was high 

individual variability, however. For instance, the total number of calls per individual in a 

3-min recording ranged between 2-208 in females (CV 75.5%) and 0-141 in males (CV 

86.3%). Most individuals ranged between 18-96 vocalizations (IQR of both sexes pooled 

together). Five (29%) females and 4 (22%) males called fewer than 18 times and could 

be considered as “low callers”. On the other hand, 7 (41%) females and 2 (11%) males 

called more than 96 times and those individuals could be considered as “high callers”. 

Thus, it seemed that females were more likely to be high callers than males, which might 

explain the sex difference trends in Figure 2.2A. But on average both sexes were 

capable of producing similar numbers of calls within this post-interaction context. In 

addition, this range provided a useful criterion for the behavioral screening of subjects 

for future experiments examining possible factors modulating the frequency of this 

behavior. 

 Finally along the 3 min of the post-interaction period, I found that during the first 

minute, both male and female subjects vocalized at relatively high rates after 

encountering the opposite sex stimulus. In males, there was a significant decline in the 

number of calls after the first minute (Friedman test: X2 = 8.4, P = 0.015), whereas in 

females the number of USV remained high across the test (Friedman test: X2 = 3.12, P = 

0.2) (Figure 2.2B). 
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Figure 2.2. Calling rates. (A) Mean (± SE) number of USV emitted by male and estrous 
female golden hamsters before and after an interaction with a same or opposite sex 
stimulus hamster. (B) Mean (± SE) number of USV emitted across the recording period 
after an interaction with a stimulus hamster of the opposite sex. *P ≤ 0.05, **P ≤ 0.01. 
 

Composition 

Complexity 

Most of the USV produced after a brief opposite sex interaction consisted of 1-

note simple calls. These isolated calls were produced 71% of the time. In contrast, calls 

that showed a higher level of structural complexity, such as those multi-note simple calls 

and composite calls, were produced less than 24% of the time (Figure 2.3A). The 

proportion of calls observed for each category of complexity was significantly different 

(GLM: F5,72 = 167.8, P < 0.01). The majority of USV produced by both males and 

females were 1-note simple calls, and the interaction between sex and complexity was 



 

 49 

significant (GLM: F5,72 = 4.10, P = 0.0205). Males produced a higher proportion of multi-

note simple calls (essentially simple calls with frequency jumps) than females (t1 = -2.85 

p = 0.0168) (Figure 2.3A).    

 

Call types  

 Hamster USV were particularly variable in terms of frequency contours and 

shapes. I was able to categorize most simple calls into common types already described 

for other rodents (see Methods). Initially, I found a total of 21 unique call subtypes used 

in their repertoire within the 3 min recording time (Table 2.1). The mean individual 

repertoire size ranged between 9-20 subtypes (mean ± SE =14.2 ± 0.66). Females 

showed a significantly larger repertoire size (mean 15.7 ± 0.95) than male subjects 

(mean ± SE =12.9 ± 0.79) (t22.5 = -2.21, P = 0.0373). However, female and male 

repertoires did not differ in diversity according to the comparison of the Shannon-Wiener 

indices (t23.7 = 1.13, P = 0.269).  
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Figure 2.3. Composition of the vocal repertoire produced by male and estrous 
female golden hamsters after interacting with an opposite sex individual. (A) 
Proportion of USV produced based on structural complexity (GLM, Complexity*Sex: F5,72 
= 4.10, P = 0.0205). (B) Proportion of simple call types produced in each of the 8 major 
categories (FT = Flats, 1-FJ = one frequency jump, multi-FJ = two or more frequency 
jumps) (GLM, Call type*Sex: F15,192 = 1.54, P = 0.156). (C) Proportion of simple call 
types produced merged into 5 major categories. The category Wavy merged the waves, 
humps and chevrons and the category Frequency Jumps (F. Jumps) merged 1-FJ and 
multi-FJ types from previous categorization based on 8 categories (GLM, Call type*Sex: 
F9,120 = 2.04, P = 0.0925). (D) Proportion of USV produced based on different levels of 
deterministic chaos (L = lineal, DC1 = deterministic chaos 1, DC2 = deterministic chaos 
2, DC3 = deterministic chaos 3) (GLM, DC*Sex: F7,96 = 4.11, P = 0.0087). (E) Proportion 
of USV produced based on the presence or absence of frequency jumps (FJ), (GLM, 
Sex*FJ: F3,48 = 3.62, P = 0.0007). *P ≤ 0.05, **P ≤ 0.01. 
 

A categorization scheme of 21 call subtypes captured most of the variability in 

frequency modulation observed hamster USV, but it was not practical for identifying 

general patterns of call type use.  Instead of analyzing the repertoire based on many and 
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underrepresented stereotypical call subtypes, I focused on major call types. I performed 

the statistical analysis at the level of 8 major call types (Table 2.1). This classification 

into fewer categories provided a better framework for the general types of frequency 

contours that can be found in these USV. Close to half of the calls that golden hamsters 

produced after interacting with an opposite sex individual were flat calls that are 

characterized mostly by constant frequency. The proportions of vocalizations varied by 

call type (GLM: F15,192 = 40.7, P < 0.001), but the interaction between sex and call type 

was non-significant (GLM: F15,192 = 1.54, P = 0.156) (Figure 2.3B). However, after being 

lumped into fewer groups, the probability of occurrence for many of those categories of 

call types remained quite low (<15%) (Figure 2.3B). I then lumped all call types into 5 

major groups such that all frequency-modulated calls (waves, humps and chevrons) 

were merged into one group and all call types that presented frequency jumps were 

merged into another group (Figure 2.3C).  Again, close to half of the calls that golden 

hamsters produced after interacting with an opposite sex individual were flat calls. There 

was no significant interaction between sex and call type (GLM: F9,120 = 2.04, P = 0.0925), 

but the main effect of pairwise comparisons showed a significant difference in the 

proportion of frequency jump calls produced between males and females (t1 = -2.82, P = 

0.0285) (Figure 2.3C). Thus, call types with frequency jumps were not produced more or 

less often than the overall mean response (t4 = -1.2, P = 0.233) but when present, males 

were more likely to produce them than females. Among the call subtypes with frequency 

jumps produced (Table 2.1), the 2-step was the most common subtype emitted by both 

sexes. Despite the low incidence relative to the whole repertoire, the 1-jump down call 

subtype represented 20% of the calls with frequency jumps in males and only 8% in 

females. Thus, 1-jump down may be a call subtype preferentially used by males but 

rarely produced (<4.45%) after an interaction with an estrous female. 

 I also observed that part of the sound production system (possibly the vocal tract) 
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performed a high-pass filter (HPF) in some of the USV produced by the hamsters. It was 

not possible to determine whether there was a filter in 31% of the calls because they 

were too atonal to show frequency traces. But the lower fundamental frequency was 

evidently filtered in at least a 24% of the simple calls analyzed. The low frequencies that 

were filtered ranged between 3 kHz in some calls up to 19 kHz in other calls. However, 

the most common filter ranged between 12 and 15 kHz, leaving in the spectrogram 

visible traces of higher harmonics and resonances between 24 and 30 kHz. No 

significant sex differences were found in the occurrence of HPF. 

 

Nonlinear phenomena (NLP) 

Hamster USV ranged from tonal (harmonic, periodic, linear) to very noisy (atonal, 

nonperiodic, nonlinear) sounds. The atonality found in hamster USV could be described 

as deterministic chaos (DC). DC is characterized by a broadband spectrum with energy 

at many frequencies and some residual periodic energy caused by nonlinear dynamics 

in the oscillators that produce the sound (Fitch et al., 2002). Occasionally, hamster 

chaotic calls appeared more like a periodic signal with its fundamental frequency and 

harmonics superimposed on a chaotic signal as if there was a distinction between the 

sound-generating source and a filter, as commonly observed in mammal vocalizations 

(Fitch, 2000; Fitch & Hauser, 2003; Taylor & Reby, 2010). Thus, this chaos observed in 

hamster USV superficially resembled resonances of the vocal tract known as formants. 

Usually, the vocal tract enhances and attenuates the transmission of certain frequencies 

causing the presence of formants (Fitch & Hauser, 2003). I described the chaotic nature 

in hamster USV as DC. However, whether the noise observed is produced by 

nonlinearities of the sound source (e.g. vocal cords) or by resonance of the vocal tract is 

open to interpretation until the mechanism of production is studied and well understood.  

In golden hamsters, nearly half or more of the USV presented some degree of 
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DC (65% of female calls and 50% of male calls were nonlinear) (Figure 2.3D). Thus, this 

type of NLP was a common feature that characterized the USV produced in this species. 

I found a significant interaction between sex and DC (GLM: F7,96 = 4.11, P = 0.0087). 

The main effect pairwise comparison showed a significant difference between sexes 

only in the proportion of calls categorized as linear (t1 = -3.19, P = 0.0019) and a non-

significant tendency in DC1 (t1 = 2.41, P = 0.07) (Figure 2.3D). Thus, males are more 

likely to produce linear and tonal calls than females. 

Frequency jumps were another NLP observed in hamster USV that occurred less 

often than DC. Approximately 12% of female USV and 26% of male USV presented 

frequency jumps (Figure 2.3E). This sex difference was significant (GLM, Sex*FJ: F3,48 = 

3.62, P = 0.0007) suggesting that frequency jumps are found more often in male than in 

female USV.  

Overall, frequency jumps figured in all three analyses of composition. They 

represented a relatively higher level of complexity, appeared in specific call types and 

subtypes and can be considered another kind of NLP present in hamster USV. 

Moreover, these analyses showed that frequency jumps are produced infrequently, but 

when present, they are preferentially found in male repertoires.  

Acoustic Structure 

 I analyzed a total of 1103 1-note simple USV from 14 male and 12 female 

subjects recorded during the post-interaction period following an opposite sex 

interaction. The PCA retained the first principal components explaining 83.6% of the total 

variance. However, I did not find significant sex differences between any of the principal 

components (Table 2.3). However, I found that male calls were significantly shorter than 

female calls  (Kruskal-Wallis test: X2 = 4.89, P = 0.027) and had higher minimum 

frequency (Kruskal-Wallis test: X2 = 6.61, P = 0.0101) (Table 2.2). As explained in the 
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methods, the acoustic analysis of the full spectrum of the calls included the principal 

carrier and all its harmonically related and unrelated components (e.g. harmonic 

frequencies, resonances). However, hamster calls were loud, atonal and characterized 

by frequent chaos, which often made frequency contours obscure and hard to detect. 

Thus, it was not surprising to find little information from the parameter extraction.  

 

Table 2.3. Eigen values, percentage of total variation and vector loading values of the 
acoustic parameters for the first three principal components in the PCA for the full 
spectrum of simple 1-note calls (mean± SE).  
 PC 1 PC 2 PC 3 
Eigen value 5.07 3.82 2.8 
% of total variance 36.2 27.3 20.0 
Minimum frequency (kHz) -0.090 0.447 0.676 
Maximum frequency (kHz) 0.805 -0.329 -0.095 
Q1 Frequency (kHz) a 0.629 0.380 0.594 
Q3 Frequency (kHz) b 0.816 -0.141 0.475 
Center frequency (kHz) 0.770 0.148 0.571 
Peak frequency (kHz) 0.692 0.194 0.547 
Delta frequency (kHz) c 0.688 -0.484 -0.500 
IQR BW (kHz) d 0.366 -0.656 -0.064 
Average power (dB) 0.418 0.802 -0.314 
Peak power (dB) 0.517 0.669 -0.475 
Energy (dB) 0.566 0.447 -0.636 
F-RMS Amplitude (u) e 0.556 0.607 -0.439 
Aggregated Entropy (u) 0.546 -0.714 -0.115 
Average Entropy (u) 0.552 -0.680 -0.170 
Males (n=14) 0.005 ± 0.26 0.266 ± 0.347 -0.238 ± 0.201 
Females (n=12) -0.094 ± 0.26 -0.181 ± 0.241 0.293 ± 0.223 
X2 0.02 0.518 2.88 
P-value 0.874 0.471 0.0896 
a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. Loading values of 
parameters that loaded strongly to one of the three principal components (values greater than 0.6) are bold 
typed. 

The high variability observed may indicate that these parameters are dynamic 

and rapidly modulated by the internal state of the caller. In fact, I found that the total 

number of calls produced by subjects and call duration were predictors of some acoustic 

parameters. The number of calls per minute was positively correlated with call duration 
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(Spearman ρ = 0.59, P = 0.001) and delta frequency (Spearman ρ = 0.41, P = 0.0376) 

(Figure 2.4A,B). When tested separately for each sex, calling rate predicted call duration 

(males: Spearman ρ = 0.29, P = 0.3; females Spearman ρ = 0.64, P = 0.02) and delta 

frequency (males: Spearman ρ = -0.04, P = 0.8; females Spearman ρ = 0.57, P = 0.05) 

just in females and not in males.  Thus, females that called more produced longer 

vocalizations and of greater bandwidth. Additionally, longer calls showed higher delta 

frequency (Spearman ρ = 0.38, P = 0.05) and higher energy (Spearman ρ = 0.39, P = 

0.05) (Figure 2.4C,D) in hamsters regardless of sex.  

 

Figure 2.4. Relationships among acoustic parameters obtained from the analysis 
of the entire full spectrum of simple 1-note calls produced by both males and 
estrous females. Spearman correlations between mean calling rates (number of 
USV/min) and mean duration (ms) (A) and frequency bandwidth (kHz) (B). Spearman 
correlations between mean duration (ms) and mean frequency bandwidth (kHz) (C) and 
mean energy (u) (D).  
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The analysis of the principal carrier was found to be more informative. Only 49% 

(N = 540) of the calls used in the previous acoustic analysis were tonal enough to allow 

the extraction of the principal carrier and to be analyzed. After a PCA, three principal 

components were retained explaining 89.7% of the total variance. The first component 

axis had high loading values for most frequency related parameters, while the third 

component axis showed high loadings only for energy. The high loading values in the 

second component were represented by parameters related to IQR bandwidth, entropy 

and average power (Table 2.4). I tested the effect of sex on each of the principal 

components scores obtained and found no significant effect of sex on PC1 or PC3 

(Table 2.4). However, we found a significant effect of sex on the PC2 axis (GLMM: F1,23.6 

= 6.74, P = 0.0159), suggesting that the principal carrier of male USV showed lower 

bandwidth and entropy values. Thus, male calls showed a narrower bandwidth and less 

disorder of the energy around the frequency carrier. This is also the case if parameters 

were compared between sexes separately instead of in a multivariate analysis (Table 

2.2).  
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Table 2.4. Eigen values, percentage of total variation and vector loading values of the 
acoustic parameters for the first three principal components in the principal component 
analysis (PCA) for the principal carrier of simple 1-note calls (N = 540) (x̄  ± SE).  
 
  PC 1 PC 2 PC 3 
Eigen value 6.79 3.24 2.53 
% of total variance 48.51 23.15 19.0 
Minimum frequency (kHz) 0.659 -0.307 -0.595 
Maximum frequency (kHz) 0.933 0.240 -0.115 
Q1 Frequency (kHz) a 0.878 -0.151 -0.422 
Q3 Frequency (kHz) b 0.938 0.096 -0.314 
Center frequency (kHz) 0.920 -0.020 -0.371 
Peak frequency (kHz) 0.900 0.007 -0.352 
Delta frequency (kHz) c 0.571 0.589 0.406 
IQR BW (kHz) d 0.391 0.700 0.221 
Average power (dB) 0.547 -0.700 0.384 
Peak power (dB) 0.629 -0.522 0.544 
Energy (dB) 0.511 -0.384 0.713 
F-RMS Amplitude (u) e 0.615 -0.488 0.498 
Aggregated Entropy (u) 0.420 0.778 0.307 
Average Entropy (u) 0.435 0.700 0.347 
Males (n=14) 0.195 ± 0.369 -0.510 ± 0.273 -0.238 ± 0.201 
Females (n=12) -0.018 ± 0.254 0.426 ± 0.242 0.293 ± 0.223 
F-ratio 0.028 6.74 1.76 
P-value 0.881 0.0159* 0.09 
a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. *F-test significant. 
Loading values of parameters that loaded strongly to one of the three principal components (values greater 
than 0.6 are bold typed). 
 

To examine whether the few sex differences found by the comparison of the PCA 

were driven by particular call types, such as a distinction between frequency modulated 

call types like waves, sweeps or humps and constant frequency calls such as flats, I ran 

separate analyses for each call type and identified and compared the mean values 

between male and female USV (Figure 2.5). Sex differences in duration were found for 

flat (Kruskal-Wallis test: X2 = 6.88, P = 0.009) and sweep call types only (Kruskal-Wallis 

test: X2 = 10.1, P = 0.001) (Figure 2.5A). There were no significant differences between 

sexes in peak frequency in any of the call types. Although call types varied in frequency 

contour, all of them maintained a peak frequency around 30 kHz (Figure 2.5B). 
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Frequency bandwidth (delta frequency) was greater for female waves andchevrons 

(Kruskal-Wallis test: X2 = 6.26, P = 0.01, X2 = 6.72, P = 0.01) while IQR bandwidth was 

greater for female chevrons and sweeps (Kruskal-Wallis test: X2 = 4.33, P = 0.04, X2 = 

4.52, P = 0.03) (Figure 2.5C,D). Finally, average entropy was higher only for female 

sweeps (Kruskal-Wallis test: X2 = 4.5, P = 0.03) (Figure 2.5E). Delta frequency, IQR 

bandwidth and average entropy were not significantly different between sexes in several 

call types but when call types were pooled together in one analysis these parameters 

were found to be significantly different between sexes (Table 2.2, Figure 2.5C,D,E). 

Therefore, sex differences in frequency modulation and entropy were not necessarily 

attributed to any particular call type.  

Simple 2-notes and multi-notes call types were composed of two or more 

components separated by less than 10 ms of silence. Thus, each note could be 

analyzed separately. However, I ran acoustic analyses of the whole spectrum including 

the two or more notes per call to obtain a general idea of the distribution of the main 

acoustic parameters. I found that 2-notes simple call types (N = 149 calls, 11 females, 

14 males) were not significantly different in any acoustic parameter between males and 

females (Figure 2.5). Likewise, multi-note call types (N = 219, 10 females, 13 males) 

presented similar acoustic parameters in males and females, and there was no 

significant tendency for female calls to be longer than male calls (Kruskal-Wallis test: X2 

= 3.46, P = 0.06) (Figure 2.5A).  
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Figure 2.5. Subset of acoustic parameters for the major categories of call types. 
Mean acoustic parameters (A-E) of the principal carrier from 5 call types of simple 1-
note, all 2-notes combined and all multi-note calls combined in male and estrous female 
golden hamsters recorded after interacting with an opposite sex individual. *P ≤ 0.05, **P 
≤ 0.01. 
 

Periodicity (Harmonic-to-noise ratio (HNR)) 

The analysis of HNR of randomly selected 1-note simple USV from each 

individual (n=16) from the post-interaction period showed no significant differences 

between sexes (male x̄  = 9.4 ± 0.92, female x̄  = 7.98 ± 0.37, Log HNR, GLMM: F1,22.7 = 

1.02, P = 0.323) (Figure 2.6A) . The right-skewed distribution (mass distribution 

concentrated to the left and a long right tail) revealed the prevalence of broadband 

noisiness (low HNR values) in hamster USV in general (Figure 2.6B). However, 
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measures such as skewness (t-test, t22.9 = 1.07, P = 0.296), kurtosis (t-test, t21.1 = 0.54, P 

= 0.591) or CV (t-test, t22.1 = -0.64, P = 0.537) of male and female HNR distributions did 

not differ significantly. The HNR values of female USV (without averaging data per 

individual) ranged between 2.52 and 19.5, while in males they ranged between 2.59 and 

29.37. The maximum HNR values were registered in male calls, but only in a few 

individuals, causing the distribution to have a weak right tail (Figure 2.6B). This measure 

of periodicity agreed with our finding that tonal calls are produced less frequently (Figure 

2.3D). Both sexes produced atonal and harsh calls more often that were equally 

aperiodic in terms of HNR.  

 

 

Figure 2.6. Harmonic-to-noise ratio (HNR) (dB). HNR was quantified from a random 
subset of 1-note simple calls (N = 16) obtained per individual and produced in the post-
interaction. (A) Mean HNR ± SE in male and in estrous female golden hamsters. (B) 
Kernel density estimation of HNR in males and in estrous females.  
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In addition, in males but not in females, HNR values decreased with call duration 

(Log HNR, GLMM duration*sex: F1,353.8 = 8.01, P = 0.005). Thus, longer calls were more 

atonal and noisy in males. Also, in both sexes aggregated entropy (Log HNR, GLMM: 

F1,347.5 = 368, P < 0.001), average entropy (Log HNR, GLMM: F1,346.3 = 514.8, P < 0.001) 

and IQR bandwidth (Log HNR, GLMM: F1,355.9 = 161.5, P < 0.001), were negatively 

correlated to HNR, demonstrating that higher aperiodicity (lower HNR values) can be 

predicted by increased entropy and bandwidth. Calling rates and HNR values were not 

significantly correlated (Log HNR, GLMM: F1,20.9 = 0.43, P = 0.5).  

 

Individual variability 

 I found that all acoustic parameters varied more within than among individuals. 

Their PIVs were less than 1 and none of them could serve as a cue for individual identity 

when evaluated separately (Table 2.5). In order to have all parameters considered in 

one model, I used the stepwise forward DFA to identify those call parameters that could 

contribute the most to the discrimination of individuals. The model retained 6 of the 14 

parameters. Average power, average entropy, delta frequency, Q1, energy and 

aggregated entropy were found to be parameters that contributed the most to 

discriminating among individual callers. However, the DFA yielded an average of 43.8% 

of correct assignment to individuals of the original data and the cross-validation showed 

a lower percentage of correctly classified calls (38.2%). Therefore based on the acoustic 

parameters measured, USV were not sufficiently distinct among individuals. HNR was 

not included in the DFA given that this measure was obtained for only a subset of 

vocalizations. However, HNR was not an individually distinct characteristic (PIV<1) and, 

within the vocal repertoire of any given individual, it was common to observe USV of 

different tonality.  
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Table 2.5. Coefficient of variations (x̄  ± SD) of call parameters of the principal carrier of 
simple 1-note calls (N = 523) produced by male (N = 11) and female (N = 12) subjects 
after interacting with a stimulus hamster of the opposite sex.  
 

 Mean CVw Mean CVa Mean PIC 
(CVa/CVw) 

Duration (ms) 48.8 ± 15.3 30.2 0.68 
Minimum frequency (kHz) 21.3 ± 7.99 13.1 0.69 
Maximum frequency (kHz) 20.3 ± 6.42 8.51 0.46 
Q1 Frequency (kHz) a 18.1 ± 7.40 10.4 0.66 
Q3 Frequency (kHz) b 18.8 ± 6.96 9.21 0.55 
Center frequency (kHz) 18.6 ± 7.28 9.64 0.59 
Peak frequency (kHz) 19.1 ± 7.36 9.59 0.57 
Delta frequency (kHz) c 38.2 ± 10.7 18.5 0.52 
IQR BW (kHz) d 66.9 ± 16.9 31.9 0.50 
Average power (dB) 7.34 ± 1.62 5.14 0.74 
Peak power (dB) 6.74 ± 1.48 4.49 0.71 
Energy (dB) 6.21 ± 1.40 3.84 0.66 
F-RMS Amplitude (u) e 67.1 ± 17.3 42.6 0.70 
Aggregated Entropy (u) 15.9 ± 4.33 7.99 0.53 
Average Entropy (u) 14.6 ± 4.53 8.55 0.65 
Harmonic-to-Noise Ratio (HNR) (dB) 38.0 ± 11.6 29.8 0.85 
 

a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. CVw = coefficient of 
variation within-individuals, CVa = coefficient of variation among-individuals, PIC = Potential for individual 
coding. 
 

Discussion 

 

Golden hamsters produced a large and variable number of USV during social 

encounters. Opposite sex encounters elicited the greatest number of vocalizations after 

the stimulus animal was removed, suggesting that these calls may be described as 

socially elicited calls produced in a sexual context. Calling rates by most males and 

females were high but there was substantial individual variability. The vocal repertoire 

was mainly composed of structurally 1-note simple calls, classified as flats, and at least 

half of them presented nonlinear aperiodicity that could be classified as some degree of 

deterministic chaos. The prevalence of this aperiodicity was confirmed by low values of 
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HNR for most calls. Composite calls and multi-note calls (call types involving frequency 

jumps) occurred less frequently overall. Males were more likely to produce tonal calls 

and call types with frequency jumps than females. Overall, male calls were found to be 

shorter than female calls. High calling rates predicted longer call duration and higher 

delta frequency in both sexes. Call duration, in turn, was positively correlated with 

energy and delta frequency in both sexes and negatively correlated with HNR but only in 

males. The analysis of the principal carrier of 1-note simple calls revealed that most of 

the variation (71.7%) fell between two major PC factors, one comprising frequency and 

amplitude parameters and another representing scores of entropy and bandwidth. Sexes 

were significantly different in the second axis with male calls showing lower entropy and 

bandwidth values. Finally, the variation within individuals was not higher than the 

variation among individuals obtained for call features analyzed independently. A 

discriminant function analysis revealed that, indeed, calls were hard to discriminate 

statistically among individuals. 

 

Vocal repertoire in golden hamsters: commonalities and differences with other 

rodents 

Based on our criteria for classification of structural complexity, hamster USV 

seemed to lack high complexity. Most calls appeared to be produced in isolation and not 

in obvious or specific sequences or bouts. I observed calls that were close enough in 

time to be categorized not as independent calls but as a composite call. But these were 

produced rarely and no particular temporal associations were obvious. To determine 

whether golden hamster USV exhibit predictable sequences or bouts requires further call 

type temporal analysis as has been done in the house mouse (Grimsley et al., 2011; 

Holy & Guo, 2005). 
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We observed a relatively higher level of complexity when frequency jumps were 

present. However, call types with frequency jumps (multi- note call types) were produced 

in a significantly lower proportion than other call types. A high occurrence of simple calls 

and a low occurrence of USV with frequency jumps have also been reported in rats and 

mice. For instance, 48% of the USV that a male rat produced after the separation from 

two cage mates, were flat calls and less than 13% were calls with frequency jumps 

(Wright et al., 2010). Similarly, male mice emitted less than 20% of calls with frequency 

jumps when exposed to a female (Mahrt, Perkel, Tong, Rubel, & Portfors, 2013) or just 

5% when exposed to female urine (Hoffmann, Musolf, & Penn, 2011). Hanson & Hurley 

(2012) found a very low percentage of frequency jumps produced by male mice during 

mating and after female removal. Interestingly, Hammerschmidt et al. (2012) recorded a 

lower proportion of frequency jumps in USV produced in response to anesthetized 

compared to awake intruders. Also, frequency jumps have been found to be more 

common in pup isolation calls than in adult social calls (Grimsley et al., 2011). Thus, 

sudden jumps in frequency seem to be part of the vocal repertoire of most species of 

rodents, including hamsters, and the low probability of occurrence may be non-random 

and deserving of further study.  

USV produced by adult hamsters following intersexual encounters were 

characterized by remarkable variability. High acoustic variability has been noted in all 

other studies that have examined and categorized ultrasonic vocal repertoire in rodents, 

both in mice pups (Scattoni et al., 2008) and in adult rodents (Choi et al., 2011; Hanson 

& Hurley, 2012; Hoffmann et al., 2011; Mahrt et al., 2013; Wright et al., 2010). I 

classified hamster USV into call types, but these were far from stereotypical 

vocalizations. Instead, call types or “syllable” types used in other rodents served as a 

reference point to categorize hamster USV into major groups with specific 

characteristics. In hamsters, the frequency trajectory determined the category for each 
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call based on the assumption that different frequency trajectories would be perceptually 

different to a hamster. Call types characterized by increasing and/or decreasing 

frequency (waves, humps, chevrons and sweeps) were produced less frequently than 

constant frequency, flat calls (Figure 2.3B). A higher occurrence of constant frequency 

calls has also been reported in rats. A brief separation from a cage mate elicited high 

rates of flat 50-kHz calls in rats that stayed in the home cage (Wöhr, Houx, Schwarting, 

& Spruijt, 2008; Wright et al., 2010). Amphetamine administration decreased the 

proportion of flat calls and increased a rat-specific type of frequency-modulated (FM) call 

(the trill) (Wright et al., 2010). Burgdorf et al. (2008) found that rats, before mating and 

during rough-and-tumble play behavior, produced FM 50-kHz calls (trills and multi-step 

calls), more that flat 50 kHz calls. In fact, rats self-administered playback of FM 50-kHz 

calls and avoided flat 50 kHz calls. Thus, it has been proposed that rats use flat calls to 

maintain or reestablish social contact in a non-rewarding or neutral context, and that FM 

calls are associated with appetitive stimuli involved in initiation and maintenance of 

positive social behaviors (Burgdorf et al., 2008; Wright et al., 2010). Although I cannot 

determine whether flats calls in hamsters are related to a specific affective situation 

other than the separation from an opposite sex hamster, flats calls may represent the 

“default” type to produce when vocal production is elicited. The occurrence of calls of 

varying frequency modulation or sudden frequency jumps may increase during initial 

sexual contact or, in the case of males, in the presence of a lordotic female. 

Although, I observed some similarities in composition between golden hamsters 

and male mice when exposed to female odors (Hoffmann et al., 2011), or females 

(Hanson & Hurley, 2012; Mahrt et al., 2013) or male rats when separated from a cage 

mate (Wright et al., 2010), several features distinguished hamster USV from the rest of 

rodent USV. Frequency ranges in hamsters were typically between 20-55 kHz and peak 

frequencies between 33-37 kHz, thus not as high in frequency as in most USV observed 
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in the house mouse or in the rat. Hamsters did not show evidence of trills, as described 

in rats, or a high proportion of sweeps, as reported for mice (Hanson & Hurley, 2012; 

Mahrt et al., 2013). In contrast to other rodents, hamsters produced a greater proportion 

of calls that were broadband, noisy and of chaotic energy distribution in which the 

extraction of the principal carrier was not possible (Figure 2.3D). Calls with defined 

frequency contour were often accompanied by noise and atonality. This particular 

feature of hamster USV has not been noted to be common in other adult rodent calls. 

Grimsley et al. (2011) recorded pup isolation and adult social vocalizations in mice, and 

compared the number and proportion of different syllable types across age. Most 

syllables were tonal but some presented subharmonics and deterministic chaos. They 

reported that nonlinearities in USV became progressively more common from p5 to p13 

(0.3-23.5%) but were rare in adult syllables (only 1.6%). In golden hamsters, pup 

isolation calls have been described as broadband with harmonic independent 

components or as narrow-band with harmonic dependent components (Schneider & 

Fritzsche, 2011) and of wider frequency bandwidth compared to other hamster species 

(Hashimoto, Moritani, Aoki-Komori, Tanaka, & Saito, 2004). Thus, nonlinearities are 

likely present in pup golden hamster USV and it would be interesting to examine the 

development of these features into adulthood. 

 

Sex and individual differences in golden hamster USV 

In this study I focused on the comparison of the vocalizations produced by males 

and females within the same sexual context and found no evidence for sex-specific 

vocalizations. Instead, I found some sex-typical characteristics in the vocal repertoire. 

Males were more likely to produce vocalizations with frequency jumps than females and 

females showed a larger, but not more diverse, repertoire size than males. The 
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presence of noise and chaos was a prominent characteristic that appeared in half of the 

calls produced by both sexes, but the probability of occurrence depended on sex. Male 

produced more calls that were tonal and less chaotic. Again, the incidence of frequency 

jumps, which are also considered NLP, was found to be uncommon but when present, 

was more likely to be found in male calls. These acoustic characteristics have 

occasionally been found in the vocalizations of males and females of other species and 

whether they can be used for sex discrimination and recognition remains to be tested 

(Digby et al., 2014; Merten et al., 2014). Instead, many studies have raised hypotheses 

to explain the potential significance of the NLP in vocal communication (see below).  

Floody et al. (1977) had previously found that golden hamsters vocalized to a 

great extent during and after heterosexual interactions, and found a sex difference in 

calling rates (Floody, Comerci, & Lisk, 1987; Floody et al., 1977). In the present study, I 

also found that females were highly motivated to vocalize after a male was removed and 

maintained high rates during most of the recording period, whereas males’ calling rates 

rarely reached high rates and declined faster. Average post-interaction calling rates were 

not quite significantly different between sexes. Male calling rates may have been lower 

than female calling rates because during the interaction period across the mesh, the 

female went into the lordosis position and remained in this position for most of the 3 min 

recording time. During this period, most males vocalized extensively (data not shown). 

Thus, by the time the post-interaction period was recorded, males had already been 

calling during the previous 3 min and may have experienced some fatigue. In contrast, 

females, which do not vocalize while in lordosis (Cherry, 1989; Floody et al., 1977) and 

presumably had not vocalized much during the interaction, may have directed more 

energy into calling during the post-interaction period. This could explain why female USV 

were longer than male USV. Undoubtedly most individuals of both sexes exhibited high 

motivation to vocalize during this context. 
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The acoustic structure of the golden hamster’s USV produced by both sexes 

following an opposite sex interaction was previously found to be similar in dominant 

frequency and total duration (Floody & Pfaff, 1977b). However, male calls presented 

fewer rapid changes in amplitude and frequency than female calls (Floody & Pfaff, 

1977b). After a more thorough acoustic analysis and a larger sample size, I found a no 

significant sex difference in PC1, an axis mostly represented by frequency parameters, 

which agrees with previous findings. PC2 represented by entropy, average power and 

frequency bandwidth was significantly different between sexes, but represented only a 

small proportion of the whole multivariable variation that described simple vocalizations 

(23% of the total variation). Moreover, I did not find sex differences in the HNR of the 

calls. Most male and female USV exhibited low values of HNR (high aperiodicity), but 

males represented mostly the high end of the HNR scale.  

Overall, it is difficult to know whether the modest sex differences found in 

composition and acoustic structure could function in sex discrimination and recognition. 

However, I cannot rule out that functional possibility. Male giant panda vocalizations 

(bleats) had higher frequency modulation and jitter than females when acoustic features 

were analyzed separately (Charlton, Zhihe, & Snyder, 2009).  Female mice produced 

USV that were longer, with wider frequency bandwidth and more jumps than male mice 

during an extended opposite sex interaction across a contact window (Merten et al., 

2014). These results are somewhat similar to the sex differences I found in this study 

with the exception of the higher occurrence of frequency jumps in female calls. However, 

no sex differences in rodent USV have been found in two other studies. The acoustic 

structure and call type usage of USV produced by a male or a female resident in 

response to a female intruder (of uncontrolled estrous state) were not significantly 

different in house mice (Hammerschmidt et al., 2012). California mice produce USV 

when alone or in the presence of another conspecific in the wild, but the vocalizations 
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were found to lack sexual dimorphism (Briggs & Kalcounis-Rueppell, 2011). In any case, 

even when statistically significant sex differences are found, male and female 

distributions often overlap, and biological significance cannot be assumed without an 

empirical test (Adkins-Regan, 2005).  

Although mice can discriminate different types of USV (Neilans, Holfoth, 

Radziwon, Portfors, & Dent, 2014), to my knowledge no study has examined whether 

rodents can perceptually differentiate among individuals using USV. Socially elicited 

USV have been reported to be individually distinct in mice (Hanson & Hurley, 2012; 

Hoffmann et al., 2012; Holy & Guo, 2005). The variation that I found in the acoustic 

parameters rejected the hypothesis that hamster USV could be identified statistically as 

individually distinct. Although this question should be answered with more recording 

sessions per individual as opposed to one, such as in this study, this first analysis does 

not suggest that individual signatures will be found. It is possible that a different set of 

acoustic parameters may lead to different results. Thus there is no evidence yet that 

USV in hamsters could be used in individual recognition. Golden hamsters are well 

known for individual recognition of familiar conspecifics and kin using odors from various 

body sources (Johnston, 2003; Lai, Ramiro, Yu, & Johnston, 2005). It is possible that 

this is the main channel of communication when hamsters first meet and become 

familiar with each other. So far, I have not recorded spontaneous calling in the colony 

and, in general, USV have short-range capabilities and are not designed to travel far 

(Bradbury & Vehrencamp, 1999; S. M. Brudzynski & Fletcher, 2010). Instead, USV in 

hamsters are elicited in response to social signals such as odors, playbacks of USV and 

when a conspecific is out of sight after an encounter, as shown in the present study 

(Floody & Pfaff, 1977a; Floody et al., 1977). Thus, USV in hamsters may be conveying 

other information than individual identity.   
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Potential relevance of noise, chaos and high variability in vocal communication 

The evident complexity in the hamster USV repertoire is most likely the result of 

variations produced by the vocal production mechanism. Although, the mechanism of 

ultrasound production in rodents it is still not well understood (S. M. Brudzynski & 

Fletcher, 2010; Roberts, 1975), evidence has demonstrated that laryngeal muscles are 

necessary for ultrasound production (Johnson, Ciucci, Russell, Hammer, & Connor, 

2010; Nunez, Pomerantz, Bean, & Youngstrom, 1985; Riede, 2011, 2013). It was 

recently found that rat USV call types are the result of the coordination of laryngeal and 

vocal tract muscles in combination with the respiratory system (Riede, 2013). It is 

unknown, however, whether all the variability found in frequency modulation and the 

existence of nonlinear phenomena (NLP) in hamster USV can be explained by laryngeal 

muscle activity and subglottal pressure. At the very least, deterministic chaos is 

considered to be the result of the desynchronization of oscillators that produce the sound 

(e.g., vocal folds) caused by increased vocal effort (Fitch et al., 2002; Tokuda et al., 

2002). Frequency jumps are another instability of the vibratory regime observed when 

the vibration rate moves up and down abruptly, discontinuously causing sudden changes 

in the fundamental frequency (Riede et al., 2004). Interestingly, as sublaryngeal 

pressure increased in the larynx of an ultrasonic frog, bifurcations began to occur that 

led eventually to chaos (Suthers et al., 2006). Therefore, there may be differences in the 

amount of effort required to produce different call types, frequency jumps and in the 

incorporation of NLP based on the coordination of respiration, larynx and vocal tract. 

Thus, chaos and frequency jumps in hamsters may indicate elevated vocal effort. 

The finding that NLP is ubiquitous in animal vocalizations has increased the 

interest in understanding these phenomena (Fitch et al., 2002). Although nonlinearities 

in the vocal repertoire of a species may be just a byproduct of the vocal system, rather 

than an evolved signaling trait, the number of studies finding a functional role for these 
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phenomena in listener perception has increased in recent years, with three types of 

evidence suggesting functional hypotheses (Fitch et al., 2002)[57].  First, NLP have 

been found to convey information about the arousal state of the caller. Most of the 

vocalizations produced during high affect contexts and distress in infant elephants 

exhibited nonlinear chaos, lower tonality (lower HNR values) and longer duration than 

those vocalizations produced in situations of presumed lower levels of arousal (Stoeger 

et al., 2011). Low tonality in calls is also found in adult subordinate elephants in the 

presence of dominants (Soltis, Leong, & Savage, 2005) and in young rhesus macaques 

during distressful situations (Patel & Owren, 2007). Second, sudden introduction of 

chaos and abrupt changes in frequency may be considered as features designed to 

generate unpredictability that function to prevent habituation to the caller and increase 

responsiveness (Fitch et al., 2002). For instance, meerkats spent less time foraging in 

response to playbacks of natural nonlinear than linear alarm calls (Townsend & Manser, 

2011), and nonlinear alarm calls required longer to habituate (Karp, Manser, Wiley, & 

Townsend, 2014). Also, male harsh roars (nonlinear), and not common roars (linear), 

increased females’ attention to playbacks and the level of response to subsequent roars 

in red deer (Reby & Charlton, 2012). Third, irregular chaotic vibrations produce a loud 

broadband spectrum of frequencies that enhances the projection of formants and 

provides information about the unique filtering pattern associated with the vocal tract 

(Fitch et al., 2002). An individual’s vocal tract is closely correlated with body size and 

quality in some species (Fitch et al., 2002; Wyman et al., 2012). These hypotheses of 

the functional significance of NLP are not mutually exclusive and could provide insight 

about the utility that chaos and frequency jumps may have in hamster USV. In 

mammals, most studies examining the role of NLP or simply vocal complexity have 

centered on antipredator vocal strategies, mother-offspring communication and male-

male competition (Reby et al., 2005) and less on inter-sexual selection (Reby & 
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Charlton, 2012).  

Based on the patterns of within-individual variability found, I believe that most 

acoustic features in hamster USV are dynamic signals. Dynamic signals change greatly 

from call to call in a matter of seconds depending on the social context and are 

characterized by high CVw, whereas static signals are more stable, showing low CVw, 

and are more likely to provide information about the long-term condition of the caller 

(Bee et al., 2010; Gerhardt, 1991). Typically, call rate, duration and amplitude are 

dynamic cues that can change rapidly depending on the urgency of the situation and 

reflect the current state of the caller (Gerhardt, 1991; Reby & Charlton, 2012; Schehka & 

Zimmermann, 2009; Scheumann et al., 2012). Mice that were housed in isolation 

showed higher social motivation by emitting more and longer USV and spending more 

time in contact during a social interaction than mice that were housed in groups 

(Chabout et al., 2012). Perhaps hamsters that were more sexually motivated produced 

more USV that were also longer and of greater bandwidth (Figure 2.4). As discussed 

above, males may have produced calls that were more tonal, shorter, of narrower 

bandwidth and lower entropy than females as a result of male fatigue, except for the 

higher incidence of calls with frequency jumps that may have required higher vocal 

effort. Although static and dynamic signals are just two ends of a continuum, dynamic 

signals may be giving honest information about an individual’s current motivational state, 

physiological condition, and stamina, as has been found in other mammal species (e.g. 

Erb, Hodges, & Hammerschmidt, 2013; Pitcher, Briefer, Vannoni, & McElligott, 2014; 

Scheumann et al., 2012; Wyman et al., 2012), while static signals may serve as more 

sender identity parameters (Scheumann et al., 2012). Further research needs to be 

done to examine the role that these acoustic parameters may play in different contexts 

varying in the level of situational urgency or sexual motivation. 
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Conclusions 

 

The high calling rates, the high incidence of chaos, the low periodicity (low HNR 

values) and the high within-individual variability found in this study suggest that these 

vocalizations are dynamic signals that are probably modulated by the context (external 

factors) and the internal state of the caller (internal factors). Although the modest sex 

differences that I found may be the result of sexual selection, they may also be the 

product of a sex difference in motivation and current state of the caller. Hamster USV 

may function as an index of motivational state, current condition (stamina) and level of 

sexual arousal of the caller. The unpredictability of its natural nonlinear complexity may 

facilitate and maintain the receiver’s attention. Regardless of the information that 

hamster USV may be transmitting, it will be important to understand how this commonly 

produced signal during social interactions can influence the behavioral and physiological 

responses of the receiver. 
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CHAPTER 3 

Rapid social modulation of sexual vocal behavior in the golden hamster 

 

Introduction 

 

Social environment can exert a strong influence on inter and intra-sexual 

communication (Bohn, Smarsh, & Smotherman, 2013; Doutrelant, McGregor, & Oliveira, 

2001; Searcy & Nowicki, 2005). Animals can vary signals rapidly in response to social 

conditions and this behavioral plasticity maximizes an individual’s fitness (Taborsky & 

Oliveira, 2012). For instance, the presence of competitors influences signaling behavior 

in many species. In the electric fish (Brachyhypopomus gauderio), the presence of male 

competitors significantly enhanced amplitude and duration of the signal produced by 

males to indicate fighting ability (Gavassa, Roach, & Stoddard, 2013). Similarly, the 

simulated presence of male competitors using playbacks changed the song of territory 

holders in Canyon wrens (Catherpes mexicanus) (Benedict, Rose, & Warning, 2012). On 

the other hand, a female audience upregulated the expression of bill color in male zebra 

finches (Gautier et al., 2008) and increased the proportion of highly conspicuous 

displays used to communicate to both males and females in Siamese fish males 

(Doutrelant et al., 2001). In fact, context specific modulation of a vocal signal can have 

adaptive value. Female zebra finches can discriminate between the male song produced 

in isolation vs. in the presence of a female (undirected vs. directed male song), and 

strongly prefer the latter (Woolley & Doupe, 2008). 
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The majority of examples of signaling behaviors modulated by audience effects 

involve an audience that is sex-specific or one that represents just a general challenge 

or competition. However, the identity of the individuals in that audience and the social 

relationships built with those individuals in the audience involving memories of past 

experiences could also play a significant effect in the modulation of behavior. Only a few 

examples have demonstrated such level of social awareness. In zebra finches, the vocal 

response of males to their partners’ calls and to the calls of familiar females changed 

depending on the composition of the audience (Vignal, Mathevon, & Mottin, 2004). 

Males vocalized more in response to their mates’ calls than to familiar females’ calls in 

the presence of established mating pairs but showed no preference for the calls of their 

own mates in the presence of unmated conspecifics (Vignal et al., 2004). Also, male 

Siamese fighting fish that had lost a fight against another male spent significantly less 

time displaying toward a female that had observed that fight than toward a naïve female 

that had not (Herb, Biron, & Kidd, 2003). The winner male showed no preference in 

displaying to either female (Herb et al., 2003). Therefore, males’ assessments of their 

own status and females’ eavesdropping experiences modified the males’ signaling 

behavior to reduce the cost of courting females that were less likely to mate with them 

(Herb et al., 2003).  

Although less studied compared to other taxa, mammals also commonly show 

vocal behavior and in a vast proportion of species vocalizations are limited to upper 

frequencies not audible to the human ear. Most rodents communicate socially by 

producing ultrasonic vocalizations (USV) during social interactions or after encountering 

scent from conspecifics (Sales 2010). The context in which the production of USV takes 

place has been explored in just a few species (Chabout et al., 2012; Chabout, Sarkar, 

Dunson, & Jarvis, 2015; Cherry, 1989; Hanson & Hurley, 2012; Musolf, Hoffmann, & 

Penn, 2010; Wöhr, Houx, Schwarting, & Spruijt, 2008). Inter-sexual interactions reliably 



 90 

elicit calling behavior in most rodent species (Barfield, Auerbach, Geyer, & Mcintosh, 

1979; Cherry, 1989; Fernández-Vargas & Johnston, 2015; Floody, Pfaff, & Lewis, 1977; 

Hanson & Hurley, 2012; Kapusta & Sales, 2009; Musolf et al., 2010; Nyby, 1983; Pierce, 

Sawrey, & Dewsbury, 1989) but non-sexual and aggressive contexts elicit USV in some 

species as well (Chabout et al., 2012; Keesom, Rendon, Demas, & Hurley, 2015; Moles, 

Costantini, Garbugino, Zanettini, & D’Amato, 2007). However, it is unknown whether the 

presence, number or identity of potential competitors can change and modulate 

ultrasonic calling behavior or the acoustic properties of the calls produced during a 

sexual context.  

The golden hamster is one of many species of rodents that produce USV during 

social interactions (Fernández-Vargas & Johnston, 2015; Floody et al., 1977). Males 

vocalize mainly during and after an interaction with a female (Cherry, 1989; Fernández-

Vargas & Johnston, 2015; Floody et al., 1977). In addition to being a species widely 

used in the study of sexual behavior, the golden hamster is a model organism for the 

study of individual recognition, aggression and conditioned defeat (Huhman et al., 2003; 

Johnston, 2003). Male golden hamsters usually establish a dominant-subordinate 

relationship during their initial encounter, during which chasing and fighting occur (Huck, 

Lisk, Allison, & Van Dongen, 1986), and the relationship remains stable over subsequent 

days (Huhman, Moore, Ferris, Mougey, & Meyerhoff, 1991; Huhman, Moore, Mougey, & 

Meyerhoff, 1992). Golden hamsters can recognize and discriminate previous opponents 

and adaptively modulate their social response (Bath & Johnston, 2007; Lai & Johnston, 

2002; Lai, Ramiro, Yu, & Johnston, 2005; Petrulis, Weidner, & Johnston, 2004). In fact, it 

has been demonstrated that golden hamsters recognize not only familiar from unfamiliar 

individuals but also recognize and avoid individuals based on past experiences with 

those specific individuals. After a series of aggressive encounters, male hamsters that 

had lost a fight repeatedly against the same male, avoided and feared that familiar 
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winner but not a familiar neutral male (Lai et al., 2005). This true individual recognition, 

demonstrated by a different response to an equally familiar individual with differing 

significance to the subject, is a more sophisticated process than a simple discrimination 

of general categories of individuals (e.g. social status, familiarity, age, hormone levels) 

(Gabor, Phan, Clipperton-Allen, Kavaliers, & Choleris, 2012; Lai et al., 2005). The ability 

to recognize and remember specific individuals provides the opportunity to examine how 

social relationships play a role in modulating social behavior and signals such as USV.  

In order to investigate the possible effects that social context might have in 

modulating sexual vocal behavior, I examined whether the presence of another male 

competitor modulated the vocal response of a male subject to an estrous female 

stimulus by exposing male subjects to one female, two males or one female and one 

male. I predicted that males would be more motivated to call and increase the vocal 

response (number of calls) in the presence of another male during and after interacting 

with an estrous female. In addition, I examined whether the presence and identity of a 

male competitor (e.g. familiar winner) may have an effect on the vocal response of a 

subordinate male (e.g. loser) after interacting across a wire-mesh with an estrous 

female. We expected that the presence of a familiar winner would decrease the vocal 

response (number of calls) of a loser male during and after interacting with an estrous 

female. 

 

Materials and Methods 

 

Subjects and animal housing 
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All hamsters were laboratory stock derived from Charles River and Harlan 

Laboratories. They were housed individually in solid bottom, polycarbonate cages 

(45x24x20 cm) with food and water available ad libitum. The colony is maintained in a 

reversed 14:10 light/day cycle. All experiments were performed during the first six hours 

of the dark phase of the cycle in a dimly lit room separate from the colony room. All 

equipment was cleaned with ethanol (50%) to eliminate residual odors after each 

behavioral trial. 

As subject animals, I used golden hamsters (Mesocricetus auratus) that were 

randomly assigned to experimental or control groups. As stimulus animals, I used 

unfamiliar individuals unrelated to the subject. Some subject and stimulus animals have 

had previous experience with odors of other hamsters or prior sexual experience. But 

hamsters with prior experiences were distributed evenly among experimental and control 

conditions. All female stimuli used in this study were tested on the day of estrus. Golden 

hamsters have consistent 4-d estrous cycles, enabling prediction with great accuracy of 

the day of estrus (Lisk 1985). Four days before testing, I placed a male in the female’s 

cage and if the lordosis posture was elicited then the female was confirmed to be in 

estrus. 

All animal procedures in this study were conducted with approval from Cornell 

University’s Institutional Animal Care and Use Committee (protocol #1993-0120). 

 

Experiment 1. Effect of competitors on male calling behavior 

 

To examine whether the presence of another male competitor modulates the 

vocal response of a male subject to an estrous female stimulus, I exposed male subjects 

to one female, two males or one female and one male and allowed them to interact for a 
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brief period of time. I used 40 males as subjects (mean ± SE, age: 208.2 ± 16.5 days, 

weight: 149.3 ± 2.6 g) and 27 males (age: 313.7 ± 21.4 days, weight: 155.7 ± 2.7 g) and 

25 estrous females (age: 217.7 ± 16.5 days) as stimulus individuals. There were no 

significant differences among male subject groups in age (Kruskal-Wallis X2= 0.02, P = 

0.98) or weight (F39,2 = 0.25, P = 0.77). 

 Thirteen males had to be used twice and one male had to be used three times 

as a stimulus animal but with a different subject each time and with more than two days 

between trials. Similarly, two females were used twice as stimuli. Subject males were 

randomly assigned to two control groups (1 and 2) and one experimental group (3) 

(Figure 3.1). Subject males in Group 1 (N = 13) interacted across the wire-mesh only 

with an estrous female stimulus. The third compartment was left empty. Subject males in 

Group 2 (N = 13) interacted with two stimulus males. Subject males in Group 3 (N = 14) 

interacted with an estrous female and a male. If the presence of another male affected 

the vocal response of a subject male after interacting with a female, I expected the total 

number of USV to be higher in male subjects from Group 3 than in Groups 1 or 2. The 

position of the stimulus hamsters was counterbalanced between left and right to the 

subject. 

 

Social interaction test 

I used a Plexiglas box (91.5 x 50.5 x 30.5 cm) lined inside with acoustic foam 

(SONEXone acoustical panels, 5.08 cm thick) to attenuate the sound. Inside this box, I 

had a wire-mesh enclosure (30 x 30 x 22 cm) divided in three compartments (two 15 x 

15 cm stimulus compartments and one 15 x 30 cm subject compartment) (Figure 3.1A). 



 94 

 

Figure 3.1. Control and experimental groups used in Experiments 1 and 2. Each box 
illustrates the three-compartment enclosure where subjects and stimuli hamsters 
interacted across the wire-mesh walls during the social interaction test. 
 

Each trial consisted of 3 periods, each lasting 3 minutes. Using a plastic cup, I 

transferred the subject into the subject compartment of the wire-mesh enclosure. After a 

2 min acclimation period, the pre-interaction period started and the subject moved freely 

inside the compartment. At the end of the first 3 min, one or two stimulus hamsters 

depending on the subject’s group were each introduced inside of one of the two stimulus 

compartments and the hamsters interacted across the mesh division for 3 min. The 

barrier allowed visual, olfactory and acoustic interactions, while restricting physical 

contact. At the end of the interaction period, I removed the stimulus animals and the 

subject remained in its compartment for an additional 3 min (post-interaction period).  
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Trials were videotaped with a digital video camera (Canon HD VIXIA HFM31). All 

vocalizations were recorded using a 416Hb UltraSoundGate system interface connected 

to a Dell laptop via 2.0 USB and two CM16/CMPA ultrasound microphones (Avisoft 

Bioacoustics, Germany) sensitive to frequencies of 1-200 kHz. Acoustic data were 

recorded with a sampling rate of 200 kHz in 16bit format by Avisoft-RECORDER 

software (version 4.2, Avisoft Bioacoustics). The microphones were placed outside the 

wire mesh-enclosure, one 3 cm behind the subject compartment (channel 1), 

approximately 18 cm away from the stimuli hamsters vocalizing in the direction of the 

subject. The other microphone was 3 cm in front of the subject compartment, behind the 

stimuli compartments and approximately 18 cm away from the subject (channel 2). 

Channel 2 captured most USV produced by the subject when it faced the stimuli 

hamsters. All behavioral tests including ultrasound recordings took place inside a sound 

proof room in the animal facility. 

 

Experiment 2. Effect of competitor identity on male calling behavior 

 

The goal of this experiment was to examine whether the presence and identity of 

a male competitor (e.g. familiar winner) has an effect on the vocal response of a 

subordinate male (e.g. loser) after interacting across a wire-mesh with an estrous 

female.  

I used 32 subject males (mean ± SE, age: 310.5 ± 28 days, weight: 150.5 ± 3.2 

g), 32 stimulus males (mean ± SE, age: 248.8 ± 27.8 days, weight: 152.6 ± 2.9 g) and 29 

stimulus estrous females (age: 190.6 ± 20.7 days) divided into groups 1, 2 and 3 (Figure 

3.1B). Fourteen males were used in experiment 1 10 to 25 days before being used in 

experiment 2 but always ensuring that in each trial subject and stimuli were unrelated 
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and unfamiliar to each other. Age and weight of the subjects were not significantly 

different among groups (age: F32,2= 1.80, P = 0.18, weight F32,2 = 0.35, P = 0.71). 

In contrast to experiment 1, I gave male subjects and stimulus pairs the 

opportunity to share a past experience and build a social relationship. First, male 

subjects interacted across a wire-mesh barrier with another male to become familiar with 

each other. After this first phase, male subjects interacted in an open arena with another 

unfamiliar male and established a dominant-subordinate (or winner-loser) relationship. In 

the final phase, male subjects interacted with an estrous female in the presence of a 

familiar male that was either neutral or the winner of the three previous aggressive 

encounters. This experimental design was similar to the one used in Lai et al. (2005) to 

test individual recognition in golden hamsters. 

 

Phase 1: Male-Male familiarization  

 For this familiarization phase, I brought two unrelated and unfamiliar males inside 

the sound room and let them habituate to the room inside their cages for 2 min. Then, 

using a plastic cup both males were introduced inside a wire-mesh enclosure (40 x 40 x 

29.5 cm) divided into two equal size compartments. The wire mesh enclosure was inside 

a Plexiglas box lined inside with acoustic foam as described before and microphones 

were placed behind each male to record their vocal interaction. This testing box was 

different from the apparatus that was used in the subsequent social interaction test. 

Thus, the familiarization phase took place in a different context to avoid potential 

confounds between individual recognition and learned response to particular locations or 

contexts. Males interacted across the wire-mesh barrier three times for 3 min. There was 

a 3 min interval between interaction sessions. Males were returned to their home cages 

after each interaction. 
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Phase 2: Aggressive encounter  

One hour later, subject males in Groups 2 and 3 were paired with a new stimulus 

male (unrelated and unfamiliar) that had also experienced the male-male familiarization 

phase. The weight difference between animals did not exceed 25 g to prevent possible 

injuries. Each male was marked with a small piece of tape on the back (different color for 

each) to aid in individual identification. Males were brought into the testing room and 

allowed to habituate to the room for 3 min. Then, I placed the two males of a pair 

simultaneously at opposite quadrants of a Plexiglas open arena (61 x 61 x 18 cm) inside 

a small, perforated Plexiglas box (15.3x15.3x15.3cm). After 30 sec. the males were 

released from the small boxes at opposite sides of the arena and allowed to interact with 

each other until one male (the loser) jumped out and escaped from the arena. This 

procedure was repeated two more times with 3 min intervals between rounds. During 

each round, I recorded latency for the loser to display “tail-up” (submissive posture) and 

the latency to flee out of the arena (see Johnston (1985) for a description of behaviors 

frequently observed in golden hamsters during agonistic encounters). After the third 

round, males were returned to their home cages. On the next day, the loser from the 

fight was used as the male subject in the following social interaction test. Subject males 

in Group 1 experienced the same procedure except that instead of three rounds of 

encounters, they experienced three, 30 s exposures to the empty open arena. 

Therefore, I refer to the males in this group as the “No fight” males. All encounters were 

videotaped. 

 

Phase 3: Social interaction test 

On the next day after the aggressive encounter, I performed the same procedure 

for this behavioral test that was described in Experiment 1. This test was performed one 

day after the aggressive encounters to prevent a behavioral response to the hormone 
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levels that are usually altered in both males after fighting, and thus, confounding the 

intended individual recognition. Males in Group 1 (No fight males) (N = 10) were tested 

with an estrous female and with the male that they had been previously exposed to 

across the wire-mesh barrier (the familiar neutral male). Males in Group 2 (N = 10) that 

lost the fight (Loser males) were tested with an estrous female and with the male that 

they had been previously exposed to across the wire-mesh barrier (the familiar neutral 

male) before the fight. Males in Group 3 (N =12) that lost the fight (Loser males) were 

tested with an estrous female and with the male that had defeated them in three fights 

(the familiar winner) (Figure 3.1B). If the identity of a potential competitor had an effect 

on calling behavior, then I expected lower calling rates in subject males from group 3 

compared to groups 1 or 2. 

  

Data analysis  

 

I obtained acoustic recordings from each interaction and post-interaction periods 

of the social interaction tests. I generated spectrograms in Raven with a Hanning (Hann) 

window function, 16-bit sample format, a DFT (discrete Fourier transform) size of 512 

samples and a time window overlap of 80%.  

To examine the effects of treatments, I focused on analyzing the USV produced 

in the post-interaction period. Because males and females can vocalize during a social 

interaction, caller identify for each vocalization could not be determined with certainty in 

the interaction period. This was especially true during an interaction of three individuals. 

Golden hamsters, however, have been demonstrated to vocalize considerably after 

interacting with an opposite sex stimulus animal, thus focusing on the post-interaction 

period had the advantage that the identity of the caller was unequivocal (Fernández-
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Vargas & Johnston, 2015). I performed the categorization manually by visual inspection 

of the spectrograms and annotated the structural complexity for each USV. I divided the 

acoustic analysis into three main areas: calling rates, composition and acoustic 

parameters (temporal and spectral properties) following the categorization scheme 

recently used for golden hamster USV (Fernández-Vargas & Johnston, 2015).  

 

Calling rates  

To determine the mean USV produced per minute, I excluded short sounds that 

had a duration of less than 10 ms. A call surrounded by more than 150 ms of silence 

was identified and counted as an individual USV. USV of low amplitude, poor signal-to-

noise ratio or overlapped by object sounds (e.g. noise from the mesh cage) were 

counted in the total number of calls produced but were not included in the spectrogram 

analysis.  

 

Composition  

General composition consisted of structural complexity and call types. The 

proportion of calls produced under the different categories of complexity or call types 

was calculated over the total recording time to provide a percentage of occurrences 

under the different categories. Complexity described the structural complexity based on 

the number of notes present in an individual call. As in Fernández-Vargas & Johnston 

(2015) (Chapter 2), a note was defined as a single, continuous and complete 

spectrographic contour. A 1-note simple call consisted of one note and its harmonically 

related elements and resonances. A composite call consisted of 2 or more notes 

separated by less than 150 ms and more than 10 ms of silence and was counted as a 

single unit or call. Two or more notes separated by less than 10 ms of silence, were 

classified as 2-note, 3-note or multi-note simple calls. These notes produced in such 
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temporal proximity were essentially a sound whose frequency broke or “jumped” up or 

down. I categorized these multi-note simple calls further into specific call types. Call 

types were morphologically distinct calls whose categorization was based on the number 

frequency jumps and direction (up or down) of the frequency after the jump (Fernández-

Vargas & Johnston 2015, Chapter 2).  

 

Acoustic parameters (temporal and spectral properties) 

To determine differences among groups in the temporal properties of the vocal 

response, I quantified latency to call, call duration, inter-call interval (ICI) and 

instantaneous call rate (ICR). The ICI was the silent interval between calls calculated by 

the sum of a call’s duration and the subsequent interval. The ICR was the reciprocal of 

the inter-call interval and it is usually calculated to measure the rate at which calls are 

produced (e.g. Garcia, Charrier, Rendall, & Iwaniuk, 2012; Pettitt, Bourne, & Bee, 2013). 

It is unknown whether golden hamsters vocalize non-random sequences of calls. 

However, to determine whether the treatment had any effects on additional temporal 

parameters, I grouped vocalizations in bouts. A bout was defined as a group of calls 

produced successively with silent intervals less than 2947 ms. This interval was 

determined by the mean of all inter-call intervals less than 5000 ms plus two standard 

deviations above the mean (criterion used for mice USV by Grimsley, Monaghan, & 

Wenstrup, (2011)). I measured bout duration, inter-call interval within bouts, inter-bout 

intervals, mean calls per bout and the percentage of calls in a bout. 
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Figure 3.2. Acoustic analyses of the (A) full spectrum and (B) the principal carrier of the 
1-note simple calls. 
 

I quantified the acoustic structure by analyzing the spectral properties of the full 

spectrum of all the 1-note simple calls that had a good signal-to-noise ratio. The full 

spectrum analysis consisted of a selection of the principal carrier (main frequency 

contour of the highest amplitude), harmonics and resonances of the call (Figure 3.2A). 

For tonal calls in which it was possible to extract the principal carrier, I carried out an 

additional analysis of the parameters of just the principal carrier (excluding harmonics 

and resonances) (Figure 3.2B). I measured acoustic characteristics of the 1-note simple 

calls in Raven (Table 3.1). The software quantified 17 parameters for every sound 

selected in the spectrogram. Eleven of those parameters were frequency related, four 

amplitude related and two entropy measures. The frequency-related parameters 

included selection-based measurements that depended on the exact bounds of the 

selection and other more robust signal measurements that relied on the percentage of 

energy found within a selection (Charif, Waack, & Strickman, 2010). Information about 
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frequency bandwidth was obtained by delta frequency (difference between maximum 

and minimum frequencies), inter-quartile range bandwidth (middle 50% of the energy in 

a selection) and bandwidth 90% (90% of the energy in a selection). Entropy measured 

the energy distribution within a selection (a high value means greater disorder in the 

sound while a zero value means a sound with energy in only one frequency bin). 

Average entropy calculated the mean of entropy values for each slice of time, while the 

aggregated entropy measured the total energy within a selection providing the overall 

disorder in the sound (Charif et al., 2010).  

 
Table 3.1. Eigen values, percentage of total variation and vector loading values of the 
acoustic parameters for the first three principal components in the PCA for the full 
spectrum and principal carrier of simple 1-note calls produced by male subjects in the 
post-interaction period of Experiment 1.  

 
a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. Loading values of 
parameters that loaded strongly to one of the three principal components (values greater than 0.6) are bold 
typed. 

 Full Spectrum Principal carrier 
 PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 
Eigen value 5.69 5.42 2.59 7.34 3.00 2.26 
% of total variance 33.5 31.9 15.2 52.4 21.4 16.1 
Minimum frequency (kHz) -0.051 -0.307 0.668 0.658 0.244 -0.631 
Maximum frequency (kHz) 0.432 0.615 0.502 0.947 0.211 -0.059 
Q1 Frequency (kHz) a 0.798 0.048 0.594 0.883 0.128 -0.420 
Q3 Frequency (kHz) b 0.446 0.691 0.432 0.933 0.250 -0.231 
Frequency 5% (kHz) 0.720 -0.263 0.454 - - - 
Frequency 95% (kHz) 0.054 0.877 0.173 - - - 
Center frequency (kHz) 0.681 0.403 0.519 0.918 0.183 -0.322 
Peak frequency (kHz) 0.687 0.247 0.493 0.911 0.196 -0.286 
Delta frequency (kHz) c 0.379 0.654 -0.497 0.642 0.035 0.614 
IQR BW (kHz) d -0.234 0.756 0.028 0.458 0.464 0.524 
BW 90% (kHz) -0.325 0.871 -0.089 - - - 
Average power (dB) 0.867 -0.232 -0.308 0.634 -0.733 0.131 
Peak power (dB) 0.862 -0.183 -0.397 0.651 -0.689 0.228 
Energy (dB) 0.839 -0.071 -0.472 0.663 -0.672 0.260 
F-RMS Amplitude (u) e 0.819 -0.059 -0.372 0.670 -0.622 0.155 
Aggregated Entropy (u) -0.134 0.885 -0.035 0.434 0.590 0.587 
Average Entropy (u) -0.160 0.852 -0.057 0.407 0.572 0.534 
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Statistical analysis 

 

In each experiment, I compared the number of USV produced by males from the 

experimental groups using a Kruskal-Wallis test or ANOVA. Also, I explored differences 

in calling rates along the 3 min of the post-interaction recording period using a 

generalized linear mixed model (GLMM). To statistically analyze the data on 

composition, I obtained the proportion of calls produced per individual (number of calls in 

each category for each subject / total number of calls recorded in each subject) and 

averaged them by category within complexity or call type. I performed an angular 

(arcsine) transformation of the proportions and used those as the response variable in a 

generalized linear model (GLM) testing the main effects of composition (either 

complexity or call types), experimental group and the interaction between the two.  

Effects of treatment groups on temporal or spectral properties of the calls were 

tested performing GLMM that included subject ID as a random effect to account for 

repeated sampling of the same individuals (several USV per individual) and 

experimental groups and time of call occurrence as fixed effects. The 17 spectral 

parameters were reduced to three orthogonal variables or principal components (PC) by 

a principal component analysis (PCA). The retained principal components showed 

eigenvalues greater than 1. PCA scores were used to describe the acoustic variation of 

the USV and compare it among treatment groups and across time of recording. In 

addition, given to the well-known relationship between body size and frequency 

parameters in vocalizing animals (Cardoso, 2011; Ey, Pfefferle, & Fischer, 2007), I 

included weight of individual males in the spectral analyses of full spectrum and principal 

carrier to control for it and to determine its main or interaction effects. Non-significant 

interactions were dropped from the analyses to prevent the loss of degrees of freedom 

and changes in the meaning of the lower order coefficients. 
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All tests were two-tailed and performed in JMP 9 (SAS Institute). False discovery 

rate (FDR) was applied to control for Type I errors from performing multiple testing on 

the same dataset (Benjamini & Hochberg, 1995). FDR calculated a corrected 

significance α-level for all tests in each dataset. I report the corrected α-level only for 

those tests testing the effects of treatment group with P-values less than 0.05 before the 

correction. I tested for normality using the Shapiro-Wilk Normality test. To determine the 

size of the significant effects found in the GLMM, I obtained the percentage of the 

variation explained by the significant term at the residual level. This percentage was 

calculated by the proportion change in variance ((residual variance component of the 

model without the significant term minus the residual variance component of the model 

with the significant term)/ residual variance component of the model without the 

significant term)*100) using the restricted maximum likelihood (REML) variance 

component estimates. I performed nonparametric tests in those cases in which the data 

failed to meet the assumptions of normality and heteroskedasticity and when data 

transformations were not successful in normalizing the data. 

 

Results 

 

Experiment 1. Effect of competitors on male calling in the post-interaction period 

 

Calling rates 

I found that mean calling rates were different among the three groups (Kruskal-

Wallis: X2 = 16.4, P = 0.0003, significant effects at P < 0.015 after FDR correction) 

(Figure 3.3A). Group 2 was significantly different from groups 1 and 3, but groups 1 and 
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3 were not different from each other (W = -0.31, P =0.75). Thus, the presence of another 

male during an interaction with an estrous female did not cause male subjects to 

produce more vocalizations than when the male stimulus was absent. I expected that 

male stimuli were not going to elicit vocal behavior in male subjects based on previous 

findings on male-male interactions across a wire mesh (Fernández-Vargas & Johnston, 

2015). From here on, therefore, all comparisons of USV in this experiment will be done 

between groups 1 and 3. When I compared the total number of calls produced in the 

first, second and third minutes of the post-interaction period in groups 1 and 3, I found 

that the total number of calls decreased significantly with time (Square root, GLMM: 

F2,35.6 = 17.1, P < 0.01) but no more in one group or the other (Square root, GLMM 

group*minute: F2,35.6 = 0.95, P = 0.395). The number of calls produced exclusively in the 

third minute was not significantly different between groups 1 and 3 either (t35.3 = 1.32, P 

= 0.19) (Figure 3.3B). These results suggested that the acoustic properties of the USV 

and the vocal behavior in general changed as the time of recording progressed. 

Therefore in the subsequent analyses, I included time of occurrence of each vocalization 

as an additional factor in the statistical model. 

 

Composition 

Most of the calls produced were simple calls and less than 20% were multi-note 

simple or composite calls (Figure 3.3C). There were no significant differences in the 

proportion of calls produced per category of complexity between groups 1 and 3 

(Angular transformation GLM, Group*complexity: F4,116 = 0.70, P = 0.59). In addition, the 

proportion of multi-note simple calls categorized into call types was not significantly 

different between groups 1 and 3 (Angular transformation GLM, Group*type: F4,97 = 0.88, 

P = 0.477) (Figure 3.3D). 
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I examined whether the mean number of frequency jumps produced per 

individual differed between treatment groups. Since most calls were 1-note simple calls 

that by definition have zero frequency jumps, I performed the statistical analysis 

including only calls that presented one or more frequency jumps. I found there was no 

significant difference between groups (ANOVA: F1,18 = -1.55, P = 0.139).  

Acoustic parameters (temporal and spectral properties) 

Mean latency to start calling was not significantly different between groups 1 and 

3 (Wilcoxon: X2 = 0.75, P = 0.38). In fact, I did not find significant differences between 

groups in any of the temporal parameters unless the time of occurrence (or start time) of 

each call was taken into account in the model. First, the association between duration 

and time of occurrence, and not mean call duration, was significantly different between 

groups (significant interaction, Table 3.2, Figure 3.4A). The USV produced by males in 

both groups decreased with time of occurrence. However, USV produced by males in 

Group 3 decreased in duration faster than in males in Group 1. Similarly, the association 

between inter-call interval (ICI) (within bouts) and start time varied significantly 

depending on group. As time progressed, silences between calls within bouts increased 

faster in males in Group 3 than in Group 1 (Table 1, Figure 3.4B). The instantaneous call 

rate (ICR) was also significantly associated with the time of the call, and significantly 

different between groups depending on the time of occurrence (Table 3.2). As time of 

recording progressed, calling rates decreased in both groups, but call rate declined 

faster in Group 3 than in Group 1 (Figure 3.4C). 
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Figure 3.3. Calling rates and composition of USV produced by male subjects after 
interacting across a wire-mesh barrier with an estrous female (Group 1), two unfamiliar 
males (Group 2) or an estrous female and another male (group 3). Mean calling rates 
produced during the entire recording period (3 min) (A) and total number of USV 
produced in the first, second and third minute (B). Composition describes the proportion 
of USV produced of different complexity categories (C) and the proportion of multi-note 
simple calls categorized into call types (D). 
 

 

The temporal analysis of the USV in bouts did not exhibit any differences 

between groups. Mean calls per bout decreased with time of occurrence regardless of 

group (LOG, GLMM: F1,213.4 = 13.7, P = 0.11). The total number of bouts (t22.7 = 0.69, P = 

0.49) and the percentage of calls in a bout (Wilcoxon: X2 = 2.86, P = 0.098) were not 

different between groups. There was a significant negative association between bout 

duration and start time of bout (LOG bout duration, GLMM: F1,215.6 = 15.4, P < 0.01). 

Male subjects in group 3 had a non-significant tendency to produce shorter bouts than 
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males in group 1 when start time of bout was controlled (LOG bout duration, F1,13.27 = 

3.66, P = 0.085). 

 
Table 3.2. GLMM testing the effects of treatment groups and time of call occurrence 
(start time) on temporal parameters measured in the USV produced by male subjects in 
the post-interaction period in Experiment 1.  
 

Response variable Factor Estimates ± SE df P 
Intercept 0.34 ± 0.01   
Group G1:-0.009 ± 0.009 1 0.37 
Start time -0.0003 ± 0.00006 1 < 0.0001  

Duration1 (N =1434) 

Group x start time G1: start time: 0.0002 ± 0.00006 1 < 0.0001 * 
(1.25%) 

Intercept 0.98 ± 0.06   
Group G1:-0.008 ±  0.03 1 0.801 
Min start time of 
bout 

0.0011 ± 0.0007 1 0.0978 

Mean Inter-call interval 
(within bouts) (N =136) 

Group x start time G1: min start time: -0.00217 ± 
0.0007 

1 0.0016 * 
(6.35%) 

Intercept 1.09 ± 0.03   
Group G1:0.006 ± 0.032 1 0.8602 
Start time -0.002 ± 0.0002 1 < 0.0001 

Instantaneous call 
rate1 (N =1408) 

Group x start time  G1: start time: 0.00072 ± 0.0002 1 0.0016 * 
(0.58%) 

 

1 Square root transformation, N values correspond to the total number of USV included in the model that is 
normally distributed. Individual males were included in the model as a random effect to account for multiple 
calls produced by each subject. *Statistically significant effects at P < 0.015 after FDR correction, effect 
sizes shown in parenthesis by the % of the variance component at the residual level explained by the 
significant term. 
 

The duration of the 1-note simple calls used in the analysis of the full spectrum 

changed over time differently in each group. Call duration increased with time in Group 1 

and decreased with time in Group 3 (Table 3.3, Figure 3.5A). The principal component 

analysis separated the acoustic variation into three principal components (PC(full)) (Table 

3.1). Most of the variation was divided between PC1 and PC2. PC1(full) was mostly 

represented by energy, amplitude parameters and some frequency parameters including 

peak and center frequencies (see bold typed loadings in Table 3.1). The interaction 

between group and time of occurrence was a significant predictor of PC1(full) values  

(Figure 3.5B, Table 3.3). The association was positive in Group 1 and negative in Group 

3. The interaction between body weight and time was also significant, suggesting that 

the USV produced towards the end of the recording time belong to smaller males. 
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However, this interaction did not explain the association between group and time since 

the 3-way interaction was not significant (Table 3.3).  

 

 

Figure 3.4. Multiple regression lines of best fit depicting the relationship and interaction 
between time of call occurrence and temporal parameters measured in the total number 
of USV produced by male subjects in the post-interaction period in Experiment 1. 
*Statistically significant effects at P < 0.015 after FDR correction. 
 

PC2(full) was mostly represented by entropy and bandwidth related parameters. It 

was negatively associated with time of call occurrence in both groups and there was a 

non-significant tendency (group x time P = 0.08) to decrease faster in Group 3 (Table 

3.3, Figure 3.5C). PC3(full) was predicted by an interaction between group and time of 

occurrence (Table 3.3). PC3(full) decreased with time in group 1 and increased in Group 

3.  
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The principal component analysis of the principal carrier of 1-note simple calls 

also demonstrated some differences between groups 1 and 3 that depended on time of 

occurrence. Again the variation was reduced to three principal components (PC(cr)) but 

the loadings per acoustic parameter fell differently on each axis (Table 3.1). PC1(cr) 

represented most of the variation and did not yield any significant differences between 

groups. PC2(cr) was mostly represented by negative loadings of energy and amplitude 

parameters. PC2(cr) however, was predicted by a significant interaction between weight 

and time of occurrence (Table 3.3). PC2(cr) decreased with time of occurrence mostly for 

smaller males. Durations of these calls were also positively associated with time in 

Group 1 and negatively associated with time in Group 3 (Table 3.3).  
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Table 3.3. GLMM testing the effects of treatment groups and time of call occurrence 
(start time) on spectral-temporal parameters measured in 1-note simple calls produced 
by male subjects in the post-interaction period in Experiment 1. In addition, regressions 

for PCA scores included the effect of bogy weight (g). 
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Analysis Response 
variable 

Factor Estimates ± SE df P 

Intercept 0.32 ± 0.01 1  
Group G1: 0.0006 ± 0.009 1 0.95 
Start time -0.00012 ± 0.00007 1 0.08 

Duration1  

(N = 678) 

Group x start time G1: start time: 0.00034 ± 
0.00007 

1 < 0.0001* 
(3.24%) 

Intercept -1.14 ± 3.5 1  
Group G1: 0.24 ± 0.32 1 0.47 
Start time 0.0005 ± 0.002 1 0.78 
Weight 0.008 ± 0.02 1 0.74 
Group x start time G1: start time: 0.005 ± 

0.002 
1 0.012 * 

(0.99%) 
Weight x start time -0.0004 ± 0.0001 1 0.007* 
Group x weight  G1: weight: 0.014 ± 

0.024 
1 0.57 

Scores on PC1  
(N = 694) 

Group x start time x 
weight 

0.00012 ± 0.00013 1 0.35 

Intercept 0.12 ± 3.16  1  
Group G1: 0.12 ± 1 0.69 
Start time -0.009 ± 0.002 1 <0.0001 * 
Weight 0.003 ± 0.02 1 0.88 
Group x start time G1: start time: 0.003 ± 

0.02 
1 0.08 

Weight x start time  1 NS 
Group x weight   1 NS 

Scores on PC2  
(N =690) 

Group x start time x 
weight 

 1 NS 

Intercept 2.07 ± 1.9 1  
Group G1: -0.049 ± 0.2 1 0.80 
Start time  0.003 ± 0.001 1 0.003 * 
Weight -0.014 ± 0.02 1 0.301 
Group x start time G1: start time: -0.004 ± 

0.001 
1 0.0005 * 

(1.66%) 
Weight x start time  1 NS 
Group x weight   1 NS 

Full 
Spectrum 

 

Scores on PC3  
(N = 678) 

Group x start time x 
weight 

 1 NS 

 
 
Intercept 

 
 
0.33 ± 0.01 

1  

Group G1: -0.0015 ± 0.01 1 0.898 
Start time 0.000004 ± 0.0001 1 0.969 

 
Duration1 (N = 
367) 

Group x start time G1: start time: 0.00028 ± 
0.0001 

1 0.0099 ** 
(1.44%) 

Intercept -1.9 ± 3.8 1  
Group G1: 0.40 ± 0.37 1 0.304 
Start time -0.002 ± 0.003 1 0.443 
Weight 0.014 ± 0.02 1 0.588 
Group x start time G1: start time:0.003 ± 

0.003 
1 0.327 

Weight x start time  1 NS 
Group x weight   1 NS 

 
Principal 
carrier 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scores on PC1    
(N = 367) 

Group x start time x 
weight 

 1 NS 
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Intercept 1.63 ± 2.3 1  
Group G1:0.015 ± 0.22 1 0.95 
Start time -0.003 ± 0.002 1 0.20 
Weight -0.0085 ± 0.02 1 0.60 
Group x start time G1:start time:-0.003 ± 

0.002 
1 0.12 

Weight x start time 0.0004 ± 0.0001 1 0.006 
Group x weight  G1:weight: 0.0018 ± 0.02 1 0.91 

Scores on PC2  
(N = 367) 

Group x start time x 
weight 

-0.00016 ± 0.0001 1 0.28 

Intercept -2.0 ± 2.23 1  
Group G1:-0.11 ± 0.21 1 0.601 
Start time -0.0015 ± 0.002 1 0.358 
Weight 0.015 ± 0.01 1 0.333 
Group x start time -0.00003 ± 0.002 1 0.984 
Weight x start time 0.0003 ± 0.0001 1 0.009 
Group x weight  G1:weight: 0.011 ± 0.02 1 0.488 

Table 3.3 
(Continued) 

Scores on PC3  
(N = 367) 

Group x start time x 
weight 
 

-0.0002 ± 0.0001 1 0.029 ** 
(1.3%) 
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Figure 3.5. Multiple regression lines of best fit depicting the relationship and interaction 
between time of call occurrence and spectra-temporal parameters measured in the 
analysis of the full spectrum of 1-note simple calls produced by male subjects in the 
post-interaction period in Experiment 1. Spectral parameters were reduced into factor 
scores by a PCA (Table 3.1). Statistically significant effects at P < 0.0375 after FDR 
correction. 
 

 Because an association between lower frequency in USV and weight has never 

been examined or at least reported in rodents, I tested whether body weight of subjects 

predicted first quartile frequency (Q1) or peak frequency in Group 1. Group 1 was the 

control social context that could be considered as a reference or starting point in this 

study. I found no main effect of weight nor a significant interaction between weight and 

time of call occurrence in predicting Q1 (LOG Q1, F1,6.2 = 0.0014, P = 0.97; weight x start 

time F1,378 = 1.74, P = 0.19) or peak frequency (LOG peak frequency, F1,6 = 0.001, P = 

0.97; weight x start time F1,379.1 = 0.17, P = 0.68). 
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In summary, over the course of vocal behavior elicited after an interaction with an 

estrous female, males that interacted in the presence of a potential competitor (Group 3) 

produced USV that decreased faster in duration and ICR and increased in ICI compared 

to controls (Group 1). In addition, the 1-note simple calls produced by those subjects 

exposed to competition decreased with time in amplitude, energy and frequency 

parameters compared to controls.  

 

Experiment 2. Effect of competitor identity on male calling in the post-interaction 

period 

 

During the familiarization phase, males interacted across the wire-mesh three 

times. In most pairs, the interaction (mostly nose-to-nose sniffing) was brief and 

infrequent. Males tended to spend the rest of the recording time climbing the wire-mesh 

walls of the enclosure and not directly interacting with the other male. Teeth chattering 

was frequently produced by one or both males during the interactions across the mesh 

and USV were also recorded in a few cases. Overall, the interactions were mostly 

“neutral” but some instances of aggression were observed such as biting or intention to 

bite across the mesh. One pair of males was eliminated from the study after one male bit 

the finger of the other male.  

During the aggressive encounters in the open arena, a winner-loser relationship 

was established in the first round of encounters in all trials, with the exception of trial 3 

from group 2. In this trial, none of the two males initiated fighting until later in the second 

round when the winner and the loser were finally defined. However in the third round, 

both males were trying to escape from the arena without fighting. Thus, this was a trial 

that showed an unusually low level of agonistic behavior in comparison to the rest of the 
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trials.  

From the time pairs started interacting, it took 114.9 ± 15.8 s (mean ± SE) for one 

male to show the submissive signal of “tail up”. This amount of time was variable but 

significantly longer than the time to signal tail up again in rounds 2 (18.4 ± 5.1 s) and 3 

(30.0 ± 13.1 s). There was a significant interaction between group and round in the 

latency to tail up (Log, GLMM group*minute: F2,40 = 3.26, P = 0.05) (Figure 3.6A). But if 

trial 3 from group 2 (trial of unusually low aggression) is not included in the statistical 

analysis, there is no difference in latency to tail up between groups (Log, GLMM 

group*minute: F2,38 = 3.45, P = 0.1). Similarly, latency to flee out of the arena was 

significantly longer during the first encounter or round (148.3 ± 17.2 s) than during the 

second (36.8 ± 10.2 s) or third round (35.1 ± 12.9 s). The variation in latency to flee 

depended on whether the loser was able to escape from the winner’s attacks and 

whether it was able to jump over the wall of the arena. Overall, however, males from 

both groups did not differ in the latency to escape the arena (Sqrt, GLMM group*minute: 

F2,40 = 1.72, P = 0.19) (Figure 3.6B).  These results demonstrate the typical behavioral 

outcome observed when two unfamiliar males, matched by weight, interact without 

barriers in a neutral arena. These results also demonstrate the profound avoidance 

exhibited by the loser towards the winner after the first encounter. No reversals in social 

dominance were observed in any trial. 

 

Calling rates 

Mean calling rates were not significantly different among the three experimental 

groups (Square root AVOVA: F2,29 = 1.71, P = 0.198) (Figure 3.7A). As in experiment 1, 

mean number of calls decreased as the recording period progressed (Square root, 

GLMM: F2,43.2 = 12.8, P < 0.001) and that decline was not different among the three 
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groups (Square root, GLMM group*minute: F4,43.1 = 0.94, P = 0.45) (Figure 3.7B).  

 

Figure 3.6. Mean latency for the loser to display “tail-up” (submissive posture)  (A) and 
mean latency to flee out of the arena (B) during three repeated encounters with the 
same aggressor (Experiment 2). 
 

Composition 

Over 50% of the calls produced were 1-note simple and less than 20% of the 

calls showed higher levels of structural complexity (Figure 3.7C). No differences in 

complexity were found among groups  (Angular transformation GLM, Group*CXY: F14,139 

= 0.51, P = 0.846). Among multi-note simple call types, the 2-step was the most 

commonly produced call in this post-interaction period. But overall we found no 

significant differences in the proportion of call types produced among the three groups 

(Angular transformation GLM, Group*Type: F14,110 = 0.579, P = 0.792). Moreover, the 
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mean number of frequency jumps produced per individual was not significantly different 

among groups (ANOVA: F2,22 = 0.271, P = 0.765) (Figure 3.7D). 

 

Figure 3.7. Calling rates and composition of USV produced by male subjects from 
experimental groups after interacting with an estrous female across a wire-mesh barrier 
in Experiment 2. Mean calling rates produced during the entire recording period (3 min) 
(A) and total number of USV produced in the first, second and third minute (B). 
Composition describes the proportion of USV produced of different complexity 
categories (C) and the proportion of multi-note simple calls categorized into call types 
(D). 
 

Acoustic parameters (temporal and spectral properties) 

Interestingly, none of the temporal parameters measured and analyzed in the 

post-interaction calls were different among groups. Call duration and ICR were 

negatively associated with time of occurrence in both groups (Table 3.4). The interaction 

between group and time of occurrence did not reach significance for call duration (P = 
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0.087) and significant interactions were obtained in further analyses of call duration only 

for 1-note simple calls (see below). Mean inter-call interval (within bouts) was positively 

correlated with start time (P = 0.027) but there was no difference among groups (Table 

3.4). 

 

Table 3.4. GLMM testing the effects of treatment groups and time of call occurrence 
(start time) on temporal parameters measured in the USV produced by male subjects in 
the post-interaction period in Experiment 2.  
 
Response variable Factor Estimates ± SE df P 

Intercept 0.34 ± 0.008   
Group G1: 0.0102 ± 0.0108;  

G2: -0.014 ± 0.01 
2 0.439 

Start time -0.0005 ± 0.00005 1 < 0.0001 

Duration1 (N =1471) 

Group x start time G1: start time: -0.0001 ± 
0.00006; G2: start time: 
0.0001 ± 0.00007 

2 0.087 

Intercept 0.91 ± 0.05   
Group G1: 0.044 ± 0.04;  

G2: -0.029 ± 0.04 
2 0.558 

Min. start time 0.0011 ± 0.0005 1 0.0275 

Mean Inter-call interval 
(within bouts) (N = 160) 

Group x min start 
time 

G1: min start time: 0.001 ± 
0.0007; G2: min start time: -
0.002 ± 0.0008 

2 0.106 

Intercept 1.09 ± 0.03   
Group G1: 0.02 ± 0.04;  

G2: -0.03 ± 0.04 
2 0.783 

Start time -0.0023 ± 0.002 1 < 0.0001 

Instantaneous call rate1 

(N = 1512) 

Group x start time G1: start time: -0.0004 ± 
0.0003; G2: start time: 0.0004 
± 0.0003 

2 0.251 

1 Square root transformation. Statistically significant effects at P < 0.009 after FDR correction, N values 
correspond to the total number of USV included in the normally distributed model. Individual males were 
included in the model as a random effect to account for multiple calls produced by each subject 
 

Latency to call (ANOVA F2,27 = 0.35, P = 0.70) was not significantly different 

among groups. When USV were grouped in bouts, no significant difference among 

groups in total number of bouts (AVOVA: F2,27 = 3.47, P = 0.045; but not significant after 

FDR correction) or in the percentage of calls in a bout (ANOVA F2,28 = 1.29, P = 0.29) is 

observed. Both bout duration and the mean calls per bout were negatively correlated 

with time but no difference among groups was found (GLMM group*start time for bout 

duration: F1,255.5 = 1.27, P = 0.28; for mean calls per bout: F1,255.6 = 1.48, P = 0.23).  
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In contrast to the temporal analysis of all the USV recorded, the analysis of just 

1-note simple calls (which represented 60-70% of the total calls produced, figure 6) 

showed that the association between call duration and time of occurrence was 

significant and depended on treatment group (Table 3.6, Figure 3.8A). Call duration 

decreased over time in all groups but it decreased faster in calls produced by males in 

Group 3 (Figure 3.8A).  

 

Table 3.5. Eigen values, percentage of total variation and vector loading values of the 
acoustic parameters for the first three principal components in the PCA for the full 
spectrum and principal carrier of simple 1-note calls produced by male subjects in the 
post-interaction period of Experiment 2.  

 
a 1st quartile frequency, b 3rd quartile frequency, c difference between the upper and lower frequency limits of 
the selection, d inter-quartile range bandwidth, e filtered root-mean-square amplitude. Loading values of 
parameters that loaded strongly to one of the three principal components (values greater than 0.6) are bold 
typed. 
 

The principal component analysis of the full spectrum of USV yielded three 

 Full Spectrum Principal carrier 
 PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 
Eigen value 6.11 4.91 2.88 7.76 2.89 1.77 
% of total variance 35.9 28.9 16.9 55.4 20.6 12.7 
Minimum frequency (kHz) -0.038 -0.079 -0.797 0.607 -0.022 -0.694 
Maximum frequency (kHz) 0.719 0.228 0.269 0.939 0.203 -0.058 
Q1 Frequency (kHz) a 0.759 -0.366 -0.457 0.895 -0.028 -0.398 
Q3 Frequency (kHz) b 0.867 0.205 -0.346 0.942 0.194 -0.233 
Frequency 5% (kHz) 0.549 -0.536 -0.499 - - - 
Frequency 95% (kHz) 0.728 0.556 -0.152 - - - 
Center frequency (kHz) 0.847 -0.124 -0.427 0.932 0.103 -0.309 
Peak frequency (kHz) 0.766 -0.214 -0.418 0.906 0.112 -0.299 
Delta frequency (kHz) c 0.649 0.234 0.562 0.719 0.272 0.454 
IQR BW (kHz) d 0.380 0.722 0.027 0.464 0.610 0.315 
BW 90% (kHz) 0.374 0.845 0.148 - - - 
Average power (dB) 0.434 -0.795 -0.278 0.615 -0.740 0.150 
Peak power (dB) 0.461 -0.723 -0.448 0.676 -0.644 0.288 
Energy (dB) 0.505 -0.592 0.569 0.692 -0.577 0.367 
F-RMS Amplitude (u) e 0.525 -0.609 0.403 0.647 -0.604 0.250 
Aggregated Entropy (u) 0.491 0.663 0.214 0.555 0.621 0.385 
Average Entropy (u) 0.499 0.639 0.256 0.600 0.543 0.368 
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principal component scores (PC(full)) (Table 3.5). PC1(full) showed the higher percentage 

of the total variance and was mostly represented by frequency parameters (Table 3.5). It 

was significantly associated with time of occurrence but the interaction between group 

and time of occurrence was not significant (P = 0.067, Table 3.6). The non-significant 

tendency showed a positive relationship between PC1(full) and time for Group 2 and 

negative for groups 1 and 3 (Table 3.6, Figure 8C). PC2(full) was mostly represented by 

amplitude, entropy and IQR bandwidth but no relationships with time or group were 

observed (Table 3.6). The higher loading in PC3 was represented by low frequency. 

There was a significant interaction between group and time (Table 3.6). Therefore, the 

association between PC3 and time of occurrence depended on treatment group. The 

association was positive in Group 2 and negative in groups 1 and 3.  As in experiment 1, 

I included weights of subjects and the interactions with group and time of call occurrence 

as additional predictors. I found no effects of weight in the interactions between group 

and start time. 
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Table 3.6. GLMM testing the effects of treatment groups on spectral-temporal 
parameters measured in 1-note simple calls produced by male subjects in the post-

interaction period in Experiment 2. The model included the effect of time of call 
occurrence (start time) and its interaction with treatment group. Regressions for PCA 
scores included the effects of bogy size (weight, g) and the respective interactions. 
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Analysis Response 

variable 
Factor Estimate df P 

Intercept 0.34 ± 0.01   
Group  G1: -0.004 ± 0.01;  

G2: 0.003 ± 0.01  
2 0.930 

Start time -0.0005 ± 0.00006 1 < 0.0001  

Duration1  

(N = 625) 

Group x start time G1: start time: -0.00002 ± 
0.00008; G2: start time: 
0.0003 ± 0.0001 

2 0.0003 * 
(2.21%) 

Intercept 1.05 ± 1.6   
Group G1: 0.29 ± 0.2; G2: 0.15 

± 0.3 
2 0.26 

Start time -0.007 ± 0.002 1 0.0005  
Weight -0.005 ± 0.01 1 0.65 
Group x start time G1: start time: -0.004 ± 

0.002; G2: start time: 
0.007 ± 0.003 

2 0.067 

Weight x start time   NS 
Group x weight    NS 

Scores on 
PC1 
(N = 653) 

Group x start time x weight   NS 
Intercept -1.5 ± 1.85   
Group G1: -0.57 ± 0.3; G2: 0.58 

± 0.3 
2 0.149 

Start time -0.003 ± 0.001 1 0.134 
Weight 0.013 ± 0.01 1 0.302 
Group x start time G1: start time: -0.0008 ± 

0.002; G2: start time: -
0.002 ± 0.003 

2 0.514 

Weight x start time   NS 
Group x weight    NS 

Scores on 
PC2  
(N = 650) 

Group x start time x weight   NS 
Intercept 0.33 ± 0.94   
Group G1: -0.12 ± 0.1; G2: 0.23 

± 0.2 
2 0.4 

Start time -0.005 ± 0.001 1 < 0.0001  
Weight 0.0004 ± 0.006 1 0.95 
Group x start time G1: start time: -0.002 ± 

0.001; G2: start time: 
0.007 ± 0.002 

2 < 0.0001 * 
(2.21%) 

Weight x start time   NS 
Group x weight     NS 

Full 
Spectrum 

Scores on 
PC3  
(N = 634) 

Group x start time x weight   NS 
Intercept 0.34 ± 0.009   
Group  G1: -0.002 ± 0.01;  

G2: 0.008 ± 0.01  
2 0.833 

Start time -0.0004 ± 0.00007 1 < 0.0001 

Duration1  

(N = 432) 

Group x start time G1: start time: 0.000008 
± 0.00009; G2: start time: 
0.0003 ± 0.0001 

2 0.0046 ** 
(2.13%) 

Intercept 6.8 ± 2.9   
Group G1: 0.42 ± 0.39;  

G2: -0.46 ± 0.42 
2 0.47 

Start time -0.001 ± 0.002 1 0.605 
Weight -0.047 ± 0.02 1 0.02  
Group x start time G1: start time: -0.002 ± 

0.003; G2: start time: 
0.01 ± 0.004 

2 0.029 ** 
(1.42%) 

Principal 
carrier 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scores on 
PC1  
(N = 443) 

Weight x start time    NS 



 124 

  
Table 3.6 
(Continued) 

Group x weight  G1: weight: 0.06 ± 0.02; 
G2: weight: -0.07 ± 0.03 

2 0.03  

Group x start time x weight   NS 
Intercept 1.8 ± 1.82   
Group G1: -0.21 ± 0.23;  

G2: -0.01 ± 0.25 
2 0.56 

Start time -0.0013 ± 0.002 1 0.46 
    
    
Weight -0.011 ± 0.01 1 0.39 
Group x start time G1: start time: -0.0006 ± 

0.002; G2: start time: -
0.002 ± 0.003 

2 0.48 

Weight x start time -0.00033 ± 0.0001 1 0.021  
Group x weight  G1: weight: 0.02 ± 0.01; 

G2: weight: -0.025 ± 0.02 
2 0.46 

Scores on 
PC2  
(N = 443) 

Group x start time x weight G1: time: weight: 0.0004  
± 0.0001; G2: time: 
weight: -0.0008 ± 0.0003 

2 0.009 ** 

Intercept 0.28 ± 0.7   
Group G1: -0.005 ± 0.11;  

G2: 0.31 ± 0.12 
2 0.027 

Start time -0.003 ± 0.001 1 0.004 
Weight  0.0009 ± 0.005 1 0.84 
Group x start time G1: start time: -0.002 ± 

0.001; G2: start time: -
0.006 ± 0.002 

2 0.0017 ** 
(2.15%) 

Weight x start time   NS 
Group x weight    NS 

 

Scores on 
PC3  
(N = 413) 

Group x start time x weight   NS 
 
Table 3.5 presents factor loading of PC1, PC2 and PC3 for the full and principal carrier analyses.1 Square 
root transformation., N values correspond to the total number of USV included in the normally distributed 
model. Individual males were included in the model as a random effect to account for multiple calls produced 
by each subject. Statistically significant effects at *P < 0.025 or ** P < 0.0375 after FDR correction, effect 
sizes shown in parenthesis by the % of the variance component at the residual level explained by the 
significant term. 
 

 

As in the full spectrum analysis, duration of 1-note simple calls decreased with 

time differently in each group (Table 3.6, Figure 3.8B). Call duration decreased faster in 

Group 3 than in Group 2 (Group 3 has a steeper slope) (Figure 3.8B). The principal 

component analysis of the principal carrier of 1-note simple calls yielded three 

components (PC(cr)). PC1(cr) represented most of the variation of the calls (55.4%) and 

exhibited higher loadings for frequency parameters and energy (Table 3.5). There was a 

significant relationship between PC1(cr) scores and time of call occurrence that depended 

on treatment group (Table 3.6). The relationship between PC1(cr) and time of occurrence 
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was positive in Group 2 and negative in groups 1 and 3 (Table 3.6, Figure 8D). This 

model also revealed an association between weight of the subjects and PC1(cr) scores 

that depended on group (significant weight x group interaction). However, this did not 

affect the relationship that PC1(cr) and time showed among groups (3-way interaction not 

significant, Table 3.6). Average power, aggregated entropy and IQR BW were mostly 

represented in PC2(cr), in which associations with time varied depending on group and 

weight of the subjects (significant 3-way interaction). Therefore, the observed changes in 

PC2(cr) cannot be attributed to experimental groups only (Table 3.6).  Finally, the 

interaction between group and time of occurrence was significant for PC3(cr) (mostly 

represented by low frequency) (Table 3.6). PC3(cr) and time of occurrence had a positive 

relationship in Group 2 and negative in group 1 and 3 (Table 3.6).   

In brief, the full spectrum and principal carrier analyses showed that after 

interacting with an estrous female, loser males exposed to a familiar winner (Group 3) 

produced 1-note simple calls that decreased in duration faster than in controls (Group 1) 

or in loser males exposed to a familiar neutral male (Group 2) (Figure 8A,B). Frequency 

parameters such as peak, center, maximum, Q1 and Q3 frequencies (mostly PC1) and 

minimum frequency (mostly PC3) changed differently in each group as time of recording 

progressed. PC1 and PC3 values in Groups 1 and 3 decreased with time and decreased 

faster in Group 3 than in Group 1. In contrast, PC1 and PC3 values increased with time 

in Group 2 (Figure 8C,D, Table 3.6).  
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Figure 3.8. Multiple regression lines of best fit depicting the relationship and interaction 
between time of call occurrence and spectra-temporal parameters measured in the 
analysis of the full spectrum and principal carrier of 1-note simple calls produced by 
male subjects in the post-interaction period in Experiment 2. Spectral parameters were 
reduced into factor scores by a PCA (Table 3.5). 
 

Discussion 

 

This study has shown that vocal behavior in golden hamsters is dynamic and that 

acoustic properties of USV can change in response to social environment in the course 

of just a few minutes. In experiment 1, USV duration and instantaneous call rate 

decreased faster over post-interaction recording time when another male had been 

present during the interaction with a female than when no male had been present 

(Figure 3.4). In the majority of the USV recorded (1-note simple calls), frequency, 
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amplitude and energy parameters (PC1 scores) of the calls increased over time in 

controls but decreased in males exposed to another male and a female (Figure 3.5). In 

experiment 2, I found that USV characteristics changed depending on treatment groups 

and the recording time in which each call was produced. Call duration and frequency 

parameters of 1-note simple calls changed over time depending on the fighting 

experience (social defeat) of the subject and on the identity of the stimulus male 

(individual recognition). Social defeat stimulated losers to maintain longer calls and 

increase frequency parameters over time (differences between Group 1 and 2), but only 

if the social interaction with the female involved the presence of another familiar neutral 

male and not in the presence of a familiar winner (differences between Group 2 and 3). 

When the winner male was present, the duration and frequency parameters of the 1-

note simple calls produced by the loser decreased with time as in Group 1 but the 

decrease in parameters occurred faster. 

 Overall in experiments 1 and 2, the significant effects of group on specific 

acoustic variables depended on time of call occurrence. However, the size of the effect 

calculated by the proportion change in variance was extremely low in all cases (Tables 

3.2, 3.3, 3.6). The inherently high variability observed in duration and in acoustic 

structure of hamster USV affected the precision of the interaction factor as a predictor. 

Thus, it was not surprising that most of the variability remained unexplained in the 

model. However, the low and significant P-values indicated that small changes in these 

acoustic variables were reliably associated with the experimental groups and the time of 

call occurrence.  
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Effect of the presence of a potential competitor on male post-female vocal 

behavior  

Animal communication takes place within a broad social environment or network, 

and consequently it can be constantly modulated according to social stimuli or context 

(Matos & Schlupp, 2005; Searcy & Nowicki, 2005). When animals are exposed to 

competition, it is common to observe an increase in the number of signals and in specific 

acoustic properties (e.g. duration and amplitude) towards the intended receiver (e.g. 

Benedict et al., 2012; Demartsev et al., 2014; Gavassa et al., 2013; Gustison & 

Townsend, 2015). Because minimum frequencies are correlated with body size and are 

potentially honest indicators of fighting ability in several species (Benedict et al., 2012; 

Cardoso, 2011), animals may also decrease frequency parameters in the presence of 

competition. For instance in response to potential competition, Canyon wrens increased 

song rates and lowered the low frequencies of their songs (Benedict et al., 2012) and 

male hyraxes vocalized longer songs and at a higher tempo (shorter inter-bout intervals) 

(Demartsev et al., 2014).  

Contrary to expectations, the presence of an unfamiliar male (potential 

competitor for the female) did not increase the number of calls or call duration after the 

interaction with the female. Instead, the presence of another male provoked a more 

rapid post-interaction decrease in temporal, amplitude and frequency parameters. The 

simultaneous removal of the potential male competitor and the female probably 

decreased the motivation to signal and attract the female. A decrease in spectral-

temporal properties has been observed in vocalizations produced during situations of 

low affect or arousal (Bastian & Schmidt, 2008; Schehka & Zimmermann, 2009). This 

decrease in parameters over time also could be related to the cost and benefits of 

signaling in the absence of the intended receiver. It is unknown whether USV are 

physically or acoustically challenging, but new findings are revealing that the production 
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of USV in rats requires significant laryngeal-respiratory control and coordination (Riede, 

2013, 2014). It may not pay off to invest into vocal behavior after an interaction with a 

female in the presence of competition.  

The decrease in temporal and amplitude parameters observed in the calls 

produced by males exposed to competition could have been the result of fatigue after a 

3-way interaction with a female and a potential competitor. However, male hamsters are 

physically capable of calling throughout the entire duration of a recording period as long 

as 3 min or longer. In fact, golden hamsters vocalize during mating, before or after 

mounting the female and during anogenital investigation of the female in between 

mounting bouts (pers. obs.) and they can copulate for up to 30-60 min (Lisk, Ciaccio, & 

Cat anzaro, 1983).  

Males in the control group, not exposed to potential competition, maintained the 

duration and instantaneous call rate of their USV for a longer period of time and shifted 

PC1 scores upward significantly with time after the removal of the female. An increase in 

various frequency-related parameters (independent of body weight) is a common and 

robust feature associated with high arousal in communication calls in several species of 

mammals, including humans (Bachorowski, 1999; Bastian & Schmidt, 2008; Briefer, 

2012; Rendall, 2003; Schehka & Zimmermann, 2009; Scheumann et al., 2012; Soltis, 

Leighty, Wesolek, & Savage, 2009; Stoeger, Baotic, Li, & Charlton, 2012; Stoeger, 

Charlton, Kratochvil, & Fitch, 2011) and in some birds (Perez et al., 2012). It is possible 

that after a dyadic interaction, male hamsters vocalized to entice the female to come 

back. As time passes by and there are no signs of the female, the number of 

vocalizations naturally decreases. However, those vocalizations produced later may be 

longer and louder to reach the female that presumably is farther away. Higher 

frequencies would reduce the range of detection (Bradbury & Vehrencamp, 1999), but 

would emphasize the male’s increasing level of arousal and motivation to mate. For 
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instance, longer duration and higher pitch of calls produced after social separation and in 

an attempt to relocate (e.g. pup isolation calls in rodents or human baby cries) can 

reflect degrees of arousal and have the function of eliciting approach and attention 

(Ehret, 2005; Soltis, 2004).!!

 

Effect of social defeat and the presence of a familiar winner on male post-female 

vocal behavior 

In experiment 2, all subjects would on average be equally fatigued, because in all 

groups the interaction consisted of three individuals (2 males and 1 female). By 

controlling this aspect, this experiment targeted the effect of true individual recognition 

and memory for individuals on a male’s vocal response to a female (Gabor et al., 2012; 

Lai et al., 2005) Previous social experience can affect subsequent behavior as seen in 

the case of the winner-loser effects where a previous winner is more likely to win 

subsequent contests and a loser is more likely to lose again even against different 

opponents (Rutte, Taborsky, & Brinkhof, 2006; Taborsky & Oliveira, 2012). Social 

conflict and loser effects have been studied widely in golden hamsters (Huhman, 2006). 

The effects of social defeat (acute, chronic or conditioned) on an animal’s physiology 

and behavior are profound (Huhman, 2006; Jasnow, Drazen, Huhman, Nelson, & 

Demas, 2001). After social defeat, hamsters exhibit increased plasma 

adrenocorticotropin, cortisol, corticosterone and β-endorphin, decreased plasma 

testosterone and suppression of immune function (Huhman, 2006; Huhman et al., 1991, 

1992; Jasnow et al., 2001). In my study, the defeated hamsters reliably avoided and 

escaped from the winners in the open arena, so in all likelihood the physiological 

changes of defeat took place only on the day of repeated aggressive encounters. 

Changes in circulating steroid levels are not expected among males from different 
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groups on the day of ultrasonic recording after the social interaction across the wire-

mesh barrier. In Lai et al. (2005), the concentrations of testosterone and cortisol were 

not different among groups 1 day after the social conflict or even 1 hour after a social 

interaction across the wire mesh barrier with the stimulus hamsters.  

Nevertheless, the experience of social defeat had an impact on the post-female 

vocal response that was contingent on the identity of the stimulus male. Males in Groups 

2 and 3, which had the same experiences during the aggressive encounters in the open 

arena, showed differences in the post-female USV depending on whether the stimulus 

male was a familiar winner (Group 3) or a familiar neutral male (Group 2). Frequency 

(PC1 scores) and call duration increased over time in Group 2 but decreased in Group 3. 

A reduction in motivation, in this case to vocalize after a female, as expected for 

defeated hamsters, was observed only in those males exposed to a familiar winner. This 

result is consistent with previous studies showing that male hamsters avoid familiar 

winners but do not avoid familiar neutral males and demonstrating the ability to 

remember specific individuals (Lai & Johnston, 2002; Lai et al., 2005). Lai et al. (2005) 

found that loser males spent significantly more time sniffing the barrier of the stimulus 

box containing the familiar neutral male than the controls did sniffing a clean stimulus 

compartment, showing an attraction of loser males to the familiar neutral. This higher 

social motivation is also demonstrated in the USV produced by males in Group 2 in the 

current study. As discussed above, higher duration and frequency parameters are 

related to high arousal and motivational states in other species.  

Why was such an increase in acoustic parameters not observed over time in the 

USV produced by no fight males exposed to familiar neutral males (Group 1)? Males in 

Groups 1 and 2 shared the same type of stimulus but not the same social conflict 

experience. It is possible that fighting, a socially stressful event, had an impact on future 

decision-making and risk seeking behavior. It has been suggested that social 
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experiences such as repeated aggressive encounters can critically influence future 

behavior (Gleason, Fuxjager, Oyegbile, & Marler, 2009). For instance, experiencing a 

stressor can change decision-making strategies and outcomes in humans (Lighthall, 

Mather, & Gorlick, 2009; Porcelli & Delgado, 2009). It could be argued that the losers in 

this study perceived the repeated aggressive encounters as a life-threatening situation. 

Under such circumstances, the motivation to seek a mate could be higher than when no 

social conflict has been encountered. Therefore, losers would be willing to invest in a 

signaling strategy to gain the female’s return while taking the risk of also attracting a 

competitor. Interestingly however, this strategy may not be adaptive if the competitor is a 

male of known and superior fighting abilities. Acoustic characteristics in the USV 

produced by males in Group 3 decreased faster than in Group 1 and this could have 

been a result of a more profound reduction in motivation to attract a female in order to 

limit a possible encounter with the familiar winner. 

This study is new in providing evidence that social complexity induces vocal 

flexibility in rodents. The effect of social context on rodent USV has been explored in 

several recent studies (Burgdorf et al., 2008; Chabout et al., 2012, 2015; Fernández-

Vargas & Johnston, 2015; Hammerschmidt, Radyushkin, Ehrenreich, & Fischer, 2012; 

Hanson & Hurley, 2012; Hoffmann, Musolf, & Penn, 2012; Musolf et al., 2010; Roullet, 

Wöhr, & Crawley, 2011; Snoeren & Ågmo, 2013, 2014; von Merten, Hoier, Pfeifle, & 

Tautz, 2014; Wöhr et al., 2008), but it has never been demonstrated at this level of 

social complexity. To my knowledge, this is also the first study that explores sexual vocal 

communication in a defeated animal. Fighting experience did not inhibit the production of 

sexual signals such as USV, but it modulated a response that was contingent on the 

social environment (presence or not of the familiar aggressor). 

Although it is unknown if this modulation optimizes social communication and 

whether the variation observed in vocal response is adaptive, it is possible that this 
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behavioral plasticity enables individuals to avoid engaging in costly social interactions 

such as competing against a familiar winner to gain access to a female (Taborsky & 

Oliveira, 2012). Signal interception and eavesdropping are well known to change the 

relative costs and benefits of a signaling interaction (Matos & Schlupp, 2005; McGregor 

& Peake, 2000; Searcy & Nowicki, 2005). Another interesting novelty of this study is the 

evidence that the social situation had an effect in the absence of the social stimuli. 

Social information was retained after an interaction and perhaps factored into the cost of 

continuous signaling for a period of time. This social experiential knowledge is the kind 

that allows organisms to evaluate stimuli (or situations) and to determine the appropriate 

behavior at a given time (Taborsky & Oliveira, 2012). I suggest that this is an economical 

assessment of the social situation that determines the amount of energy necessary to 

invest in performing a behavior such as calling. 

Conclusions 

 
In conclusion, these findings provide evidence that social environment can 

modulate moderate changes in acoustic parameters in rodent USV. Golden hamsters 

were capable of modifying vocal response as a function of social experience and 

context. The integration of the value of the social stimuli and past experiences likely 

modulated the motivational state and modified the behavioral vocal output. It remains to 

be demonstrated what the adaptive value is of the observed behavioral changes. This is 

an important step towards the understanding of the function and evolution of USV in 

rodents.  
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CHAPTER 4 

 

Rapid effects of androgens and estrogens on temporal and spectral features in 

ultrasonic vocalizations 

 

Introduction 

 

Hormones are best described as coordinators of a collection of physiological and 

behavioral events (Adkins-Regan, 2005). They ensure not only that behavior is 

coordinated with specific physiological events but they also help organisms to 

behaviorally adjust to physical and social conditions (Adkins-Regan, 2005). There are 

two broad mechanisms of action of gonadal hormones that can modulate behavior. 

Hormones are well known for long lasting effects, preparing animals for different 

seasons and priming the brain for reproductive behavior (Adkins-Regan, 2005). These 

changes are expected to occur via classical and slow genomic effects. However, a 

second temporal domain of hormonal regulation can potentially explain how animals 

change behavior in response to social stimuli within seconds to minutes. It consists of 

the rapid and transient local metabolism of brain steroids initiated at the cell membrane 

or in the cytoplasm, as opposed to through the activation of DNA transcription and 

protein synthesis (Balthazart & Ball, 2013; Cornil, Ball, & Balthazart, 2006; Cornil, Ball, et 

al., 2006; Cornil, Ball, & Balthazart, 2012; McEwen, Akama, Spencer-Segal, Milner, & 
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Waters, 2012). This non-genomic mechanism can activate multiple cellular processes 

and lead to modulations of electrical activity, neuronal plasticity and ultimately behavior 

(Cornil, Ball, et al., 2006; Cornil et al., 2012; McEwen et al., 2012).  

Rapid regulation of behavior by steroid action has focused on the particular 

action of estrogens such as 17β-estradiol (E2). Estrogens are known to be involved in a 

variety of intracellular signaling pathways without acting at a transcriptional level (Cornil, 

Ball, et al., 2006; Cornil et al., 2012; McEwen et al., 2012). Estrogens can be delivered 

to the brain via gonadal secretion or can be locally produced (Cornil, Ball, et al., 2006; 

Cornil et al., 2012). Local production of brain estrogen is achieved by the enzymatic 

action of aromatase (Balthazart & Ball, 2013; Cornil, Ball, et al., 2006; Cornil et al., 2012; 

London, Remage-Healey, & Schlinger, 2009; Schlinger & Balthazart, 2013). Aromatase 

converts T into estradiol and it is widely expressed in brain regions important in the 

regulation of social behavior such as the hypothalamic and limbic systems (Balthazart & 

Ball, 2013). The aromatization of T enables rapid production of an estrogenic ligand 

involved in regulating a behavioral response without having to store or flood the system 

with an estrogenic compound that could have adverse effects (Cornil, Ball, et al., 2006). 

Thus, this mechanism allows the availability of particular steroids to be “fine-tuned” at 

target sites as needed (Balthazart & Ball, 2013; Cornil, Ball, et al., 2006; Cornil et al., 

2012). Androgens produced by the gonads can also be rapidly aromatized in the brain 

and contribute as a source of estrogens. Under normal physiological conditions, 

circulating testosterone (T) levels are sufficiently high in both males and females to 

provide the substrate for estrogenic action (Cornil, Ball, et al., 2006). Moreover, 

environmental or social stimuli can spontaneously trigger rapid increases of circulating T 

in the periphery (Gleason, Fuxjager, Oyegbile, & Marler, 2009; Harding, 1981; 

Hirschenhauser & Oliveira, 2006; Nyby, 2008). These changes of T availability, and 

subsequent synthesis of brain estrogens, that occur in response to a social stimulus can 
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then contribute to the activation and modulation of behavior (Cornil, Ball, et al., 2006).  

Non-genomic actions of androgens have also been identified as an alternative 

regulatory pathway (Foradori, Weiser, & Handa, 2008; Michels & Hoppe, 2008; Vicencio 

et al., 2011). Androgens can bind to receptors in or around the cell membrane, activate 

signaling cascades, especially intracellular Ca2+ mechanisms, and regulate responses 

within minutes or seconds (Foradori et al., 2008; Michels & Hoppe, 2008; Vicencio et al., 

2011). Behaviorally, the action of T can rapidly restore penile reflexes in long-term 

castrates (Meisel, Leipheimer, & Sachs, 1986; Sachs & Leipheimer, 1988). Although 

these rapid effects of T may be in fact mediated by estrogens, the non-aromatizable 

androgen, dihydrotestosterone (DHT), is well known to control penile and pelvic muscles 

via classical mechanisms (Beyer & González-Mariscal, 1994; Hull & Dominguez, 2007). 

In fact, DHT and its metabolite 3α-androstanediol can inhibit female lordosis via non-

genomic mechanisms (Frye, 2001). In addition, subcutaneous injections of T metabolites 

required 5α-reduction to rapidly reduce anxiety in males and DHT was more anxiolytic 

than a high dose of estradiol benzoate (Aikey, Nyby, Anmuth, & James, 2002). 

Estrogens provide most of the evidence for rapid and non-genomic effects of 

steroids in the regulation of behavior. Rapid and transient effects of estrogens on sexual 

behavior have been mainly demonstrated in the Japanese quail, the laboratory rat and 

the house mouse (Cornil, Taziaux, Baillien, Ball, & Balthazart, 2006; Cross & Roselli, 

1999; Taziaux, Keller, Bakker, & Balthazart, 2007). Blockade of estrogen synthesis by 

peripheral administration of non-steroidal or steroidal aromatase inhibitors rapidly 

reduced different behavioral components of male sexual behavior (Cornil, Taziaux, et al., 

2006; Seredynski, Balthazart, Christophe, Ball, & Cornil, 2013; Taziaux, Cornil, & 

Balthazart, 2004; Taziaux et al., 2007). Non-genomic estrogenic mechanisms also 

mediate aggressive behavior during the non-breeding season in song sparrows 

(Heimovics, Ferris, & Soma, 2015) and under short days but not long days in beach and 
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California mice (Trainor, Finy, & Nelson, 2008; Trainor, Lin, Finy, Rowland, & Nelson, 

2007). Finally, brain estrogens have been shown also to rapidly modulate the production 

and perception of acoustic communication signals during mate attraction and agonistic 

contexts in birds (London et al., 2009; Remage-Healey, 2013; Remage-Healey, 

Maidment, & Schlinger, 2008; Remage-Healey, Oyama, & Schlinger, 2009; Tremere, 

Jeong, & Pinaud, 2009). But only a few studies have examined rapid modulation of 

vocalizations by steroid hormones. These include studies in species such as the plain 

midshipman fish (Remage-Healey & Bass, 2004, 2007, 2010), in the African clawed frog 

(Wu, Tobias, & Kelley, 2001) and recently in the California mouse (Pultorak, Fuxjager, 

Kalcounis-Rueppell, & Marler, 2015). Rapid modulating effects of brain-derived 

estrogens on vocal function in sexual contexts remains understudied in mammals (Cornil 

et al., 2012; Remage-Healey, 2013). 

The study of brain and genetic mechanisms of vocal behavior in mammals has 

seen a reawakening in recent years with the study of ultrasonic vocalizations (USV) in 

rodents. Although the focus has been on the laboratory house mouse and rat, parallel 

research on other species contributes to an understanding of the biological significance 

and function of this inconspicuous (to the human ear) behavior. Golden hamsters, a 

species with a completely different social and mating system compared to the rat and 

the mouse, also produce USV in sexual contexts (Fernández-Vargas & Johnston, 2015; 

Floody, Pfaff, & Lewis, 1977). Males can produce high calling rates (~40 call/min) in 

response to an interaction with a receptive female but not with a male (Fernández-

Vargas & Johnston, 2015) and male USV have been found to prolong the time females 

remain in lordosis during copulation (Cherry, 1989; Floody & Bauer, 1987). The 

activational effects of gonadal hormones on male hamster sexual behavior, including 

female-elicited USV, are well known (Arteaga-Silva et al., 2005, 2008; Cooper, Clancy, 

Karom, Moore, & Albers, 2000; Floody, Comerci, & Lisk, 1987; Floody, Walsh, & 



 148 

Flanagan, 1979; Floody & Petropoulos, 1987; Piekarski et al., 2009; Piekarski, Place, & 

Zucker, 2010; Steel & Hutchison, 1987, 1988). T and its primary metabolites have 

different roles or combined effects in the restoration of the different components of male 

sexual behavior (Arteaga-Silva et al., 2005; Piekarski et al., 2010). Interestingly 

however, the acute effect of T in the rapid modulation of sexual behavior or courtship 

calls during and following a sexual encounter has never been explored. As in other 

species, male hamsters exhibit a surge in T that can be detected in the periphery within 

30 min after copulation or after exposure to vaginal secretions (Macrides, Bartke, 

Fernandez, & DAngelo, 1974; Pfeiffer & Johnston, 1992, 1994). Although USV can be 

correlated with the occurrence of a T surge within 30 min of encountering a female in 

house mice (James, Nyby, & Saviolakis, 2006), only one recent study, in California mice, 

has examined the rapid impact that T has on the total number of USV (Pultorak et al., 

2015). The rapid effects of T metabolites such as E2 and DHT remain unknown, as well 

as any possible effects on acoustic structure. Thus, USV produced by male hamsters 

represent an ideal opportunity to study rapid effects of hormones on sexually motivated 

vocal behavior.  

In this study I examined whether testosterone (T) and its metabolites 17β-

estradiol (E2) and dihydrotestosterone (DHT) exert rapid effects on the activation of 

female-elicited USV in golden hamsters. First, I confirmed the social modulation of 

plasma T by examining whether a brief interaction across a mesh-wire with an estrous 

female, non-estrous female or a male elicits a T surge. Second, I tested the hypothesis 

that T or its metabolites rapidly modulate vocal behavior after interacting with an estrous 

female across a wire-mesh. By injecting a single and large dose, I tried to mimic the 

effects of a rapid release of T, E2 or DHT on vocal behavior and sexual behavior in 

gonadally intact males. I also tested whether an aromatase inhibitor injected 

subcutaneously at two different latencies between injection and behavioral testing had 
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rapid effects on female-elicited USV. 

 

Materials and Methods 

 

As experimental animals, I used gonadally intact golden hamsters (Mesocricetus 

auratus) from our colony stock, bred to animals from Charles River and Harlan 

Laboratories. Pups are weaned at 30 d of age and housed individually in polycarbonate 

cages (24x45x20 cm) with Sani-chip bedding. The colony is maintained in a reversed 

14:10 light/day cycle. All experiments were performed during the first six hours of the 

dark phase of the cycle in a dimly lit room separate from the colony room. 

Subject-stimulus pairs were randomly assigned but stimulus animals were 

unfamiliar individuals unrelated to the subject. All animals were sexually naïve unless 

noted in each experiment. The estrous cycle of all female stimuli used in this study was 

tested before the experiment day. Golden hamsters have a consistent 4-d estrous cycle, 

making it possible to predict with great accuracy the day of estrus (Lisk, 1985). Two-four 

days before testing, I placed a male in the female’s cage and if the lordosis posture was 

elicited then the female was confirmed to be on estrus. Two days later the female was in 

diestrus and four days later in estrus. 

All animal procedures in this study were conducted with approval from Cornell 

University’s Institutional Animal Care and Use Committee (protocol #1993-0120). 

 

Social stimulation of testosterone release 

 



 150 

Subjects and stimulus animals 

I randomly assigned male subjects to an experimental or a control condition. In 

the experimental condition, males were exposed to one of three different stimulus 

animals through a wire-mesh barrier. As stimulus animals, I used males (Group 1, N =10 

male-male pairs), diestrous females (Group 2, N =10 male-diestrous female pairs), and 

estrous females (Group 3, N = 12 male-estrous female pairs). In the control condition, 

males were exposed to the same clean Plexiglas box but empty, without any social 

stimulus (Group 4, N =12 males-empty cage). 

 

Experimental procedures 

Subjects in the experimental and control conditions were tested inside a 

Plexiglas box (33 x 44.4 x 24.8 cm) divided into two identical compartments separated 

by a wire-mesh barrier that spanned the width of the box. On the testing day, the subject 

was placed in one of the compartments (left or right side was randomly assigned) and 

spent 10 m alone in the cage acclimating to the environment. Following these 10 m, 

males in the control condition spent an additional 20 m in the Plexiglas apparatus. Males 

in the experimental condition had a stimulus animal placed in the other compartment of 

the box. Subject and stimulus animals were able to interact across the wire mesh 

exchanging sensory information. After 10 m of exposure to the stimulus animal, the 

stimulus was removed, and the male spent an additional 10 m alone in the cage. After 

this time in isolation, the male was removed from the box and anesthetized by isoflurane 

inhalation in less than 1.5 m. Within the next 5-7 m, I drew a blood sample of no more 

than 0.25 ml from the saphenous vein in the hind leg. Therefore, blood samples were 

taken approximately 30 m after the start of exposure to the stimulus. Prior experiments 

have indicated that male T levels peak about 30 m after exposure to a female, thus 
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providing the rationale for the timing of taking the blood sample (Macrides et al., 1974; 

Pfeiffer & Johnston, 1992).  

In addition, baseline T levels for both the experimental and control males were 

measured 5 days before the interaction across the mesh. Animals were simply taken 

from their cage into the surgery room for blood collection. Both blood samples were 

taken at approximately same time of the day and each from a different leg. When 

estrous females were used as stimuli, any females that had failed to go into lordosis 

during the interactions with the males were promptly tested afterward to verify estrous 

status. 

Blood samples were centrifuged to obtain the serum that was later frozen at -

70°C until assayed for hormone content. T levels were measured by enzyme 

immunoassay (Cayman Chemical Company Testosterone EIA Kit). Serum samples were 

diluted (1:80) with assay buffer and run in duplicate for each sample. The kit was 

previously validated with golden hamster serum, and the dilution factor assured that our 

samples would fall within the sensitivity range of the assay. The intra-assay and inter-

assay coefficients of variation for each sample were 19.85%, and 17.93%, respectively. 

T concentrations between baseline and experimental conditions were analyzed using a 

Wilcoxon signed-rank test. 

 

Rapid hormonal modulation of female-elicited USV 

 

Subjects and stimulus animals 

I used 60 males as subjects and 16 females as stimulus animals. Most male 

subjects were sexually naïve prior the pre-screening test. However, male subjects in 

experiment 1 (T vs. vehicle) (N = 12) were sexually experienced and had been used in 
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either the E2 or DHT experiment approximately four months prior. Experiment 1 subject 

males’ mean age and weight were 377± 3.17 d, and 145.8 ± 4.8 g and stimulus females’ 

mean age and weight were 411 ± 15.3 d and 148 ± 5.2 g in female stimuli. Two males in 

experiment 2 (DHT vs. vehicle) (N = 15) had been used in a previous experiment and 

had sexual experience 5-6 months prior. Experiment 2 males’ mean age and weight 

were 303.7 ± 9.8 d and 148.5 ± 4.5 g and females’ mean age and weight were 324.7 ± 

17 d and 157.5 ± 4.6 g. Male subjects in experiment 3 (E2 vs. vehicle) (N = 13) were 

sexually naïve with no prior experimental experience except for two males that had been 

used in a similar experiment 3-4 months prior. Males’ mean age was 259.3 ± 8.1 d and 

mean weight was 152.8 ± 5.7 g; females’ mean age was 301.6 ± 20.7 d and mean 

weight was 153.5 ± 6.0 g. Finally, experiment 4 tested the effects of ATD vs. vehicle. 

The time between injection and behavioral testing was 30 m in experiment 4a and 1 hr in 

experiment 4b. Males in experiments 4a (N = 11) and 4b (N = 11) were all sexually and 

socially naïve. Males’ mean age and weight were 266.4 ± 14.6 d and 156.8 ± 3.8 g in 

experiment 4a and 296.5 ± 11.7 d and 160 ± 4.9 g in experiment 4b. Females’ mean age 

and weight were 228.8 ± 17.7 d, 151.2 ± 6.4 g in experiment 4a and 268.8 ± 17.7 d and 

158 ± 7.9 g in experiment 4b.  

Male subjects served as their own control and were tested with the same female 

stimulus in the experimental and control conditions. The repeated use of the female 

stimuli controlled for female individual differences and male’s vocal response to different 

females. To avoid pregnancy produced by the first test, I sterilized all 16 female stimuli 

by bilateral ligation of oviducts and leaving the ovaries intact. Before surgery, I examined 

each female’s sexual behavior (e.g. lordosis) while interacting with a male but no 

copulation was allowed. I induced general anesthesia by isoflurane inhalation. The 

surgical procedure consisted in a longitudinal 1-2 cm dorsal midline incision in the skin 

over the lumbar muscles. Using blunt dissection, a small hole about 0.5 cm was made in 
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the muscle in the flank region, to access the ovaries. I ligated the proximal uterus and 

distal fallopian tube with a 4.0 PDS suture. The dissection, retraction and ligation 

procedure were completed on both sides. Females were used as stimuli 3-4 week after 

the surgery and after a complete recovery of the natural 4-day estrous cycle. All females 

were in estrus on the day of behavioral testing. 

 Pre-screening test. I assessed vocal behavior and typical pre-copulatory 

behaviors (ano-genital investigation and mount attempts) in males before using them in 

the study. Vocal behavior was measured by recording the number of USV produced 

before, during and after interacting with an unfamiliar estrous female across a wire-mesh 

barrier. Each period lasted 3 minutes. Immediately after the post-interaction period, I 

introduced the female again to interact with the male without any physical barriers to 

screen for normal pre-copulatory behaviors. Hamsters were separated as soon as the 

first attempt at mounting occurred. As subjects, I used males that produced more than a 

total of 10 USV in the post-interaction period and tried to mount the female within the 

first 5 m of interaction without a barrier. Three to four weeks after the pre-screening test, 

male subjects were assigned to experiments depending on the mean number of post-

female USV. This way the mean of calling rates obtained from the pre-screening test 

was roughly the same in each experiment and naturally high or low callers were 

distributed among the different experiments. 

 Each subject male was paired with an unrelated and unfamiliar female. In most 

pairs, the male was also older and heavier than the female. During the pre-screening 

tests, I noticed that some females stimulated more USV in males than other females. 

Typically, these “more stimulating” females were younger and smaller than the male 

subject. In fact, I found a significant negative correlation between male calling rates and 

female’s age (F2,12.6 = 4.08, P = 0.04). 

 



 154 

Experimental procedures 

Each subject was used as its own control and received an injection once every 8-

16 days. The time in between injections was designed to prevent carry-over effects of 

the treatments and habituation to the female stimulus. However, the time between 

treatments varied for each male because females became pseudopregnant after the first 

test. Thus, it took between 8 to 21 days for females to cycle again normally (30 d in one 

case). The ligation of the oviducts failed to prevent pregnancy in a few females, which 

also extended the time before performing the second test. Between 1 and 4 pups were 

found in the cages of four females but pups did not survive more than a couple of hours 

after birth in three of them. I euthanized the two pups from the one female, allowed her 

to recover her natural estrous cycle and 10 days after birth I used her again as a 

stimulus in the behavioral test with the male.  

In each experiment, half of the subjects were tested with the vehicle injection first 

and the other half were tested with the hormone or drug injection first. The injections 

were administered subcutaneously over the shoulder, close to the head, 30 m before 

behavioral testing. This interval was selected based on previous work in hamsters that 

had shown T to be elevated at this time after an intersexual interaction (Macrides et al., 

1974; Pfeiffer & Johnston, 1992). I used gonadally intact males because my goal was to 

examine the effects of local availability of steroids in the brain and not necessarily rapid 

changes in the secretion of gonadal hormones.   

I tested the acute effect of four different compounds by a single injection 30 min 

before the behavioral test. The compounds used were testosterone (T; T1500 Sigma), 

17-β estradiol (E2; E8875 Sigma), dihydrotestosterone (5α-DHT; Cayman #15874) and 

the steroidal aromatase inhibitor 1,4,6-androstatrien-3,17-dione (ATD; Steraloids). I 

dissolved each compound in the control or vehicle (propylene glycol : saline (4:1)). This 

vehicle solution has been demonstrated to be effective in reaching the brain rapidly after 
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subcutaneous injections in mice (Taziaux et al., 2007). The volume injected varied 

around 0.2 ml because it was adjusted to the weight of the animal.  

As in other studies testing non-genomic effects on behavior, I injected 

systemically a large dose to reach and mimic a high concentration of compound locally 

in the brain (Cornil et al., 2012). The dose for both T and DHT injections was 17mg/kg, 

which was roughly 2.5 mg per subject. This dose was based on a previous study testing 

rapid effects of hormones on anxiety in mice (Aikey et al., 2002) and adjusted to the 

average weight of male hamsters (0.150 kg). In experiment 3, I injected 1mg/kg of E2. 

This dose was as high as the dose used in midshipman fish (Remage-Healey & Bass, 

2004) but lower than the dose needed to rapidly restore behavior inhibited by ATD in 

mice (Taziaux et al., 2007). Finally, ATD was injected at a dose of 130mg/kg (~20mg per 

subject). This was the same dose previously shown to be effective at inhibiting sexual 

behaviors in C57BL/6J mice (Taziaux et al., 2007), adjusted to the average weight of a 

male golden hamster. Also, this dose was 3.3 times the dose used in a previous study 

reporting chronic effects of ATD on hamster USV (Floody & Petropoulos, 1987).  

 The effects of ATD on plasma T concentrations were measured in males that 

received an injection of ATD or its vehicle. Animals were returned their cage and 30 m 

later; blood was collected by rapid decapitation. Blood samples were centrifuged and 

serum was later frozen at -70°C until assayed. Hormone content was measured by 

radioimmunoassay in duplicate samples using the Coat-A-Count Total testosterone Kit 

(Diagnostic Products, Los Angeles, CA). I was not able to calculate intra-assay CV 

because the serum pool used for this was a mixture of ATD and control hamster serum. 

T levels in serum from ATD-treated males were found to be above the precision profile 

of the assay (see results). The maximum detectable concentration for the assay was 16 

ng/ml. 
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Behavioral tests 

Elicitation of USV and sexual behavior test 

Each test consisted of two parts. The first part recorded male vocal behavior in 

response to an estrous female across a wire-mesh barrier. Vocal behavior included the 

total number of USV and changes in the acoustic properties of the calls. As a testing 

apparatus, I used a Plexiglas box (91.5 x 50.5 x 30.5 cm) lined with acoustic foam 

(SONEXone acoustical panels, 5.08 cm thick) to attenuate the sound. Inside this box, I 

had a wire-mesh enclosure (20 x 30 x 22 cm) divided in two (20 x 15 cm) compartments, 

one for the subject and one for the stimulus hamster. Outside the wire mesh-enclosure, I 

placed two microphones on flexible mini tripods (10 cm off the floor of the Plexiglas box). 

One microphone was 3 cm behind the male subject’s compartment (channel 1), 

approximately 18 cm away from the stimulus female. The other microphone was 3 cm 

behind the female’s compartment in front of the male, approximately 18 cm away 

(channel 2). Channel 2 captured most USV produced by the male when facing the 

female. 

Using a plastic cup, I transferred the male into the subject’s compartment of the 

wire-mesh enclosure for a 2 min acclimation period, followed by a 3 min pre-interaction 

period. Immediately after (and 30 min after injection), the interaction period started when 

I introduced an estrous female hamster inside the other compartment. Hamsters 

interacted across the wire-mesh division for 3 min. The barrier allowed visual, olfactory 

and acoustic interactions, while restricting physical contact. As soon as the female 

became immobile, assuming the lordosis posture, I touched her back with a metal rod 

stimulating the spinal cord to evoke the motor response of lordosis and prolonging the 

posture. This intervention was intended to control the time a female was in lordosis 

allowing the recording of only male USV during the interaction period. Female hamsters 

do not produce USV while standing in lordosis position (Floody et al., 1977). At the end 
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of the interaction period, I removed the stimulus female and the subject remained in its 

compartment and was recorded for additional 3 min (post-interaction period).  

The second part consisted of a mating test. At the end of the post-interaction 

period, the female was reintroduced into the Plexiglas box inside a square wire-mesh 

enclosure (22 x 22 x 18 cm) without a barrier in the middle. Male and female were 

allowed to interact freely inside the enclosure and mate for 10 m. Microphones were 

placed outside the wire-mesh enclosure, opposite from each another, with one 

microphone always in front of the male subject. Because the male could move freely 

inside the enclosure, I reset the position of the two microphones every time the male 

changed position. All behaviors were captured on videotape during the test. 

 

Locomotion test 

Often studies manipulating the local production of estrogen with aromatase 

inhibitors include tests to determine whether the effects of the drug are the result of 

nonspecific detrimental effects on general behavior such as locomotion (Cornil, Taziaux, 

et al., 2006; Taziaux et al., 2007). In this study, I injected male subjects (N = 12) with 

ATD or vehicle and examined general locomotion in a clean Plexiglas arena (61 x 61 x 

30 cm). Half of the subjects were tested first in the ATD condition and the other half were 

tested first in the vehicle condition. I brought the male subject into a dimly lit room and 

placed it in the center of the arena inside a small Plexiglas box with perforated walls (15 

x 15 x 15 cm). After 30 sec, I released the male from the center by lifting the small box 

and allowed the male to freely investigate the arena for 2 m. After this habituation trial, I 

returned the subject to its home cage, administered a subcutaneous injection of test 

compound and moved its cage back to the colony room. After 30 m, I introduced the 

subject into the arena again repeating the same procedure as in the habituation trial, and 

measured general locomotion for a period of 6 m. The bottom floor of the arena was 
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divided into 16 squares (15 x 15 cm). I recorded the number of lines crossed inside the 

arena during the observation period.  

During all behavioral tests, I videotaped trials using a digital video camera 

(Canon HD VIXIA HFM31). USV were recorded using a 416Hb UltraSoundGate system 

interface connected to a Dell laptop via 2.0 USB and two CM16/CMPA ultrasound 

microphones (Avisoft Bioacoustics, Germany) sensitive to frequencies of 1-200 kHz. 

Acoustic data were recorded with a sampling rate of 215 kHz in16-bit format by Avisoft 

Recorder software (version 4.2, Avisoft Bioacoustics). Upon completion of all behavioral 

tests, all apparatus was cleaned thoroughly with 50% ethanol. All behavioral tests 

including ultrasound recordings took place inside a sound proof room in the animal 

facility. 

Data analysis  

To analyze the USV produced in the behavioral test, I generated spectrograms in 

Raven with a Hanning (Hann) window function, 16-bit sample format, a DFT (discrete 

Fourier transform) size of 512 samples and a time window overlap of 80%. The acoustic 

analysis and categorization were performed manually by visual inspection of the 

spectrograms and by annotating the structural complexity for each USV. The observer 

doing the spectrographic analysis was blind to test treatments. I divided the acoustic 

analysis into three main areas: calling rates, composition and acoustic parameters 

(temporal and spectral properties) following the categorization scheme recently used for 

golden hamster USV (Fernández-Vargas & Johnston 2015, chapter 1). To examine the 

effects of treatments, I focused on analyzing the USV produced only in the post-

interaction period because previously I had found that males vocalized reliably following 

the removal of the female (chapters 1,2). During social interactions across a wire-mesh 

both males and females can vocalize and identity of the caller cannot be determined with 
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certainty. In addition, it was important that the time between injection of compounds and 

initiation of vocal behavior remained constant in all trials. The removal of the stimulus 

was more likely to initiate vocal behavior at the beginning of the post-interaction period 

than the introduction of a stimulus during the interaction period. At the beginning of the 

interaction period animals could spend a variable amount of time investigating each 

other before starting to call. 

 

Total number of USV  

A call surrounded by more than 150 ms of silence was identified and counted as 

an individual USV. I excluded short sounds that had a duration of less than 10 ms. USV 

of low amplitude, poor signal-to-noise ratio or overlapped by object sounds (e.g. noise 

from the mesh cage) were counted in the total number of calls produced but were not 

included in further spectrogram analysis.  

 

Composition  

General composition includes structural complexity and the number of frequency 

jumps. In a previous study I described the structural complexity based on the number of 

notes present in an individual call (Fernández-Vargas & Johnston, 2015). A note was 

defined as a single, continuous and complete spectrographic contour. A 1-note simple 

call consisted of one note and its harmonically related elements and resonances. A 

composite call consisted of 2 or more notes separated by less than 150 ms and more 

than 10 ms of silence and was counted as a single unit or call. Two or more notes 

separated by less than 10 ms of silence were classified as 2-note, 3-note or multi-note 

simple calls. This temporal proximity between notes represented a sound whose 

frequency broke or “jumped” up or down. I evaluated these multi-note simple calls further 

by comparing the mean number of frequency jumps between treatments. 
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Acoustic parameters 

To determine differences between treatments in the temporal properties of all the 

USV produced by males after interacting with a female across the wire-mesh, I 

quantified latency to call, call duration, inter-call interval (ICI) and instantaneous call rate 

(ICR). The ICI was the silent interval between calls calculated by the sum of a call’s 

duration and the subsequent interval. The ICR was the reciprocal of the inter-call interval 

and it is usually calculated to measure the rate at which calls are produced  (e.g. 

(Garcia, Charrier, Rendall, & Iwaniuk, 2012; Pettitt, Bourne, & Bee, 2013). 

To examine the spectral features of 1-note simple calls, I analyzed the 

parameters of the full spectrum of the calls that had a good signal-to-noise ratio. The full 

spectrum analysis consisted of a selection of the principal carrier (main frequency 

contour of the highest amplitude), harmonics and resonances of the call. In addition, I 

analyzed the parameters of just the principal carrier (excluding harmonics and 

resonances) for calls that were tonal enough to clearly show that principal or main 

frequency. I purposely do not use the term fundamental frequency because lowest 

frequency was not always the frequency of highest amplitude or energy in the spectrum.  

Raven quantified 17 acoustic properties for every sound selected in the 

spectrogram (Table 4.1). Eleven of those parameters were frequency related, four 

amplitude-related and two described entropy of the sound (Table 4.1). The frequency-

related parameters included selection-based measurements that depended on the exact 

bounds of the selection (e.g. minimum and maximum frequencies) and other more 

robust signal measurements that relied on the percentage of energy found within a 

selection (e.g. Q1 and Q3 frequencies) (Charif, Waack, & Strickman, 2010). Information 

about frequency bandwidth was obtained by delta frequency (difference between 

maximum and minimum frequencies), inter-quartile range bandwidth (middle 50% of the 
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energy in a selection) and bandwidth 90% (90% of the energy in a selection). Entropy 

measured the energy distribution within a selection (a high value means greater disorder 

in the sound while a zero value means a sound with energy in only one frequency bin). 

Average entropy calculated the mean of entropy values for each slice of time, while the 

aggregated entropy measured the total energy within a selection providing the overall 

disorder in the sound (Charif et al., 2010).  

Statistical analysis 

I explored differences in calling rates, number of frequency jumps, temporal and 

spectral parameters between treatments using a generalized linear mixed model 

(GLMM). The model included subject ID as a random effect to account for repeated 

sampling of the same individuals including several USV per individual and the same 

individual used in control and treatment conditions. Treatment, time of call occurrence 

and testing order were included as main effects in the model, as well as three 2-way 

interactions and one 3-way interaction. If any of the interactions were not significant, I 

ran the model again without them to prevent the loss of degrees of freedom. All main 

effects and lower-level interactions were kept in the model if the 3-way interaction was 

significant. A significant 3-way interaction meant that the response variable varied 

between treatments depending on time of call occurrence and testing order. But the 

directions in which variables changed in 3-way interactions are difficult to interpret. Thus, 

I broke down the data set by order and ran two separate models each with half of the 

sample. Thus, one model included males tested the first time (order 1) and the other 

included males tested the second time (order 2) and examined in each the main effects 

of treatment and time of call occurrence between subjects.  

Spectrogram parameters were reduced to three orthogonal variables or principal 

components (PC) by a principal component analysis (PCA) (Table 4.1). The retained 
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principal components showed eigenvalues greater than 1. PCA scores were used to 

describe the acoustic variation of the USV and to compare them between treatment 

groups.  

False discovery rate (FDR) was applied to control for Type I errors from 

performing multiple testing on the same dataset (Benjamini & Hochberg, 1995). FDR 

calculated a corrected significance level for each dataset. I report the corrected α-level in 

the models that included the effect of treatment with P-values less than 0.05 before the 

correction. To determine the size of the significant effects found in the GLMM, I obtained 

the percentage of the variation explained by the significant term at the residual level (in 

the case of a significant interaction: treatment*start time) or at the subject level (in the 

case of a significant effect of treatment). This percentage was calculated by the 

proportion change in variance ((residual variance component of the model without the 

significant term minus the residual variance component of the model with the significant 

term)/ residual variance component of the model without the significant term)*100) using 

the restricted maximum likelihood (REML) variance component estimates. I tested for 

normality using the Shapiro-Wilk Normality test. I performed nonparametric tests in those 

cases in which the data failed to meet the assumptions of normality and 

heteroskedasticity or when data transformations were not successful in normalizing the 

data. All statistical analyses were perfomed in JMP 9 (SAS Institute). 
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Table 4.1. Eigen values, percentage of total variation and vector loading values of the 
acoustic parameters for the first three principal components in the PCA for the full 

spectrum of 1-note simple calls produced by male subjects in the post-interaction period 
of each experiment. 
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Results 

 

Rapid effects of social interactions on plasma T levels 

 

Brief social interactions (10 m) across a wire-mesh barrier stimulated a T release in male 

golden hamsters depending on the stimulus animal. Neither males exposed to a non-social 

condition (Wilcoxon signed-rank test W = 0.5, P = 0.99) nor males exposed to another male (W 

= -1, P = 0.97) exhibited changes in the concentration of T compared to baseline (Figure 4.1). In 

contrast, males exhibited a significant increase in circulating T compared to baseline after 

interacting with a diestrous female (W = 24.5, P = 0.01) or an estrous female (W = 26, P = 0.04) 

(Figure 4.1). 

 

Table 4.2. GLMM testing the effects of treatment on total number of USV produced by male 
subjects after interacting with an estrous female. The model included the effect of testing order 
and its interaction with treatment group.  
 

Experiment 
 

Factor Estimate 
± SE 

df P 

Intercept  62.9 ± 7.7   
Treatment [T] -2.12 ± 7.07 1 0.770 
Order [first] -5.87 ± 7.07 1 0.425 

 
T vs. Vehicle (N = 12) 

Treatment [T] x order [first]  19.8 ± 7.7 1 0.028 * 
Intercept  53.7 ± 9.7   
Treatment [DHT]  2.61 ± 5.5 1 0.645 
Order [first]  12.9 ± 5.5 1  0.037 * 

 
DHT vs. Vehicle (N =14) 
  

Treatment [DHT] x order [first]  3.32 ± 9.7 1 0.739 
Intercept  6.38 ± 0.54   
Treatment [E2]  0.10 ± 0.4 1 0.801 
Order [first]  0.78 ± 0.4 1 0.076 

 
E2 vs. Vehicle 1(N = 13) 
 Treatment [E2] x order [first]  1.10 ± 0.54 1 0.066 

Intercept  70.6 ± 12.2   
Treatment [ATD]  12.7 ± 4.96 1 0.031 * 
Order [first]  1.98 ± 4.96 1 0.699 

 
ATD (30m) vs. Vehicle (N = 11) 
 Treatment [ATD] x order [first] -19.5 ± 12.2 1 0.146 

Intercept  68.2 ± 14.8   
Treatment [ATD]  4.55 ± 3.34 1 0.207 
Order [first]  2.95 ± 3.34 1 0.400 

 
ATD (1hr) vs. Vehicle (N = 11) 
 

Treatment [ATD] x order [first] -3.83 ± 14.8 1 0.801 
 

1 Square root transformation of the response variable  
* Statistically significant effects at P < 0.05, but NS effects after FDR correction (α = 0.02). 
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Figure 4.1. Concentration of circulating plasma testosterone (ng/ml) in male subjects taken 5d 
before the experiment (baseline) and 30 m after the exposure to a social stimulus. 
 
 

Rapid effects of T and its metabolites on female-elicited USV  

Total number of USV  

I found that mean calling rates were not different between treatment and vehicle 

injections in any experiment after controlling for testing order except for experiment 4a (ATD 30 

m vs. vehicle) (Table 4.2). After 30 m of an injection of ATD, males vocalized and produced a 

higher number of USV (27.2 ± 4.5 calls/m) than controls (18.7 ± 4.8 calls/m). However, this test 

was not significant after a FDR correction for multiple testing (α = 0.02).  
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Composition 

We examined whether the mean number of frequency jumps (FJ) produced per 

individual differed between treatment and control injections. I performed the statistical analysis 

including only calls that presented more than one frequency jump.  I found no significant 

difference among treatments in experiment 1 (T vs. vehicle) (GLMM: F1,22 = 0.52, P = 0.49), 

experiment 3 (E2 vs. vehicle) (GLMM: F1,23 = 0.17, P = 0.69) and experiment 4b (ATD 1 hr vs. 

vehicle) (GLMM: F1,22 = 2.19, P = 0.17). However, mean number of FJ was significantly different 

between treatment and control in experiment 2 (Figure 4.2). After an injection of DHT, males 

produced more frequency jumps than after an injection of vehicle (GLMM: F1,26 = 7.06, P = 

0.022). However, the P-value is slightly higher than the corrected significance level (α = 0.02). 

Males that had an injection of ATD 30 m prior to the behavioral test also produced a significant 

higher mean FJ than males that received a vehicle injection (GLMM: F1,22 = 3.99, P = 0.003; 

significant after FDR correction). The interaction between treatment and testing order was not 

significant in any experiment. 
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Figure 4.2. Mean number of frequency jumps per individual quantified in multi-note simple calls 
produced by male subjects after interacting with an estrous female, 30 m or 1 hr after a 
subcutaneous injection of a treatment compound or its vehicle. FDR corrected significance level 
(α = 0.02). 
 

Acoustic parameters (temporal and spectral properties) 

An acute injection of T (W = 6, P = 0.67), DHT (W = -8.5, P = 0.62) or E2 (W = -0.5, P = 

0.98) did not have an effect on the latency to vocalize compared to controls. Nor did either 

treatment with ATD have an effect on latency to call (ATD 30 m, W = 5.5, P = 0.57; ATD 1 hr, W 

= 14, P = 0.24) 

Some compounds affected call duration more than others. E2 and ATD 30 m had 

significant main effects on call duration. USV produced after an injection of E2 or ATD 30 m 

were significantly longer than in their respective control conditions (Table 4.3). Androgens and 

ATD 1 hr had significant effects on call duration but were conditional to time of call occurrence, 
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testing order or both (Table 4.3). For instance, there was a significant interaction between 

treatment and time of call occurrence in predicting call duration in experiment 1 (T vs. vehicle) 

(Table 4.3, Figure 4.3A). Call duration decreased progressively with time when males were 

given a T injection, while it remained somewhat stable over time when males were given a 

vehicle injection  (Figure 4.3A). In the analysis testing the effects of DHT on call duration, I 

found a significant 3-way interaction (Table 4.3). To ease interpretation, I broke down the data 

into one data set for USV produced the first time (7 males) and another for USV produced the 

second time males were tested (7 males). Males tested the first time showed no differences in 

call duration between treatments over time (Sqrt Duration, GLMM treatment*begin time: F1,880 = 

0.037, P = 0.84). In contrast, the USV produced by males tested the second time varied 

depending on treatment and time of call occurrence (Sqrt Duration, GLMM treatment*begin 

time: F1,550.8 = 29.7, P < 0.0001) (Figure 4.3B). Call duration decreased with time in DHT-treated 

males and increased moderately in controls (Figure 4.3B). A significant 3-way interaction was 

also found in the experiment 4b testing the effects of ATD 1hr (Table 4.3). After breaking down 

the dataset, I found no differences in call duration that depend on treatment or time in the males 

tested first (Sqrt Duration, GLMM treatment: F1,9.9 = 0.02, P = 0.9; treatment*begin time: F1,753.9 = 

0.9, P = 0.327). However, in males tested the second time, call duration decreased slower with 

time in ATD-treated males than in controls (Sqrt Duration, GLMM treatment*begin time: F1,668 = 

7.25, P = 0.0072).   
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Table 4.3. GLMM testing the effects of treatment on temporal properties in USV produced by 

male subjects after interacting with an estrous female. The model included the effect of time of 
call occurrence (start time), testing order and the interaction with treatment group. 
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Response 
variable 

Experiment Factor Estimates ± SE df P 

 
Intercept 

 
0.40 ± 0.007 

  

Treatment [T] -0.0024 ± 0.002  1 0.315 
Start time  -0.0003 ± 0.00005 1 < 0.0001  
Order [first] -0.0034 ± 0.002  1 0.157 
Treatment [T] x start time -0.0002 ± 0.000004 1 0.0004 * 

(0.08%) 
Treatment [T] x order [first] 0.016 ± 0.007  1 0.04  
Order [first] x start time   NS 

 
T vs. Vehicle 
1(N =1383) 

Treatment [T] x start time x 
order [first] 

  NS 

Intercept 0.36 ± 0.01   
Treatment [DHT] 0.008 ± 0.003  1 0.0016 
Start time [first] -0.00015 ± 0.00005 1 0.0056 
Order [first] 0.02 ± 0.003 1 < 0.0001  
Treatment [DHT] x start time -0.00023 ± 0.00005 1 < 0.0001  
Treatment [DHT] x order 
[first] 

0.011 ± 0.011 1 0.379 

Order [first] x start time 0.000003 ±0.00005 1 0.957 

DHT vs. 
Vehicle  
1(N =1449) 
 

Treatment [DHT] x start time 
x order [first] 

0.0002 ± 0.00005 1 0.0003 * 
(0.88%) 

Intercept 0.4 ± 0.01   
Treatment [E2] 0.01 ± 0.003 1 0.0002 * 

(13.1%) 
Start time [first] -0.0003 ± 0.000005 1 < 0.0001  
Order [first] 0.005 ± 0.003 1 0.06 
Treatment [E2] x start time  1 NS 
Treatment [E2] x order [first]  1 NS 
Order [first] x start time  1 NS 

E2 vs. 
Vehicle  
1(N =1179) 
 

Treatment [E2] x start time x 
order [first] 

 1 NS 

Intercept 0.38 ± 0.01   
Treatment [ATD] 0.008 ± 0.002 1 0.0017 *  

(-1.79%) 
Start time [first] -0.0004 ± 0.000005 1 < 0.0001  
Order [first] 0.01 ± 0.002 1 0.0001  
Treatment [ATD] x start time   NS 
Treatment [ATD] x order 
[first] 

  NS 

Order [first] x start time   NS 

ATD (30m) 
vs. Vehicle 
1(N =1422) 
 

Treatment [ATD] x start time 
x order [first] 

  NS 

Intercept 0.36 ± 0.009   
Treatment [ATD] 0.015 ± 0.002 1 < 0.0001  
Start time [first] -0.0004 ± 0.000005 1 < 0.0001  
Order [first] -0.001 ± 0.002 1 0.67 
Treatment [ATD] x start time 0.000005±0.00005 1 0.32 
Treatment [ATD] x order 
[first] 

-0.01 ± 0.009 1 0.11 

Order [first] x start time -0.000005±0.00005 1 0.93 

 
Duration 

ATD (1hr) vs. 
Vehicle 1 

(N =1438) 

Treatment [ATD] x start time 
x order [first] 
 

-0.00014 ± 
0.000005 

1 0.008 * 
(0.36%) 
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Table 4.3  
(Continued) 

    

Intercept 1.1 ± 0.03   
Treatment [T] 0.003 ± 0.01 1 0.733 
Start time  -0.002 ± 0.0002 1 < 0.0001  
Order [first] -0.04 ± 0.01 1 < 0.0001  
Treatment [T] x start time 0.0002 ± 0.0002 1 0.39 
Treatment [T] x order [first] 0.07 ± 0.03 1 0.06 
Order [first] x start time -0.0006 ± 0.0002 1 0.006  

T vs. Vehicle 
1(N =1455) 
 

Treatment [T] x start time x 
order [first] 

0.0007 ± 0.0002 1 0.001 * 
(0.66%) 

Intercept 0.07 ± 0.05   
Treatment [DHT] 0.04 ± 0.02 1 0.057 
Start time [first] -0.002 ± 0.0004 1 < 0.0001  
Order [first] 0.02 ± 0.02 1 0.273 
Treatment [DHT] x start time -0.0009 ± 0.0004 1 0.027 * 

(0.28%) 
Treatment [DHT] x order 
[first] 

  NS 

Order [first] x start time   NS 

DHT vs. 
Vehicle 2(N 
=1395) 

Treatment [DHT] x start time 
x order [first] 

  NS 

Intercept 1.02 ± 0.03   
Treatment [E2] 0.02 ± 0.01 1 0.048  
Start time [first] -0.0012 ± 0.0002 1 < 0.0001  
Order [first]  0.04 ± 0.01 1  0.001  
Treatment [E2] x start time   NS 
Treatment [E2] x order [first]   NS 
Order [first] x start time   NS 

E2 vs. 
Vehicle 1(N 
=1206) 
 

Treatment [E2] x start time x 
order [first] 

  NS 

Intercept 1.08 ± 0.03   
Treatment [ATD] 0.02 ± 0.01 1 0.06 
Start time [first] -0.001 ± 0.0002 1 < 0.0001  
Order [first] 0.004 ± 0.01 1 0.674 
Treatment [ATD] x start time   NS 
Treatment [ATD] x order 
[first] 

  NS 

Order [first] x start time   NS 

ATD (30m) 
vs. Vehicle 
1(N =1454) 
 

Treatment [ATD] x start time 
x order [first] 

 1 NS 

Intercept 1.09 ± 0.04   
Treatment [ATD]  0.02 ± 0.01 1 0.011  
Start time [first] -0.002 ± 0.0002 1 < 0.0001  
Order [first]  0.0009 ± 0.01 1 0.92 
Treatment [ATD] x start time -0.0005 ± 0.0002 1 0.03  
Treatment [ATD] x order 
[first] 

  NS 

Order [first] x start time   NS 

Instantaneo
us call rate 

ATD (1hr) vs. 
Vehicle 1(N 
=1444) 
 

Treatment [ATD] x start time 
x order [first] 

  NS 

1 Square root transformation of the response variable, 2 Logarithmic transformation of the response variable, N values 
correspond to the total number of USV included in the model that was normally distributed. Individual males were 
included in the model as a random effect to account for multiple calls produced by each subject. NS = p-value not 
significant in the full model including all 3 main effects and 4 interactions. Not significant interactions were dropped off 
the final model. * Statistically significant effects after FDR correction; effect sizes shown by the % of the variance 
component explained at the residual level by a significant interaction (treatment*start time) or at the subject level by a 
significant main effect of treatment. 
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Figure 4.3. Multiple regression lines of best fit depicting the interaction between treatment and 
time of call occurrence in predicting temporal parameters measured in the total number of USV 
produced by male subjects after interacting with an estrous female. Response variable: duration 
of USV, A) T vs. vehicle N = 12, B) DHT vs. vehicle N = 7 (only males tested the second time), 
C) E2 vs. vehicle N = 13. Response variable: instantaneous call rate (ICR), D) T vs. vehicle N = 
6 (only males tested the first time), E) DHT vs. vehicle N = 14, F) E2 vs. vehicle N = 13. The 
effects in E and F were not significant after the FDR correction. 
 

The androgen effect on ICR was conditional to time of call occurrence and order. ICR 

decreased with time of call occurrence differently in males when treated with DHT than when 

vehicle (significant interaction treatment x time). The decrease was more slowly in males 

injected with DHT than when injected with vehicle (Figure 4.3). The effect of T showed a 

significant 3-way interaction. Breaking down the data set according to order (first test, N = 651, 

second test N = 804, 6 males per treatment in each), I found that the interaction between 

treatment significantly predicted ICR in males tested the first time (Sqrt ICR, GLMM 
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treatment*begin time: F1,639.2 = 5.18, P = 0.02) and close to be significant in males tested the 

second time (Sqrt ICR, GLMM treatment*begin time: F1,401.1 = 3.48, P = 0.06). In general, it 

seemed that ICR decreased more slowly when males were treated with T than with vehicle 

(Figure 4.3). On the other hand, males produced USV at an apparent faster rate when received 

an injection of E2 than when received an injection of vehicle but the difference was not 

significant after the FDR correction (Table 4.3). ATD 1 hr had also an effect on ICR that 

depended on time that before the FDR correction (Table 4.3). 

 Overall, E2 had a clear main effect on call duration. Males produced USV that were 

significantly longer when treated with E2 than with vehicle. These results suggest that E2 may be 

acting rapidly on the mechanism behind temporal parameters of USV. Androgens showed only 

conditional effects that varied depending on time of call occurrence and testing order.  

The spectral analyses of the full spectrum and the principal carrier yielded similar results 

in all experiments. For this reason, to simplify the analysis and interpretation, I am including only 

the results from the full spectrum analysis of the 1-note simple calls. The principal component 

analysis of the full spectrum separated the variation into three principal components (PC) (Table 

4.1). I ran a separate PCA for the dataset of USV for each experiment. In general, PC axes 

were repeatedly represented by similar acoustic parameters (Table 4.1). PC1 was commonly 

represented by frequency and amplitude parameters. Center and peak frequency had reliably 

high loadings in PC1. Amplitude parameters were well represented in PC1 except in Experiment 

3 (E2 vs. vehicle) and 4b (ATD 1 hr-vehicle). On the other hand, PC2 was repeatedly 

represented by entropy measures and robust measures of bandwidth (IQR and 90% 

bandwidth). PC3 showed high loadings in minimum frequency only (Table 4.1).  

The analysis testing the effects of treatment on PC1 scores revealed a significant main 

effect of DHT (Table 4.4). Males when given a DHT injection produced USV with significantly 

higher PC1 scores than when given a vehicle injection (Figure 4.4B). T also had an effect in 

PC1 but smaller and it was dependent on time of call occurrence. PC1 showed high values at 
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the beginning of the recording period but decreased with time in males when treated with T, 

while PC1 values did not decreased with in males when treated with vehicle (Figure 4.4A). E2, 

ATD 30m and ATD 1 hr had no significant effects on PC1 scores (Table 4.4).   
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Table 4.4. GLMM testing the effects of treatment on spectral properties in simple 1-note USV 
produced by male subjects after interacting with an estrous female. PC1 and PC2 axes were 

generated by a PCA and represent most of the variation in spectral properties. The model 
included the effect of time of call occurrence (start time) and the interaction with treatment and 

testing order. 
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Response 
variable 

Experiment Factor Estimates ± 
SE 

df P 

Intercept -0.16 ± 0.41   
Treatment [T]  0.065 ± 0.09 1 0.493 
Start time  -0.005 ± 0.002 1 0.0057 * 
Order [first]  0.29 ± 0.09 1 0.0025 
Treatment [T] x start time -0.006 ± 0.002 1 0.0008 * 

(1.68%) 
Treatment [T] x order [first]   NS 
Order [first] x start time   NS 

T vs. Vehicle 
(N =613) 
 

Treatment [T] x start time x 
order [first] 

  NS 

Intercept -0.35 ± 0.37   
Treatment [DHT] 0.42 ± 0.09 1 < 0.0001 * 

(-11.9%) 
Start time [first] 0.0005 ± 0.002 1 0.782 
Order [first] 0.53 ± 0.09 1 < 0.0001 * 
Treatment [DHT] x start time   NS 
Treatment [DHT] x order [first]   NS 
Order [first] x start time   NS 

DHT vs. 
Vehicle (N = 
635) 
 

Treatment [DHT] x start time 
x order [first] 

  NS 

Intercept 0.03 ± 0.4   
Treatment [E2] 0.11 ± 0.09 1 0.266 
Start time [first] -0.003 ± 0.002 1 0.127 
Order [first] 0.12 ± 0.09 1 0.224 
Treatment [E2] x start time   NS 
Treatment [E2] x order [first]   NS 
Order [first] x start time   NS 

E2 vs. 
Vehicle (N 
=536) 
 

Treatment [E2] x start time x 
order [first] 

  NS 

Intercept -0.17 ± 0.36   
Treatment [ATD] 0.11 ± 0.12 1 0.384 
Start time [first] -0.003 ± 0.002 1 0.150 
Order [first] 0.00006 ± 0.12 1 0.999 
Treatment [ATD] x start time   NS 
Treatment [ATD] x order [first]   NS 
Order [first] x start time   NS 

ATD (30m) 
vs. Vehicle (N 
=402) 
 

Treatment [ATD] x start time 
x order [first] 

  NS 

Intercept 0.27 ± 0.36   
Treatment [ATD] -0.09 ± 0.10 1 0.417 
Start time [first] -0.003 ± 0.002 1 0.125 
Order [first] 0.105 ± 0.11 1 0.339 
Treatment [ATD] x start time   NS 
Treatment [ATD] x order [first]   NS 
Order [first] x start time -0.005 ± 0.002 1 0.033  

Scores on 
PC1  

ATD (1hr) vs. 
Vehicle (N 
=445) 
 

Treatment [ATD] x start time 
x order [first] 

  NS 

Intercept 0.23 ± 0.25 1  
Treatment [T] T: -0.015 ± 0.09 1 0.871 
Start time  -0.003 ± 0.002 1 0.114  
Order [first] First: -0.27 ± 0.09 1 0.004  
Treatment [T] x start time 0.003 ± 0.002 1 0.06 

Scores on 
PC2 
 
 
 

T vs. Vehicle 
(N = 614) 
 

Treatment [T] x order [first] -0.35 ± 0.22 1 0.165 
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Order [first] x start time -0.004 ± 0.002 1 0.02   
Treatment [T] x start time x 
order [first] 

-0.003 ± 0.002 1 0.0517  

     
Intercept 0.001 ± 0.26   
Treatment [DHT] 0.22 ± 0.09 1 0.015  
Start time [first] -0.004 ± 0.002 1 0.03  
Order [first] 0.32 ± 0.09 1 0.0003  
Treatment [DHT] x start time 0.002 ± 0.0018 1 0.262 
Treatment [DHT] x order [first] -0.23 ± 0.23 1 0.350 
Order [first] x start time 0.00005 ± 0.002 1 0.977 

DHT vs. 
Vehicle (N 
=635) 

Treatment [DHT] x start time 
x order [first] 

0.004 ± 0.002 1 0.047  

Intercept 0.11 ± 0.37   
Treatment [E2] -0.07 ± 0.1 1 0.777 
Start time [first] -0.002 ± 0.002 1 0.348 
Order [first] -0.21 ± 0.1 1 0.043  
Treatment [E2] x start time   NS 
Treatment [E2] x order [first]   NS 
Order [first] x start time 0.005 ± 0.002 1 0.018  

E2 vs. 
Vehicle (N 
=539) 
 

Treatment [E2] x start time x 
order [first] 

 1 NS 

Intercept -0.01 ± 0.25 1  
Treatment [ATD] 0.14 ± 0.11 1 0.213 
Start time [first] -0.0025 ± 0.002 1 0.245 
Order [first] -0.18 ± 0.11 1 0.103 
Treatment [ATD] x start time   NS 
Treatment [ATD] x order [first]   NS 
Order [first] x start time   NS 

ATD (30m) 
vs. Vehicle (N 
=402) 
 

Treatment [ATD] x start time 
x order [first] 

  NS 

Intercept -0.26 ± 0.36   
Treatment [ATD]  0.04 ± 0.1 1 0.715 
Start time [first] 0.003 ± 0.002 1 0.141 
Order [first] 0.139 ± 0.102 1 0.175 
Treatment [ATD] x start time -0.004 ± 0.002 1 0.03  
Treatment [ATD] x order [first]   NS 
Order [first] x start time   NS 

Table 4.4 
(Continued) 

ATD (1hr) vs. 
Vehicle (N 
=444) 

Treatment [ATD] x start time 
x order [first] 

  NS 

N values correspond to the total number of USV included in the model that is normally distributed. Individual males 
were included in the model as a random effect to account for multiple calls produced by each subject. NS = p-value 
not significant in the full model including all 3 main effects and 4 interactions. Not significant interactions were 
dropped off the final model. * Statistically significant effects after FDR correction; effect sizes shown by the % of the 
variance component explained at the residual level by a significant interaction (treatment*start time) or at the subject 
level by a significant main effect of treatment. 
 
 

PC2 scores were weakly predicted by a 3-way interaction in experiment 1 (T vs. vehicle) 

and in experiment 2 (DHT vs. vehicle) that were not statistically significant at a α-level corrected 

by FDR (Table 4.4). Treatments E2, ATD 30 m and ATD 1 hr had no significant effects on PC2 

scores either (Table 4.4).  
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Figure 4.4. Multiple regression lines of best fit depicting the association between treatment and 
time of call occurrence in predicting PC1 scores (Table 4.1) measured in the analysis of the full 
spectrum of 1-note simple calls produced by male subjects after interacting with an estrous 
female. A) T vs. vehicle N = 12, B) DHT vs. vehicle N = 14.  
 

Open field experiment in and plasma blood assay in ATD-treated males 

I found neither a significant effect of treatment (GLMM: F1,10 = 1.4, P = 0.26) nor a 

significant interaction between treatment and order (GLMM: F1,10 = 0.014, P = 0.9) on the 

number of lines crossed in the open field test. Thus, males that received an injection of ATD 30 

m prior to behavioral testing did not have non-specific effects of the drug on locomotion or 

exploration in an open field test compared to controls (Figure 4.5A). Importantly, an injection of 

ATD caused an elevation of T detected 30 m after the injection that was not seen in controls 

injected with vehicle (t10 = -36.3, P < 0.0001). The elevation caused circulating levels of T to be 

supraphysiological exceeding the upper sensitivity limits of the hormonal assay (Figure 4.5B). 
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Figure 4.5. A) Mean number of lines crossed by males that received a subcutaneous injection 
of ATD or its vehicle 30 m prior the test. B) Concentration of circulating plasma testosterone 
(ng/ml) in male subjects taken 30 m after a subcutaneous injection of ATD or its vehicle. 
 

Discussion 

 

The organizational and activational effects of steroids on vocal behavior are well 

documented in a variety of species. However, the rapid modulatory effects of steroids on vocal 

behavior during social interactions are less well established. This study provides evidence that T 

and its metabolites can exert changes in the acoustic properties of male hamster USV produced 

after an interaction with a receptive female. In 30 m, a single subcutaneous injection of E2 

caused significant effects on call duration. Males produced USV that were longer when given E2 

than when given vehicle. T and DHT also had effects on temporal characteristics of USV but 

that were conditional to time of call occurrence, testing order or both. E2 did not have any effects 

on the spectral properties of the calls while DHT exerted a significant main effect on frequency 

and amplitude parameters, mostly represented by PC1 scores. DHT increased PC1 scores 
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compared to control vehicle. T also slightly increased PC1 scores progressively decreased over 

time compared to vehicle. 

Overall, the significant effects of hormone treatment on specific acoustic variables were 

small but consistent. The size of the effect calculated by the proportion change in variance was 

low in all cases (Tables 4.3, 4.4). The inherently high variability observed in hamster USV 

affected the precision of treatment as a predictor of acoustic variation. Thus, it is not surprising 

that most of the variability remained unexplained in the model. However, the low and significant 

P-values indicated that small changes in acoustic variables could be associated with the 

hormone treatments and the time of call occurrence reliably. 

Brief interactions with females, and not males, increased plasma T levels in males 

Male hamsters experienced a release of T in response to an interaction across a wire-

mesh with a female, regardless of estrous state, and not with a male (Figure 4.1). Thus, an 

interaction with restricted contact (this study), exposure to vaginal secretions and copulation 

effectively can elicit a rise in plasma T in hamsters (Macrides et al., 1974; Pfeiffer & Johnston, 

1992). The rapid elevation of T in males following a sexual interaction (or reflexive T release) 

has been observed in many species (Amstislavskaya & Popova, 2004; Gleason et al., 2009; 

Harding, 1981; Hirschenhauser & Oliveira, 2006; Nyby, 2008). But the function of T elevations in 

sexual contexts is poorly understood (Gleason et al., 2009). T effects can be caused by the 

local conversion of T into its metabolites at the target tissue (Adkins-Regan, 2005; Nelson, 

2005). Accumulating evidence suggests that the acute control of sexual behavior is most likely 

controlled by rapid changes in locally synthesized estrogens in the brain (Balthazart & Ball, 

2013; Cornil et al., 2012). If the necessary concentration of the enzymatic substrate is not locally 

available, one of the possible sources could be the rapid fluctuation in plasma T observed in 

response to social stimuli (Cornil, Ball, et al., 2006; Cornil, Stevenson, & Ball, 2009). That 

production of T by the testes could rapidly be metabolized at the target tissues and contribute to 
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the modulation of ongoing behavior. Thus, a sexually-stimulated T surge could be a mechanism 

that provides T to the brain and functions in maintaining and modulating the production of male 

USV during and after sexual encounters.  

 

Rapid and main effects of E2 on temporal features of USV 

This is the first time it is documented that E2 can have rapid effects on temporal 

properties of female-elicited USV in a rodent. Temporal aspects of vocal signals are intimately 

related to motivation and levels of arousal of a caller (Manser, 2010; Taylor & Reby, 2010). 

Sexual motivation in the hamster is regulated by a network of limbic nuclei containing large 

numbers of hormone-sensitive neurons (Wood, 1996b, 1997). E2 has been demonstrated to 

play a key role in modulating motivated social behaviors in these brain regions (Wood, 1996a). 

There is no question that USV in hamsters are sexually motivated and the increased duration in 

hamster USV by E2 suggests that temporal (or motivational) aspects of vocal behavior may be 

regulated centrally by this steroid. Within 5 min, E2 was found to increase the duration of fictive 

vocalizations in an in vivo preparation of the midshipman fish (Remage-Healey & Bass, 2004). 

Interestingly, an acute microinjection of E2, and not T or DHT, into the anterior hypothalamus 

significantly increased flank marking behavior within 5 m in golden hamsters (Hayden-Hixson & 

Ferris, 1991). Although flank marking is a measure of aggressive response, it is also a signal 

with many communicative functions within the species (Johnston, 1985, 2003). Therefore, 

signaling behavior can be rapidly modulated centrally by E2 in golden hamsters. Interestingly, E2 

did not have an effect on any of the other acoustic characteristics. 

The hypothesis that E2 could be acting centrally modulating acoustic parameters related 

to motivation is also supported by the well-studied long-term effects of estrogens on sexual 

behavior in male hamsters. Long-term treatment with an aromatase inhibitor decreased 

precopulatory behaviors such as olfactory investigation of females or their odors (Steel & 



 184 

Hutchison, 1988) and female-elicited USV (Floody & Petropoulos, 1987). Estradiol treatment in 

the periphery or directly into the brain is generally effective in restoring sexual motivation but not 

all components of copulatory behavior such as ejaculations or intromissions in castrates 

(Arteaga-Silva et al., 2005; Cooper et al., 2000; Powers, Bergondy, & Matochik, 1985; Wood, 

1996a). In the domain of rapid actions of estrogens, blocking the action or synthesis of brain 

estrogen had a more pronounced effect on the appetitive aspects of male-typical sexual 

behavior than on sexual performance in Japanese quail (Seredynski et al., 2013). Thus my 

results support the idea that E2 is involved in the short-term central regulation of motivated 

components of sexual behavior such as female-elicited USV. 

 

Rapid and main effects of DHT on amplitude and frequency features of USV  

The rapid effects of nonaromatizable androgens on vocalizations have only been 

examined in the midshipman fish, where they were shown to have effects on call duration after 

being administered centrally in type I males (courting males) but not in type II males (sneaker 

males) and females (Remage-Healey & Bass, 2004, 2007). My study is new in demonstrating 

that DHT can have significant rapid effects on spectral parameters of sexual calls and in the 

number of frequency jumps when administered systemically. Specifically, the USV produced by 

males when given DHT had higher PC1 scores, represented mostly by amplitude parameters 

and center and peak frequencies of the USV (Table 4.1). Amplitude of sound is typically 

controlled by subglottal pressure in most mammals (Taylor & Reby, 2010). Usually, an increase 

in mean fundamental frequency and amplitude in vocalizations reflects a higher arousal state 

(Bachorowski, 1999). It is possible that DHT had an impact centrally in some motivational 

aspects of calling behavior such as call amplitude. The majority of steroid responsive brain 

regions have the capacity to respond to both androgens and estrogens and to convert T into E2 

or DHT (Wood, 1996b).  
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In addition, it is also likely that DHT acted rapidly in the peripheral nervous system, 

modulating the synaptic pattern of the nerves that innervate the muscles of the larynx. Acute 

effects of estrogens on laryngeal synaptic strength have been reported in frogs (Wu et al., 

2001). Although the role of the larynx in hamster USV is unknown, variations in the fundamental 

frequency (F0) of rat USV depend mostly on changes in diameter of the glottis controlled by 

laryngeal muscles (Riede, 2013) and little on subglottal pressure generated by the lungs (Riede, 

2011). DHT could have acted on the larynx modulating vocal behavior as it acts in the periphery 

activating penile function, growth and sensitivity after castration (Arteaga-Silva et al., 2008; 

Beyer & González-Mariscal, 1994; Nelson, 2005). Androgen treatment in birds can modify 

vocalizations by inducing changes in the brain but also in the syrinx (Beani, Panzica, Briganti, 

Persichella, & Dessì-Fulgheri, 1995; Luine, Harding, & Bleisch, 1983). T implants directly into 

the medial preoptic area increased song rate but not acoustic properties of song quality such as 

stereotypy, which were typically enhanced by circulating T acting globally (Alward, Balthazart, & 

Ball, 2013).  

Rapid effects of androgens on acoustic features of USV depended on time and sexual 

experience 

Rapid effects of T on vocalizations have been documented by just a few studies in the 

Japanese quail, the midshipman fish and the California mouse (Pultorak et al., 2015; Remage-

Healey & Bass, 2007; Yazaki, Yamamoto, Matsushima, & Aoki, 1998). In the California mouse, 

a single intraperitoneal injection of T decreased the total number of USV produced in response 

to a novel female by paired males, but caused no change in non-paired males, suggesting a 

unique role of rapid T surge in mate fidelity (Pultorak et al., 2015). With the exception of some 

changes in call usage, no rapid changes on acoustic parameters of the USV were reported 

(Pultorak et al., 2015). I found that T had no main effects on call features in hamsters but 

interacted with other factors suggesting that T effects were mild and transient (sensitive to time 
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of call occurrence). Call duration and PC1 were higher in males when given T than when given 

vehicle at the beginning and then decreased rapidly suggesting a transient effect (Figures 3A, 

4A). Perhaps the metabolism of T into more than one active compound weakened the overall 

impact on vocal behavior by at least half. Conceivably, a higher dose of T or a combined 

treatment of E2 and T would have had stronger and unconditional effects.  

The PC2 axis was represented by mostly bandwidth and entropy of the calls. Both 

acoustic characteristics are especially diagnostic of the chaotic and atonal nature of hamster 

USV (Fernández-Vargas & Johnston, 2015). However, none of the tested compounds had 

significant effects on this acoustic variation. These results suggest that bandwidth and entropy 

cannot be modulated as rapidly as other acoustic features. Perhaps a higher concentration of T, 

a longer latency or a combined treatment of T and DHT would have had a main effect on PC2. 

The significant 3 way interactions among treatment, time of call and testing order 

revealed that steroids could also rapidly interact with sexual and perhaps social experience. The 

order in which males received the compound or the vehicle injection was counterbalanced to 

minimize the effects of sexual experience. However, in those 3-way interactions, the difference 

between compound and vehicle that depended on time of call was not always found in the same 

testing order. Thus, it is difficult to speculate on details of the mechanism of action in each case. 

But findings open the possibility of studying rapid and transient modulation of steroids 

interacting with experience and perhaps social memory.  

  

Unexpected rapid effects of the aromatase inhibitor ATD on USV 

Injections of the aromatase inhibitor ATD (1,4,6-androstatrien-3,17-dione) at 30 m or at 1 

hr before behavioral testing did not cause the expected decrease in vocal behavior. Instead, 

ATD caused a profound increase in plasma T levels at least 30 m after the injection (Figure 

4.5B). In addition to blocking the enzymatic action of aromatase, ATD can also interact with 
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androgen and estrogen receptors (Kaplan & Mcginnis, 1989). ATD has been reported to 

compete with T to bind to androgen receptors in the cytosol (not in the cell nucleus) and act as a 

blocker (Kaplan & Mcginnis, 1989). If this was the case, then the lack of androgen (or even 

estrogen) binding could have created a positive feedback in the hypothalamic-pituitary-gonadal 

(HPG) axis and stimulate the testis to release T into circulation. Positive feedback is known to 

be involved in rapid endocrine responses during short-term situations (Nelson, 2005). 

Interestingly however, high T levels did not alter males’ general behavior in any noticeable way. 

A simple measure of locomotion in an open arena did not show differences in males when 

treated with ATD or vehicle (Figure 4.5A). 

It is remarkable that within 30 m ATD was able to reach the brain, stimulate the HPG 

axis, elevate the concentration of T to abnormally high levels and cause changes in vocal 

behavior. Similar to the changes caused by E2, ATD at 30 m caused increased call duration and 

had no effects on spectral features. These similarities between the effects caused by ATD 30m 

and E2 treatment are intriguing and suggest that perhaps ATD did not inhibit aromatization. 

Chronic systemic administration of fadrozole, another aromatase inhibitor, also failed to reduce 

male sexual behaviors and elevated plasma T levels in hamsters. But there was evidence that 

fadrozole indeed inhibited aromatase activity in the brain (Cooper et al., 2000). Thus, it is 

difficult to suggest the mechanism of ATD effects with our current data.  

 

Conclusions 

 

This study is among the first to provide evidence that temporal and spectral variation in 

vocalizations can be rapidly modulated by multiple steroid hormones. Given the relatively short 

timescale, these effects on signaling behavior occurred too fast to be mediated by changes in 

transcription and protein synthesis (Cornil et al., 2012; Foradori et al., 2008; Vicencio et al., 
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2011). Instead, these changes seem to be mediated by steroid binding at the level of cellular 

membranes at the target tissues in both the central and peripheral nervous system. Estrogens 

often synergize with androgens to control many functions at many levels (Adkins-Regan, 2005). 

It is not possible to know the target structure where the androgens or estrogens had effects on 

USV in this study. The main effects of E2 on call duration suggest that E2 acted centrally at the 

social motivational network. Main effects of DHT on PC1 scores suggest that this steroid 

modulated acoustic features that could be regulated by the activity of laryngeal muscles (main 

frequencies) and subglottal pressure (amplitude parameters).  
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CHAPTER 5 

Conclusions 

 

Ultrasonic vocalizations (USV) in both sexes of golden hamsters fit the description of an 

appetitive sexual response (Seredynski, Balthazart, Christophe, Ball, & Cornil, 2013). Adults 

produce USV in the presence of the opposite sex and not in the presence of another same sex 

conspecific (Chapter 1). After a brief interaction, males and females continue to vocalize for up 

to 3 min in the absence of the opposite sex individual but that response is reduced or simply not 

observed after copulation (unpublished observations). Vocal behavior is readily displayed by 

sexually naïve animals without any previous sexual exposure or learning (Chapters 1-3).  

Castration decreases vocal behavior and testosterone treatment can restore it (Floody, Walsh, 

& Flanagan, 1979). Finally, lesions of the preoptic area, a region known to control sexual 

behavior, decreased the rates of ultrasound production (Floody, 1989). Thus, USV in hamsters 

can serve as a way to assess underlying sexual motivation. 

 In addition to communicating sexual arousal and willingness to mate, USV in males 

could be communicating condition or stamina during copulation. Although there is individual 

variation, males can vocalize for the entire duration of a mating bout. While the female is 

immobile in lordosis, males usually produce USV during anogenital, ear and face investigation, 

and just before or after intromissions. Typically the female ends the lordotic position when the 

male stops vocalizing and touching or sniffing the female (unpublished observations).  Thus, a 

male that is able to maintain all these activities for a longer period of time may be a male of 

better condition or higher quality. As mentioned before, previous work had reported that male 

USV prolong the time a female remained in lordosis during copulation (Cherry, 1989; Floody & 

Bauer, 1987). Golden hamsters are promiscuous and there is evidence that the first male that 

mates with the female sires more offspring (Huck, Quinn, & Lisk, 1985). Moreover, prolonged 
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copulation by the second male can result in displacement of the sperm of the first male (Huck et 

al., 1985). Therefore, it is possible that the production of USV during mating enhances male 

mating success simply by prolonging copulation and delaying the time before the female mates 

with another male. Females may select vocalizing males by controlling the time of copulation 

and males may entice females to remain in lordosis by modulating vocal behavior in a certain 

way. Evidence supporting these hypotheses would provide ultrasonic behavior a functional role 

specific to this species and perhaps to other species in which the female mates with multiple 

males and there is sperm competition. 

All rodents studied thus far, including the golden hamster, exhibit USV that are highly 

variable and not stereotyped (Hanson & Hurley, 2012; Hoffmann, Musolf, & Penn, 2011; Mahrt, 

Perkel, Tong, Rubel, & Portfors, 2013; Wright, Gourdon, & Clarke, 2010). Although modest 

differences in composition and spectral and temporal properties were found between males and 

females, it is unlikely that USV serve to recognize sex of the caller (Chapter 1). Higher variability 

within individuals than between individuals in acoustic parameters did not support a role in 

individual recognition either. Instead, high variability or complexity could be attractive to females 

and chaos and nonlinear phenomena may prevent habituation to male calling during copulation. 

Recent findings suggest that complexity in vocal behavior could have a role in female 

preference in mice. Females preferred the more complex USV produced in response to their 

urine than the simpler ones produced in the presence of the females themselves (Chabout, 

Sarkar, Dunson, & Jarvis, 2015). Complex and diverse repertoires have been positively selected 

multiple times in several other taxonomic groups (e.g. Akre & Ryan, 2011). Therefore, 

examining female hamster response (behavioral and neural) to male USV is an obvious future 

direction to explore.  

Furthermore, most of the variability observed in rodent USV seems to be context-

dependent. Plenty of evidence has demonstrated that USV can be modulated by social context 

in house mice (Chabout et al., 2012, 2015; Hanson & Hurley, 2012; Merten, Hoier, Pfeifle, & 
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Tautz, 2014; Musolf, Hoffmann, & Penn, 2010). For instance, the proportion of syllables 

produced by male mice was different when responding to urine of unfamiliar females than to 

male urine or water (Musolf et al., 2010) and in response to female urine than to an awake 

female (Chabout et al., 2015). Male mice also change the relative composition of syllable types 

before, during and after mating with a female (Hanson & Hurley, 2012). My study went a step 

further from the inter- or intra-sexual context and explored the effects of competition, recent 

social conflict and different social relationships on male vocal behavior. I found that the 

presence of competition could differentially modulate temporal and spectral properties of post-

female USV in males (Chapter 2). Moreover, the experience of a recent social conflict had an 

effect depending on the identity of the potential competitor (Chapter 2). 

Together these findings on hamster USV and those reported for other species suggest 

that USV are dynamic signals. As opposed to static signals, dynamic signals change rapidly 

with a constantly changing ecological and social environment (Akre & Ryan, 2011; Bro-

Jørgensen, 2010; Schuster, Zollinger, Lesku, & Brumm, 2012; Siemers, Kalko, & Schnitzler, 

2001). Dynamic signals are expected to evolve when information or content changes over short 

time frames (Bro-Jørgensen, 2010). For example, the replacement of a static signal (colorful 

belly) for a dynamic signal (headbob displays) gave male Sceloporus lizards the ability to turn 

off the dynamic signal in the presence of predators (Martins et al., 2015). Similarly, male frogs 

that produced dynamic mate attraction signals could strategically adjust signals in response to 

female’s behavior and produce signals that are closer to the optimum sexual selection signal 

value (Akre & Ryan, 2011). Therefore, dynamism or signal plasticity in rodent USV could 

potentially be important in sexual selection and enhancing reproductive success. By adjusting 

vocal behavior according to the existing social conditions, a male could modulate his behavior 

by increasing or maintaining vocal effort depending on whether the female is reproductive or 

not, virgin or experienced, young or old, likely to mate with other males of superior qualities or 

simply willing or not to copulate for longer time. This flexibility cannot be achieved through 
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chemical communication because odors lack the temporal precision to respond and adjust 

rapidly to a changing social environment. In contrast, acoustic signals have the advantage of 

being modulated both temporally and spectrally on a fast timescale and continually updated on 

a moment-to-moment basis (Bradbury & Vehrencamp, 1999; Remage-Healey, 2013). 

On the female side, the functional role of USV remains unclear. Estrous females can 

vocalize substantially after interacting with a male (Chapter 1). Reproductive state likely plays a 

part in modulating the behavior because females in estrus vocalized significantly more than in 

any other cycle stage  (unpublished results). Moreover, female vocal behavior can be 

modulated by social context as well. After interacting with a male not involved in an aggressive 

encounter or a male that was involved as a loser or a winner, the duration of female USV 

changed with time differently (unpublished results). More research on female vocal behavior in 

rodents is needed to understand its function and evolution. In fact, female song was recently 

reported to be an ancestral and widespread trait in the largest clade of birds and future research 

on female signaling is expected to widen the conceptual framework of social selection on 

communication (Odom, Hall, Riebel, Omland, & Langmore, 2014).   

The brain responds to a changing physical or social environment through short-term 

modulatory processes (Hofmann, 2003). But those modulatory processes are still not well 

understood. USV is a behavior that provides the opportunity to examine those short-term 

modulatory processes. Dynamic changes are expected to be achieved by changes in neural 

activity and excitability or by endocrine responses (Hofmann, 2003). In fact, accumulating 

evidence suggests that steroids, in particular brain-derived estrogen, act in the brain with the 

temporal precision and spatial specificity similar to neurotransmitters and neuromodulators 

(Balthazart & Ball, 2013; Cornil, Ball, & Balthazart, 2012). Rapid fluctuations of brain steroids 

have been widely studied in the modulation of male sexual behavior including pre-copulatory 

and copulatory behaviors (Cornil et al., 2012). My work provides evidence of a possible 

mechanism behind the rapid modulation of vocal behavior (Chapter 3). Although the mechanism 
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of ultrasound production in hamsters is not known, it has been recently demonstrated that USV 

in rats consists of a motor program that coordinates the activation of laryngeal and vocal tract 

muscles in conjunction with the respiratory system (Riede, 2011, 2013, 2014). Variations in call 

duration and fundamental frequency (F0) are suggested to be associated with specific 

combinations of subglottal pressure and laryngeal muscle activity (Riede, 2013). A specific F0 is 

the result of a limited subglottal pressure range, a certain configuration of the glottis and 

subsequent filtering from the vocal tract (Riede, 2013). Thus, it is possible that a different 

combination of these factors is what confers great plasticity to these signals.  

 In addition, results found in chapter 3 suggest that steroids may act at multiple levels of 

the nervous system to rapidly modulate specific aspects of calling behavior. Therefore, it would 

be interesting to explore this further and obtain direct evidence of the key roles of steroids in the 

brain. For instance, intracerebroventricular injections of E2, estrogen antagonist or aromatase 

inhibitors would tackle the question of whether the local production of brain E2 is implicated in 

the activation of female-elicited USV and in the modulation of specific acoustic parameters of 

the calls. Based on my results, I would predict that locally produced E2 would have effects on 

motivational aspects of vocal behavior such as temporal properties of USV. But the idea that 

steroids, especially androgens, stimulate nonclassical mechanisms in the periphery leading to 

rapid changes in vocal structure also deserves more future study. So far only one study in frogs 

has demonstrated how estradiol rapidly changed vocal behavior in females by affecting synaptic 

strength at the laryngeal neuromuscular junction (Wu, Tobias, & Kelley, 2001). Finally, an 

understanding of the interaction between steroids and neuropeptides in the modulation of vocal 

behavior (and other social behaviors) constitutes a major challenge. Local administration of 

arginine vasotocin (AVT) modulates vocal behavior in birds and fish, influencing sensorimotor 

processes, motivational processes or both (Goodson & Bass, 2001). Moreover, gonadal 

hormones regulate sexual differences and plasticity in the neuropeptide system regulating vocal 

behavior. However, it is not known whether this system would also play a part modulating vocal 
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behavior within a rapid time frame. Further investigations into possible nongenomic 

neuropeptide mechanisms have been suggested also in the regulation of social recognition, 

known to depend on the integration of actions of oxytocin, vasopressin and sex hormones 

(Gabor, Phan, Clipperton-Allen, Kavaliers, & Choleris, 2012).  
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