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 Complex social behaviors are at the heart of primate societies. Abiding by social 

rules that govern these behaviors is a critical part of the life of a social primate. In 

communication, social rules exist to regulate if, when, and what an individual vocalizes, 

as well as how a receiver responds. These rules are crucial to the efficacy of social 

communication systems. But what happens when individuals stop following these rules? 

Here, I investigated the consequences of rule-breaking during communication in common 

marmosets (Callithrix jacchus). I utilized one of their natural rule-governed behaviors 

known as antiphonal calling, which involves a back and forth exchange of calls between 

conspecifics. Rules guiding this vocal behavior include a high level of reciprocity, short 

response latencies, and turn-taking with minimal interrupting. This dissertation examines 

how captive marmosets respond to individuals breaking vs. following these rules. I 

created a novel interactive playback environment where subjects communicated with two 



 

 xii

marmosets called Virtual Monkeys (VMs). Each VM was a speaker that represented an 

individual by broadcasting prerecorded calls from a single marmoset. In Chapter 1, I 

manipulated timing and reciprocity rules by varying how quickly and how likely each 

VM was to respond when subjects vocalized. I found that subjects were biased against 

communicating with rule-breakers (i.e., one that responds slowly and infrequently) when 

a rule-follower (i.e., one that responds quickly and often) was also present. In Chapter 2, I 

manipulated turn-taking rules by having one VM occasionally interrupt subjects (a rule-

breaker) and the second VM behave normally (a rule-follower). I found that subjects 

were less likely to respond to interruptions, though there was no lasting bias in 

communication preferences to either VM. In Chapter 3, I sought to establish a foundation 

for investigating auditory processes in the awake marmoset brain with functional 

magnetic resonance imaging. Using a battery of auditory stimuli, I found representative 

properties of the auditory system, including strong activation of auditory cortices, a 

tonotopic auditory core, and secondary regions driven by complex stimuli. This 

preparation can one day be used to investigate brain areas involved in processing rule 

violations during antiphonal calling. Taken together, this dissertation demonstrates that 

marmosets use flexible strategies during communication and adapt their behavior to 

different contexts. This likely reflects a broader social cognitive strategy for successfully 

navigating primate societies and the close relationship between communication and 

cognition in our Order.



 

 1 

GENERAL INTRODUCTION 

 

 Group living in primates is accompanied by the emergence of complex social 

behaviors. Chimpanzees exhibit coordination during hunting (Boesch, 1994), golden lion 

tamarins engage in cooperative care of their young (Tardif et al., 1993), and bonobos 

practice unusual sexuality (e.g., female-female genital rubbing; de Waal, 1990). These 

behaviors are often regulated by social rules that exist to regulate conflict (de Waal, 

1990), increase the efficacy of interactions with others (Bullinger et al., 2011), and 

enhance the survival of group members (Tardif et al., 1993). Violations to these rules 

may have significant consequences. White-faced capuchins, for instance, typically emit 

food calls when they come across something to eat, but if they fail to vocalize their food 

is more likely to be taken away by a higher-ranking individual (Gros-Louis, 2004). 

Knowledge of social relationships is not limited to an egocentric perspective, but includes 

rules governing interactions in third-party relationships (Seyfarth & Cheney, 2015). For 

instance, baboons were able to correctly discern whether group members behaved in 

accordance with their respective positions in the broader social hierarchy based on a 

violation of an expectation within a sequence of vocalizations (Bergman et al. 2003; 

Cheney et al., 1995). The baboons were privy to how the individuals involved in the 

sequence should behave based on knowledge of third party relationships and the rules 

governing interactions within the social hierarchy, rather than from the acoustic content 

of the vocalizations alone. 

 Historically, the majority of studies on vocal communication systems of 

nonhuman primates have been at the level of the acoustic structure of a signal, which can
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relay a wealth of information to conspecifics regarding danger (Seyfarth et al. 1980; 

Strushaker, 1967), food (Di Bitetti, 1993), food quality (Hauser & Marler, 1993; 

Slocombe & Zuberbuhler. 2006), aggression (Slocombe & Zuberbuhler, 2005), mating 

behaviors (Pfefferle et al., 2008), etc. While the acoustic structure of these calls is critical 

for a wide range of cognitive capacities such as vocal recognition (Ghazanfar et al., 2001; 

Rendall et al., 2009; Miller & Thomas, 2012), it is not the sole feature of what constitutes 

a communication system. Often overlooked, there is a battery of vocal behaviors 

accompanying these signals that are also likely to contain a vast amount of information 

regarding the mental state of the animal as well as the social context in which those 

vocalizations are produced (Miller et al., 2009). These vocal behaviors convey if, when, 

and how individuals respond to particular signals and provide receivers with detailed 

social knowledge about those involved in the exchange, and whether or not they are 

following communication rules. 

 A hallmark characteristic of communication in some social species, including in 

humans, is abiding by rules regarding turn-taking (Chow et al., 2015; Lemasson et al., 

2011; Levinson, 1983; Levinson, 2016; Snowdon, 1988; Takahashi et al., 2013). This 

entails synchrony between the signaler and the receiver to avoid overlapping 

vocalizations (Levinson, 1983). Turn-taking, in part, requires a response latency that 

allows the vocal exchange to maintain synchrony, should consist of mostly non-

overlapping signals, and involves reciprocity between individuals to continue the vocal 

exchange (Levinson, 1983; Takahashi et al., 2013). These rules allow for effective 

signaling in many gregarious species, but the social consequences of violations to these 
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rules remain unclear, largely due to traditional approaches to studies of communication.  

 Common marmosets (Callithrix jacchus) are New World primates (platyrrhines) 

endemic to the treetops of Northeastern Brazil. They live in extended family groups (9-15 

individuals) and engage in a rule-governed turn-taking vocal behavior known as 

antiphonal calling, which entails a back and forth exchange of their long-distance contact 

‘phee’ calls typically emitted during times of visual occlusion from conspecifics (Miller 

& Wang, 2006). Phee calls are integral to antiphonal calling because they relay several 

perceptually salient social categories about the caller encoded in the acoustic structure of 

the signal (e.g., individual identity: Miller & Thomas, 2012; Miller et al., 2010). In 

addition to the communicative content of the vocal signal, previous research suggests that 

vocal-behavioral cues, such as the latency to respond, are socially relevant for mediating 

antiphonal calling (Miller & Wang, 2006; Miller et al., 2009; Takahashi et al., 2013). 

This is an ideal behavior for investigating consequences to rule violations in a primate 

communication system because, similar to human language, it involves turn-taking 

(Takahashi et al., 2013), individual recognition (Miller & Thomas, 2012), and a network 

of callers. Other rules include waiting their turn to vocalize and restricting their output to 

phee calls, despite a large vocal repertoire of other call types to choose from. These rules 

are inherent to the efficacy of the antiphonal calling system, and violations to these rules 

may have important social and behavioral consequences.   

A natural question to ask when studying primate communication systems is, 

“How does this compare to human language?” Unfortunately, however, determining the 

evolution of the neural circuitry that gave us the ability to communicate in such complex 
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ways is a major challenge, as brains do not fossilize and the neural correlates of human 

language are still far from entirely understood. Thus, we examine the brains and the 

behavior of our primate relatives in search for answers. We have only begun to shed light 

on the brain regions responsible for the processing and perception of communicative 

signals (Petkov et al., 2008) and our understanding of how this relates to the human brain 

is disputed (Ghazanfar & Hauser, 2001). Although the vocal communication system of 

marmosets is an exemplary system for studying both communicative behaviors and the 

processing of the auditory signals at the neural level, new methods are needed for 

understanding the contributions of multiple brain areas simultaneously.  

 The first two chapters of this dissertation explore how violations to rules during 

antiphonal calling in marmosets affect the ongoing vocal exchange and proclivity to 

communicate with rule violators. The first chapter examines the influences of different 

levels of reciprocity (i.e., response likelihood) and response latency by experimentally 

manipulating each in a triad of individuals. I measured how likely subjects were to 

respond to each individual displaying different response properties (e.g., one individual 

could have a high response likelihood and a short response latency) in order to determine 

subjects’ communication preferences. The second chapter examines the consequences of 

interruptions (i.e., overlapping signals) during antiphonal calling. Subjects were part of a 

triad where one individual communicated normally with subjects and the other 

occasionally produced interruptions. I measured how likely subjects were to vocally 

interact with each individual. In Chapter 3, I developed a preparation for investigating 

brain activity during auditory stimulation in awake marmosets. I played pure tones and 
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band-pass noise as marmosets passively listened in a functional magnetic resonance 

imaging (fMRI) scanner in order to examine the contributions of various auditory cortical 

fields to the processing of each kind of sound. This chapter served as a basis for future 

investigations of auditory function in awake marmosets. 
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Chapter 1, in full, is a reprint of the material as it appears in Biology Letters. 

Toarmino, Camille R.; Wong, Lauren; Miller, Cory T. 2017. The dissertation author was 

the primary investigator and author of this paper. 

 

Supplemental Experimental Procedures 

Subjects 

 Eight adult marmosets (5 females and 3 males) were used in this experiment 

conducted over four months from February to May. Marmoset phee calls and antiphonal 

calling do not appear to vary based on season in the wild [1]. Sample sizes were 

determined based on those used in previous behavioral studies in which marmosets were 

subjects [2,3]. All subjects were socially housed in pair-bonded family units comprised of 

the adults and up to two generations of offspring. The UCSD colony consists of multiple 

cages (3’ X 3’ X 6') of pair-housed families, and as such, each monkey is able to hear 

vocalizations from multiple individuals (~30 monkeys comprised the colony). The 

University of California, San Diego (UCSD) Institutional Animal Care and Use 

Committee approved all experimental procedures.  

Stimuli 

 Stimuli were prerecorded phee calls produced by marmosets within the UCSD 

colony during bouts of antiphonal calling. The sequence of this behavior is as follows: 

Marmoset A makes a phee call, marmoset B responds within a few seconds of the offset 

of Marmoset A’s call, Marmoset A responds to Marmoset B within a few seconds, and so 

on. Importantly, this behavior is coordinated between the two individuals such that they 
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wait their turn before responding and little overlap of phees is ever observed. Phee calls 

are produced in the following two contexts. A phee call is considered antiphonal when it 

is produced in response to hearing a conspecific’s phee, while a phee call is considered 

spontaneous when it is produced without a preceding phee from another individual. 

Spontaneously produced phee calls function to elicit an antiphonal call from a conspecific 

and initiate a new bout of calling [4]. Phee calls produced in these two contexts are 

known to exhibit subtle acoustic differences [5], but are classified by when they are 

produced relative to other conspecific phee calls. Phees produced within ~9 s of another 

conspecific’s call are classified as an antiphonal response, whereas calls produced after 

this point are deemed spontaneous. This timing classification is based on ethological 

studies of marmoset antiphonal calling behavior [4] as well as perceptual experiments 

that tested the significance of the response latency on subjects’ vocal behavior [6]. This 

latter study indicated that marmosets were less likely to respond to a vocal partner that 

displayed a long response latency (>9 s). Additionally, previous work has shown that 

marmosets recognize the identity of individual marmosets during antiphonal calling. 

When the identity of a caller was changed during a vocal exchange, subjects were less 

likely to respond to the new caller suggesting that marmosets recognized the change in 

the identity of the caller through phee calls alone [3]. Furthermore, other work has shown 

that a discriminant function analysis designed to test for identity in phee call structure can 

correctly classify the calls to the individual caller 92% of the time [5]. 

 All phee calls used in these experiments were recorded during natural vocal 

interactions following a method described previously [4]. Vocalizations were recorded 
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under conditions that optimized the signal to noise ratio. For the following experiments, 

we created multiple stimulus sets comprising 15-30 antiphonal phee calls and 15-30 

spontaneous phee calls each. Stimulus sets comprised phee calls produced by an opposite 

sex adult individual from a different family group in the colony relative to the subject.  

  A stimulus was assigned to be broadcast by randomly selecting it from the 

appropriate corpus of calls. A total of 12 stimulus sets were collected before experiments 

began. Of these 12, 7 were from females and 5 were from males. Subjects were housed in 

the same room as the individuals that participated in the recordings and were able to 

visually and vocally interact with those marmosets. These individuals may have been 

housed in a nearby cage (~3-5 ft), or in a cage located across the colony room (~10-20 ft). 

It was thus possible that subjects had prior experience interacting with these individuals 

that served as VM stimuli. Due to the small size of our colony, it was difficult to control 

for this aspect of social relatedness. We attempted to remedy this by counterbalancing 

stimuli across experimental sessions in order to control for differential responding to a 

particular monkey’s vocalizations. In fact, within a test condition, the vocalizations 

produced from one of these monkeys could be used for a VM whose behavior was 

defined as a HR-Long, but on a subsequent session with the same subject the same 

individual’s vocalizations could be used for a VM whose behavior was defined as LR-

Short. This allowed us to control for any bias that might emerge due to the identity of the 

caller and ensure that subjects’ behavior reflected a decision based on the respective 

behavior of the VMs in the test condition. Playback quality was determined both through 

visual inspection of the spectrograms of each individual phee call as well as by listening 

to each call for any abnormalities. Only vocalizations with high signal to noise ratios and 
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no other sounds evident during the recording were used as stimuli in these experiments. 

The timing of all stimulus broadcasts was controlled via custom-designed MATLAB 

software that ran on a computer located outside of the experimental room. This software 

was rigorously validated through many sessions of manual inspection ensuring that it was 

accurately recording and broadcasting phee calls. Stimuli were broadcast through a 

Crown amplifier (Model D-75A) within a range of ~80-90 dB SPL measured 1m in front 

of each speaker, the typical amplitude of phee calls at the same distance (Polk Audio 

TSi100, Frequency Range: 40-22,000 Hz).  

Experimental Setup 

 Subjects were transported from their home cage in the colony room to the 

experimental chamber using a metal wire transport cage. The walls of the experimental 

room were covered in sound-attenuating foam. The experimental room was 4.7 x 2.8 m. 

Subjects were placed on one side of the room in a plastic mesh testing cage in which they 

were able to climb and freely move. A microphone (Sennheiser Model ME-66) was 

placed 0.3 m directly in front of the subject to record its phee call vocalizations. An 

incoming signal was determined to be a phee call through custom-designed software 

(MATLAB) that analyzed the power spectrum of the signal and compared that sample to 

the average features of a phee call. A dark curtain was placed in the center of the room, 

1.8 m in front of the subject, which acted to occlude two speakers located on the opposite 

side of the room. All speakers were approximately 3.3 m away from the subject. The 

speakers were 2 m away from each other.  
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Experimental Logic 

 The following logic was the basis for all experiments described here. Subjects 

were placed in a testing box in an experimental chamber with two speakers. The chamber 

was then shut and the experimental software started. A microphone recorded subject 

vocalizations and stimuli were broadcast accordingly. The speakers served as ‘Virtual 

Monkeys’ (VMs) whose representative vocal behavior was controlled by our software in 

order to simulate natural vocal interactions between marmosets in a communication 

network. All phee calls broadcast to simulate calls from a VM were previously recorded 

from an individual marmoset from the UCSD colony as described above. Thus, each VM 

was representative of an individual marmoset from our colony. Marmosets naturally 

produce phee calls during this behavior in response to hearing the phees of others, and 

thus no training was required for this experiment. VMs served as both vocal partners to 

subjects and as audience members when subjects vocalized. Subjects learned about the 

behavior of VMs in their audience through interactions, and altered their vocal behavior 

accordingly. VMs were characterized by two dimensions of their response to subjects’ 

calls: latency and likelihood. Latency was defined as the time elapsed between the end of 

a subject’s call and the beginning of a VM’s call. There were two possible ranges of 

latencies: Short (1-3 s) and Long (13-15 s). Likelihood was defined as the probability that 

a VM would respond to a call produced by a subject. A VM could either be a High 

Responder (HR) that was 80% likely to respond or a Low Responder (LR) that was 20% 

likely to respond. This gave rise to four possible combinations of likelihood and latency 
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that could be represented in a VM’s vocal behavior: HR-Short, HR-Long, LR-Short, and 

LR-Long. 

There were two events that could occur in these experiments. The first event was 

to provide subjects with experience interacting with each VM. This was accomplished by 

subjects’ initiating a vocal interaction by producing a phee call and learning how each 

VM responded to their calls. The second event was to broadcast calls from each VM to 

test how that previous experience affected subjects’ decisions to communicate with each 

VM.  

In the first event, subjects could initiate communication with VMs by producing a 

phee call. Upon the production of a phee call, the software program detected the phee and 

selected the appropriate VM for response based on their likelihood parameters and 

broadcast an antiphonal phee call stimulus. These interactions, in which subjects initiated 

communication, allowed subjects the opportunity to assess the vocal behavior of each 

VM. This provided subjects with information about how likely each VM was to respond 

(response likelihood) and how long it took for that VM to respond (response latency) to 

the subject’s call.  

 During the second event, VMs initiated a vocal exchange by broadcasting a 

spontaneous phee call stimulus during periods in which subjects did not produce any 

vocalizations for 20-30 s. The software program detected a period of silence from the 

subject based on the time since its last vocalization and then broadcast a spontaneous 

phee call from the appropriate VM. At this point, each VM had an equal likelihood of 

broadcasting a spontaneous phee call and only one VM was selected to broadcast a 
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stimulus during each of these silence periods. Thus, phee calls broadcast by each VM 

never occurred simultaneously. If the subject did not vocalize after the second event, 

another second event began. In other words, another spontaneous call was broadcast 20-

30 s after the offset of the initial VM stimulus. If the subject was especially non-vocal, 

the session was likely considered to be non-voluble and not included in the analysis. 

When these events occurred, we measured the likelihood that subjects were to respond to 

phee calls broadcast by the VMs. We considered a phee call produced by the subject as a 

response if it occurred within 8 s of the end of the VM’s spontaneous phee call. Thus, we 

calculated the subject’s response likelihood to each VM by assessing the subject’s 

responses to spontaneous calls [total responses to spontaneous calls/total spontaneous 

calls]. Each session ended 8 s after each VM produced a minimum of 4 spontaneous calls. 

We allotted an extra 8 s in order to give the subject a window to respond. All data 

presented here are subjects’ response likelihoods to spontaneous phee calls produced by 

the VMs. In order to ensure that subjects’ decisions to communicate were based on 

experience interacting with all VMs, we measured subjects’ responses to the VMs only 

after each VM had broadcast a minimum of two single antiphonal phee call stimuli as 

responses to subjects’ own vocalizations. This criterion was used for every session.  

Experiment 

 We tested how the presence of two VMs that differed in their vocal behavior 

affected subjects’ decisions to communicate. We tested four combinations of VM pairs: 

HR-Short/LR-Short (Condition A), HR-Long/LR-Long (Condition B), HR-Short/LR-

Long (Condition C), and HR-Long/LR-Short (Condition D). All conditions were repeated 
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three times per subject (8 subjects, 3 repetitions, N = 24 per condition). The length of 

each session was highly variable because it was contingent upon which condition the 

subject was tested on and how vocal the subject was on that given day. The mean length 

of conditions A, B, C, D, respectively, were [M = 1626 s, SD = 1269 s], [M = 2191 s, SD 

= 954 s], [M = 1926 s, SD = 725 s], and [M = 1373, SD = 346 s]. The following mean 

number of antiphonal stimuli were broadcast for HR and LR, respectively, in each 

condition: A: [M = 42.9, SD = 51.1 and M = 11.58, SD = 13.9]; B: [M = 17.46, SD = 

10.6 and M = 3.79, SD = 1.64]; C: [M = 46.2, SD = 25.4 and M = 4, SD = 1.8]; D: [M = 

12.45, SD = 7.74 and M = 7.83, SD = 4.03]. The mean number of spontaneous stimuli for 

HR and LR, respectively, in each condition were: A: [M = 7.1, SD = 5.4 and M = 7, SD = 

4.7]; B: [M = 11.5, SD =  7.5 and M = 12, SD = 9.5]; C: [M = 9.75 , SD = 5.8 and M = 

9.9, SD = 5.4]; D: [M = 8.9, SD = 7.4 and M = 8.1, SD = 4.6]. 

 The mean latency of the response of subjects’ to VMs’ spontaneous calls was 

4.21s with a standard deviation of 2.1s. A one-way ANOVA with VM type as the 

independent factor revealed that there were no significant differences in response latency 

across VM types [F(1,7) = 1.14, p = 0.34]. 
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ABSTRACT 

 Social living is an integral feature of primate societies. As such, social rules 

emerge that regulate individual and group behaviors. The ability of group members to 

recognize and follow these rules is critical to their survival and reproductive success, and 

violations to these rules may have a significant behavioral impact. Common marmosets, 

like other primates, follow rules during social and communicative interactions. However, 

it is unknown how violations to these rules impact the communicative exchange and the 

social treatment of the violator. Here, we examined the social consequences of 

interruptions during their natural conversations called antiphonal calling. We used a 

novel, multi-speaker interactive playback design with two 'Virtual Monkeys' (VMs) that 

simulated individual marmosets to test how interruptions impacted the dynamics of the 

conversation. One VM was denoted VM-Norm, as it produced normal responses to 

subjects’ vocalizations, and the other was denoted VM-Int, as it occasionally interrupted 

subjects’ own phee calls. Two types of phee calls were produced by the VMs: 1) 

antiphonal phee calls were broadcast in response to subjects’ vocalizations, and 2) when 

subjects were vocally inactive for a period of time, one VM was selected to broadcast a 

spontaneous phee call to attempt to engage the subject in communication. This design 

afforded subjects the opportunity to learn about the individual behaviors of each VM and 

make decisions about whether or not to interact with those VMs based on that 

information. We recorded subjects’ responses to each VM’s different phee call types. We 

found that subjects were significantly less likely and slower to respond to an interruption 

from VM-Int than an antiphonal call from VM-Int or VM-Norm. Interruptions effectively 
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ended the vocal exchange between subjects and VM-Int for that bout of calling. However, 

interruptions had no effect on subjects’ decisions to respond to either VM when the VM 

initiated the vocal exchange (i.e., a VM’s spontaneous call). We repeated this experiment 

with familiar and non-familiar stimuli, different age groups, and an increased rate of 

interrupting, and the same interrupter over multiple days and found that these results 

persist regardless of these conditions. These results suggest that interruptions cause no 

long-term consequences for the violator, and following this aspect of turn taking may not 

be socially enforced.  

INTRODUCTION 

Throughout the animal kingdom, many species use vocal communication as a 

primary means to relay information and mediate social interactions. Although there is 

great deal of information encoded in vocal signals themselves (Miller & Thomas, 2012; 

Miller et al., 2010; Rendall et al., 2004; Norcross & Newman, 1993; Manser, 2001; 

Hauser & Marler, 2003; Leavesley & Magrath, 2005), it may be equally as important to 

analyze when signals are relatively produced between the signaler and receiver. The 

effect of song timing is well studied in birds, and research suggests that overlapping 

songs from different individuals can have a profound effect on behavior (e.g., Naguib, 

1999; Osiejuk, 2004; Dabelsteen et al.,1996). In some songbirds, males engage in singing 

competitions, and an overlapping song (i.e., one that begins before the initial male’s song 

ends) may be interpreted as an aggressive and threatening signal (for review, see Naguib 

& Mennill, 2010). In European Starlings, an overlapping or interrupting call can end the 

vocal interaction (Henry et al., 2015). Despite the plethora of studies investigating 
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interruptive songs in birds, there is a dearth of research examining this phenomenon in 

non-human primate communication systems. Vocal signals in primates mediate many 

important aspects of social relations, and thus overlap in call timing may have significant 

social value to individuals involved in the vocal exchange. 

In common marmosets (Callithrix jacchus), interruptions are produced 

occasionally during antiphonal calling (Chow et al., 2015). This behavior is their primary 

means of long-distance contact during visual occlusion and involves an exchange of phee 

calls between individuals during turn-taking (Miller et al., 2006). Notably, monkeys 

engaged in this exchange typically wait a few seconds after the offset of the initial call to 

produce a response, likely to prevent overlap (Miller et al., 2006; Takahashi, 2013). This 

behavior is similar to conversational turn-taking in humans because it 1) involves short 

turns, 2) is organized to minimize overlap, and 3) involves relatively quick responses 

(Levinson, 2016). In humans, interruptions are often viewed as conversational failures 

and can even end the conversation (Sacks et al., 1974). Similarly, when juvenile 

marmosets interrupted their parents, their parents were less likely to respond, effectively 

ending the vocal exchange (Chow et al., 2015). Additionally, parents were more likely to 

interrupt juveniles when they produced an improper call type (i.e., a non phee call). The 

authors proposed that marmoset parents might be implementing these mechanisms as 

feedback to teach juveniles the rules of antiphonal calling (i.e., waiting your turn and 

restricting vocal output to phee calls). However, it is also plausible that interruptions 

influence the time it takes to prepare a response, rather than a more socially driven 

mechanism. Further research is needed to understand the precise role that interruptions 

play in these vocal exchanges.  
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The current study is a broad investigation of the social and behavioral 

consequences of interruptions in common marmosets. Given that interruptions can have 

serious consequences in other species, we predicted that marmosets would avoid 

communicating with interrupters. We used a two-speaker interactive playback design 

described previously (Toarmino et al., 2017) to investigate three major aims. First, we 

sought to determine if decreased responding observed after an interruption observed by 

Chow and colleagues (2015) was specific to parent-offspring interactions, or if it was a 

broader mechanism implemented in adult-adult interactions as well. If it were juvenile-

specific, we predicted that adult subjects would respond normally after another adult’s 

interruption. Second, we aimed to test if being a known ‘interrupter’ influenced others’ 

willingness to engage in vocal exchanges with that individual. If interruptions were to be 

avoided by subjects, we predicted that they would be less likely to respond to an 

individual with a history of interrupting. Third, we sought to determine whether juveniles 

of different age groups also responded less to interruptions. We hypothesized that if 

decreasing responses to interruptions was a learned behavior, we would observe a 

difference across age groups.  

 

MATERIALS AND METHODS 

Subjects 

All subjects were marmosets aged 4 months - 3 years from the University of 

California, San Diego (UCSD) colony. Subjects were socially housed in a pair-bonded 

family unit. The UCSD colony consists of multiple cages of family units (~30 marmosets 

total) allowing for an abundance of vocal interactions within and between families each 
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day. The UCSD Institutional Animal Care and Use Committee approved all experimental 

procedures.  

Sample sizes were determined based on those used in previous behavioral studies 

utilizing marmosets (Miller et al., 2009; Miller & Thomas, 2012), as well as the number 

of subjects available at a given time in the UCSD colony. In Experiment 1A, 7 female 

and 3 male adult marmosets (1.5+ years) were used. In Experiment 1B, a total of 6 

female and 6 male juvenile subjects were used. The ages of these marmosets ranged from 

4 months - 1 year. This condition was split into a ‘young’ and ‘old’ group of juveniles. 

The young group consisted of marmosets between 4 months and 7 months and comprised 

5 females and 3 males. The old group consisted of marmosets between 8 months and 1 

year and comprised 3 females and 4 males. Three subjects served in both groups as they 

aged. In Experiment 2, 5 adult females and 3 adults males were used. In Experiment 3, 5 

adult females and 1 adult male were used. In Experiment 4, 5 adult females and 1 adult 

male served as subjects. In Experiment 5, 3 adult females and 1 adult male were subjects.  

Stimuli  

Stimuli were prerecorded phee calls produced by marmosets from our colony at 

the UCSD and a colony from Johns Hopkins University (JHU). UCSD phee calls were 

considered ‘familiar’ to subjects, as subjects had ample opportunity to interact with the 

marmosets who produced these calls. JHU phee calls were ‘unfamiliar’ to subjects, as 

subjects never interacted with these marmosets. All phee calls were recorded during 

natural bouts of antiphonal calling using a method previously described (Miller & Wang, 

2006).  
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Phee calls are commonly produced in two contexts. When a phee call is produced 

within ~8-9 seconds in response to another marmoset’s call, it is considered ‘antiphonal’. 

If a phee is produced without a preceding call from another individual, it is considered 

‘spontaneous’. Subtle acoustic differences exist between these two categories of phee 

calls (Miller & Wang. 2006). Additionally, the timing classification of these phee types is 

based on perceptual experiments that tested the significance of response latency during 

antiphonal calling (Miller et al., 2009). This study found that marmosets are less likely to 

respond to another individual if that individual displayed a long response latency 9+ s 

(Miller et al., 2009).  

In each experiment, multiple stimulus sets were used. Each stimulus set 

comprised of 15-30 antiphonal phees and 15-30 spontaneous phees from a given 

individual. Stimulus sets that were selected for a given experimental session were always 

from a non-cagemate of the opposite sex from the subject. In all experiments except 

Experiment 4, stimuli were counterbalanced to control for any differential responding of 

subjects to a given stimulus set. Details of the particular stimulus sets for each 

experiment are described under the experiment.  

The timing of all stimulus broadcasts was controlled via custom designed 

MATLAB software located on a computer outside of the experimental chamber. Stimuli 

were broadcast through a Crown amplifier (Model D-75A) within a range of ~80-90 dB 

SPL measured 1m in front of each speaker.  

Experimental Setup 

 Subjects were transported from their home cage in the UCSD colony to the 

experimental chamber in a metal wire transport cage. In the experimental chamber, the 
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subject was placed on one side of the room into a plastic mesh box in which the subject 

could freely move, climb, and see (Fig. 1). A microphone (Sennheiser Model ME-66) 

was placed 0.3 m directly in front of the subject to record its phee call vocalizations.  An 

incoming signal was determined to be a phee call through custom-designed software 

(MATLAB) that analyzed the power spectrum of the signal and compared that sample to 

the average features of a phee call. A dark curtain was placed in the center of the room, 

1.8 m in front of the subject, which acted to occlude two speakers (Polk Audio TSi100, 

Frequency Range: 40-22,000Hz) located on the opposite side of the room. 

General Experimental Logic 

 The following experimental logic was the basis for all experiments described 

here. Two speakers were occluded from the subject and these speakers served as ‘Virtual 

Monkeys’ (VMs). Each VM was assigned a particular stimulus set for a given session. 

Thus, each VM had its own acoustic signature as it represented an individual marmoset 

by broadcasting that individual’s phee calls throughout the session. The vocal behavior of 

each VM was controlled by custom software that simulated natural antiphonal calling 

behavior with the subject. One VM was denoted VM-Norm, as it followed the normal 

turn-taking rules associated with antiphonal calling. The other VM was denoted VM-Int, 

as it occasionally interrupted the subject’s phee call by producing one of its own. This 

caused both phee calls by VM-Int and the subject to overlap in time. VM-Int and VM-

Norm only differed in two ways: 1) they produced phee calls from different marmosets, 

and 2) VM-Int interrupted while VM-Norm never did. This manipulation allowed us to 

test whether subjects had a preference for communicating with one over the other given 

the vocal behavior of each.  
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 In each experimental session, two events occurred (Fig. 2). In the first event, the 

subject produced a phee call in order to initiate a vocal interaction with the VMs. When 

this occurred, one of the VMs was selected to broadcast an antiphonal phee call in 

response to the subject. Sixteen antiphonal phees were broadcast from each VM in one 

experimental session. Stimuli were pseudorandomized. VM-Norm produced antiphonal 

phee responses with a 1-5 s response latency. This is in line with the typical time between 

turns during antiphonal calling (Miller et al., 2009). VM-Int also followed this rule, but 

occasionally produced an interruption that occurred 0.2-1s after the onset of the subject’s 

call. VM-Int and VM-Norm never produced phee calls simultaneously. These events 

allowed subjects to gain experience interacting with both VMs and to learn about the 

vocal behavior associated with each one.  

 In the second event, the VMs initiated communication with the subject (Fig. 2). 

During periods of vocal inactivity from the subject (10-15s), one VM was selected to 

broadcast a spontaneous phee call. Eight spontaneous phees were broadcast in one 

experimental session from each VM, and stimuli were pseudorandomized. If the subject 

did not vocalize after the spontaneous phee, then another spontaneous phee was broadcast 

(not necessarily from the same VM). This event type allowed us to glean whether or not 

interruptions biased subjects’ responses to the VMs.  

 Together, these events created an interactive environment where the vocal 

behavior of the subjects determined what types of stimuli were broadcast. This allowed 

us to assess how different properties of each VM influenced the decisions of subjects to 

communicate with them. We recorded the likelihood and latency of subjects’ responses to 

each of the following stimulus types: VM-Norm antiphonal phees, VM-Norm 
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spontaneous phees, VM-Int antiphonal phees, VM-Int interruptive phees, and VM-Int 

spontaneous phees (Fig. 2). A phee call produced by the subject was considered to be a 

response if it occurred within 8 s of the offset of the stimulus. Only latencies for 

responses are presented. For every experiment except Experiments 3 and 5, 16 antiphonal 

phees (8 of which were interruptive for VM-Int) and 8 spontaneous phees were broadcast 

from each VM.  

Experiment 1: Familiar Interruptions 

This experiment investigated subjects’ preferences for communicating with an 

interrupter vs. a non-interrupter, while simultaneously examining subjects’ proclivity to 

respond to interruptions. In Experiment 1A, 10 adult aged (1.5 + years of age) marmosets 

were used as subjects, and in Experiment 1B, 12 juvenile (aged four months to one year) 

marmosets served as subjects in order to examine how these preferences might change 

with age. In this experiment, 50% of antiphonal responses (8 out of 16) produced by VM-

Int were interruptions. Thus, VM-Int had an interruption rate of 50%, but overall only 

16.7% of totals calls heard (including from VM-Norm) were interruptions. This was the 

only experiment in which juvenile subjects were used. All stimuli in this experiment were 

familiar to subjects (i.e., obtained from the UCSD colony). 

Each subject repeated this experiment three times. For analyses, juveniles were 

split into a ‘young’ and an ‘old’ group, with ages between 4-7 months and 8-12 months, 

respectively. However, three subjects in the ‘old’ group and one subject in the ‘young’ 

group repeated the experiment only two times. This was due to an abrupt change in their 

volubility that could have been influenced by many factors, including how comfortable 

they were in a novel setting such as the experimental chamber. After multiple attempts, 
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these subjects were still not vocal enough to complete the remaining session. For 

juveniles and adults, respectively, the mean length of a session was [M = 1155s, SD = 

456s] and [M = 924s, SD = 276s].  

Experiment 2: Unfamiliar Interruptions 

 Experiment 2 was exactly the same as Experiment 1A. The only difference was 

that unfamiliar phee calls (obtained from Johns Hopkins University) were used as stimuli. 

With this manipulation, we sought to test how the familiarity of the stimuli might 

influence subjects’ decisions for communication. The mean length of an experimental 

session was [M = 996s, SD = 344s]. Each subject repeated the experiment three times. 

Experiment 3: Hyper-Interrupter 

 In this experiment, we tested how increasing the interruption rate of VM-Int 

affected subjects’ communication preferences. Here, VM-Int had an interruption rate of 

75% (thus, 12 out of its 16 antiphonal phees were interruptive). Familiar stimuli were 

used. It was identical to Experiment 1A and 2 in all other ways. The mean length of an 

experimental session was [M = 973s, SD = 245s]. As in the previous experiments, each 

subject repeated this experiment three times. 

Experiment 4: Repeat-Interrupter 

 This experiment examined how repeated interactions with the same interrupter on 

multiple days influenced subjects’ decisions to communicate with that interrupter. In this 

experiment, VM-Int had an interruption rate of 50%. Each subject repeated each session 

five times. Unlike all other experiments where stimulus sets were changed on each 

session, each subject was assigned only one stimulus set per VM for every session. Thus, 

for five days, VM-Norm and VM-Int for a given subject were the same. Across subjects, 
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the stimulus sets were different. Only familiar stimulus sets were used. The mean length 

of an experimental session was [M = 1037s, SD = 310s].  

Data Analysis 

Data presented here are subjects’ response likelihood and latency to each stimulus 

type.  All data were analyzed using JMP®, Version 2009, SAS Institute Inc., Cary, NC, 

1989-2007. Within each experiment, responses to stimulus types were compared using a 

series of Wilcoxon signed-rank tests. Bonferroni corrections were performed for multiple 

comparisons within each experiment and results are noted when an adjusted alpha value 

was not met. Experiment 1A and 1B and Experiments 1A and 2 were compared using 

Kruskal-Wallis tests to compare responses and latency to each call type across ages and 

across stimulus familiarity, respectively. For comparisons of response likelihood, a 

difference score was computed for each variable of interest to control for differences in 

volubility across age groups. For example, if the comparison was to examine the 

difference in responses to VM-Int antiphonal calls vs. VM-Int interruptions, the 

difference score would be [Response likelihood to VM-Int antiphonal - response 

likelihood VM-Int interruptions]. In this way, the magnitude of the difference in 

responding to the call types was compared across age groups. Post-hoc comparisons were 

made using the Wilcoxon method. In Experiment 4, responses to the various stimulus 

types were compared on Days 1 and 2 and on Days 4 and 5 using Wilcoxon signed-rank 

tests and Bonferroni corrections  

 Occasionally subjects redid an experimental session if their volubility on that day 

was too low. A low volubility was determined by whether or not a subject was presented 

all the stimuli on a given session. Because the experiments were interactive with the 
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subject, antiphonal phees from VMs were only broadcast when the subject was 

vocalizing. Thus, if the subject was not vocalizing, these stimuli would not be broadcast, 

and the session would be repeated. Four juvenile subjects (three from the old group and 

one from the young group) only completed two sessions due to volubility issues. In 

Experiment 4, one subject completed three out of five sessions for the same reasons. The 

number of experimental sessions needed were determined before the study began.  

 

RESULTS 

Experiment 1: Familiar Interruptions 

The goals of Experiment 1A were 1) to examine whether adults respond less to 

interruptions of other adults and 2) to determine if an interrupter was less likely to engage 

subjects in antiphonal calling on trials where that individual did not interrupt. Wilcoxon 

signed-rank tests were performed with Bonferroni corrections applied to each variable 

tested. Results showed that subjects were significantly less likely to respond to 

interruptions compared to other antiphonal call types [VM-Int antiphonal: Z = 4.33, p < 

0.0001] [VM-Norm antiphonal: Z = 4.3, p < 0.0001] (Fig. 3). When subjects did respond 

to interruptions, they took significantly longer compared to all other calls [VM-Int 

antiphonal: Z = 3.1, p = 0.0023] [VM-Norm antiphonal: Z = 4.1, p < 0.0001] [VM-Int 

spontaneous: Z = 4.03, p < 0.0001] [VM-Norm spontaneous: Z = 4.5, p < 0.0001] (Fig. 3). 

Interestingly, subjects treated antiphonal calls (non interruptions) from VM-Norm and 

VM-Int similarly, and no difference was apparent in how likely they were to respond to 

each [Z = 0.16, p = 0.87]. The same was true for subjects’ responses to each VM’s 
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spontaneous calls [Z = 0.65, p = 0.51], showing that being an interrupter did not bias 

responses in this domain (Fig. 3).  

In Experiment 1B, the same experiment was repeated with juvenile marmosets as 

subjects. Similar to adults, results showed that juveniles (all subjects under 12 months) 

responded less to interruptions than to other antiphonal call types [VM-Int antiphonal: Z 

= 3.12, p = 0.0018] [VM-Norm antiphonal: Z = 3.99, p < 0.0001] (Fig. 4). Juvenile 

subjects also exhibited no bias in how likely they were to respond to spontaneous calls [Z 

= 0.85, p = 0.39] (Fig. 4). Juveniles, like adults, took longer to respond to an interruption 

compared to every other call type [VM-Int antiphonal: Z = 4.79, p < 0.0001] [VM-Norm 

antiphonal: Z = 5.54, p < 0.0001] [VM-Int spontaneous: Z = 4.83, p < 0.0001] [VM-

Norm spontaneous: Z = 6.16, p < 0.0001]. Interestingly, juveniles took longer to respond 

to spontaneous calls from VM-Int compared to those from VM-Norm [Z = 2.73, p = 

0.0062]. Next, we sought to determine whether or not these patterns change with age. 

Because juveniles tend to respond more unpredictably and often at higher rates than 

adults, a difference score was calculated for each comparison to help normalize calling 

variability when comparing across age groups (see Method). We found that there were no 

significant differences in response likelihood to any call types across adults, young 

juveniles, and old juveniles (Fig. 5). However, Kruskal-Wallis tests and Wilcoxon 

comparisons showed that young juveniles were significantly faster to respond than other 

ages to antiphonal calls from VM-Norm, χ2 (2) = 10.2, p = 0.006, [adults: Z = 4.3, p = 

0.0026; old juveniles: Z = 3.7, p = 0.002] and VM-Int, χ2 (2) = 13.1, p = 0.0015, [adults: 

Z = 3.5, p = 0.0008; old juveniles: Z = 2.7, p = 0.007] (Fig. 6). 
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Experiment 2: Unfamiliar Interruptions 

 Stimuli for this experiment were obtained via recordings of marmosets in the 

UCSD colony. Therefore, subjects may have had previous interactions with these 

individuals that could have biased results. To be sure this was not the case, Experiment 

1A was repeated using unfamiliar stimuli from a marmoset colony at Johns Hopkins 

University. Kruskal-Wallis tests with stimuli type (familiar/unfamiliar) as a factor 

showed that Experiment 2 mirrored the results of Experiment 1A, and no significant 

differences between the two were evident regarding the response likelihood and latency 

to each of the five call types [Likelihood: VM-Int interruption χ2 (1) = 3.4, p = 0.07; VM-

Int antiphonal χ2 (1) = 1.13, p = 0.29; VM-Norm antiphonal χ2 (1) = 0.93, p = 0.34; VM-

Norm spontaneous χ2 (1) = 2.22, p = 0.14; VM-Int spontaneous χ2 (1) = 0.37, p = 0.54] 

[Latency: VM-Int interruption χ2 (1) = 0.27, p = 0.6; VM-Int antiphonal χ2 (1) = 0.35, p = 

0.55; VM-Norm antiphonal χ2 (1) = 0.79, p = 0.37; VM-Norm spontaneous χ2 (1) = 1.8, p 

= 0.17; VM-Int spontaneous χ2 (1) = 0.01, p = 0.9].  

Experiment 3: Hyper-Interrupter 

 The goal of Experiment 3 was to determine if increasing the interruption rate of 

VM-Int to 75% would change the pattern of results. Wilcoxon signed-rank tests were 

performed and similar results emerged with respect to Experiment 1 and Experiment 2. 

Subjects were significantly less likely to respond to interruptions compared to antiphonal 

call types [VM-Int antiphonal: Z = 2.87, p = 0.004] [VM-Norm antiphonal: Z = 3.14, p = 

0.0017] (Fig.7) and when they did respond, they took longer compared to all other call 

types [VM-Int antiphonal: Z = 1.83, p = 0.06] [VM-Norm antiphonal: Z = 2.2, p = 0.028] 
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[VM-Int spontaneous: Z = 3.3, p = 0.001] [VM-Norm spontaneous: Z = 2.4, p = 0.0152] 

(Fig.7). However, with a Bonferroni adjusted alpha value of 0.008 for six tests conducted, 

only the contrast between response latency to VM-Int interruption and VM-Int 

spontaneous remained statistically significant. 

Experiment 4: Repeat-Interrupter 

 In Experiment 4, Experiment 1A was run over the course of five consecutive days 

with the same stimulus sets used for VM-Int and VM-Norm. The goal was to determine if, 

after more experience and time, subjects would treat the VMs differently. Wilcoxon 

signed-rank tests were performed to compare responses to each call type on days 1 and 2 

and on days 4 and 5, the beginning and the end of the course of the experiment. Subjects’ 

response likelihood did not significantly change to any call type [VM-Int interruption: Z 

= 1.4, p = 0.16] [VM-Int antiphonal: Z =0.47, p = 0.64] [ VM-Norm antiphonal: Z = 1.37 

p = 0.17] [ VM-Norm spontaneous: Z = 1.6, p = 0.12] [VM-Int spontaneous: Z = 0.9, p = 

0.37] (Fig. 8). Subjects took longer to respond to VM-Int’s spontaneous calls at the end 

of the experiment compared to the beginning [Z = 2.17, p = 0.03] (Fig. 9), but this not 

significant after an adjusted alpha value of 0.01 was applied. No other comparisons for 

the measure of response latency were significant [VM-Int interruption: Z = 0.08, p = 

0.94] [VM-Int antiphonal: Z = 1.02, p = 0.31] [VM-Norm antiphonal: 0.12, p = 0.9] [Z = 

1.35, p = 0.17] (Fig. 9).  
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DISCUSSION 

Turn-taking necessitates that communication rules are followed (Levinson, 2016; 

Levinson & Torreira, 2015). Here, we examined responses to violations to these rules in 

common marmosets. The series of experiments presented in this paper aimed to address 

the following questions: 1) Do adults respond to interruptions? 2) Are there long-term 

social consequences for an interrupter? and 3) Do juveniles respond to interruptions and 

do they differ from adults?  

We show that adults and juveniles alike respond less to interruptions than other 

phee call types. No differences were apparent in responses across age. This suggests that 

the driving force behind this reaction to interruptions occurs at a very early age and could 

be innate. Violating turn-taking by producing an interruption effectively ended the 

current vocal exchange. This consequence could be serious when individuals are 

attempting to maintain contact during group movement or initiating reproductive 

behaviors between different family groups (Lazaro-Perea, 2001). In these contexts, 

selective pressures likely existed that enforced turn-taking to minimize interrupting. 

Although it appears that respecting the turn-taking sequence is established during 

development (Chow et al., 2015; Hauser et al., 1992), there is also evidence that at least 

some aspects of this behavior are instinctive. Human infants, before the age of six months, 

mirror adult conversation with regard to the timing of their vocalizations, but display 

greater overlap (Hillbrink et al., 2015). Furthermore, vocal turn-taking is found in nearly 

every primate clade, with the exception of the great apes that instead practice gestural 

turn-taking (Frohlich et al., 2016; Levinson, 2016; Moore, 2016; Schneider et al., 2017). 
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It is therefore more likely that turn-taking is refined during ontogeny but the mechanisms 

are present from birth. Together, these studies indicate that turn-taking is rooted in 

primate evolution and likely preceded, and was a prerequisite for, the emergence of 

language.  

A second major finding from these experiments was that subjects treated 

interrupters and non-interrupters (VM-Norm) the same, except on trials where an 

interruption occurred. When subjects vocalized first and were interrupted by VM-Int, 

they were less likely to respond. However, on trials where VM-Int or VM-Norm 

produced a spontaneous phee call, subjects were equally likely to respond to either, 

demonstrating no bias towards VM-INT despite knowing its history of interrupting. This 

suggests that while there is an immediate consequence to interrupting, there appears to be 

no long-term bias against that monkey. This is bolstered by the ‘Repeat Interrupter’ 

experiment where the same interrupter interacted with subjects over days and still no bias 

emerged. Other studies in marmosets have demonstrated that rule violations during 

antiphonal calling exchanges cause subjects to selectively respond to one VM, the rule 

follower, over the other, the rule breaker, depending on the context (Toarmino et al., 

2017). Given that this study found that subjects responded less to the spontaneous calls of 

rule violators with regard to response latency and likelihood parameters, we expected that 

our subjects would also respond less to VM-Int. Surprisingly, this was not the case. This 

begs the question as to why interruptions cause immediate, but not long-term 

consequences in marmosets. One possibility is that, because the natural rate of 

interruptions is so low (unpublished data), they are seen as accidental and more 

‘forgivable’ by marmosets. However, this may not be the most parsimonious explanation 
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as a prerequisite for it is an understanding of intentionality and it is not clear whether 

marmosets possess this trait (but see, Burkart et al., 2007).  

Another explanation is that marmosets prepare a motor plan (Miller et al., 2009), 

and when that plan is executed it is prone to disruption or reset by interruptions (whether 

by a vocalization or some other external stimulus such as a loud tree branch snapping). 

For example, a marmoset might create a motor plan that consists of two phee calls. 

Because interruptions naturally occur at a low rate (unpublished data), it may be 

surprising to marmosets to be interrupted. Upon the first call, if an interruption occurs, it 

might influence the preparation of the second call, causing a delay in subjects’ response 

latency. In this regard, the interruption deviates from what the marmoset expects to 

happen, and the marmoset must dedicate cognitive resources to processing the surprising 

event, and updating the motor plan to reflect the new information acquired into its 

schema. In humans, surprise during cognitively demanding tasks causes an increase in 

reaction time, a characteristic finding replicated in many studies, but it also enhances 

memory and attention (e.g., Meyer et al., 1991; Meyer et al., 1997; Schützwohl, 1998). 

Future experiments could easily test if surprise causes delays during antiphonal calling by 

using a stimulus that it not a phee call to interrupt a marmoset, such as a burst of white 

noise, and examining how this changes response latencies to subsequent phees.  

Taken together, these data highlight that the consequence to interrupting is serious, 

as it ends the vocal exchange, but it does not impact longer-term communication. Given 

that turn-taking exists in every primate clade, it is clear that the evolutionary pressure for 

following turn-taking rules was incredibly strong. At least in marmosets, the immediate 

consequence of breaking these rules means that an individual could lose track of its group 
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in the wild, impacting its chances of survival. Together, these data shed light on the 

evolution of turn-taking and emphasize the importance of the behavior’s inherent 

structure of waiting your turn.  
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Figure 2.1. Experimental set up. The subject is placed on one side of the experimental 

chamber in a testing box. Located on the other side of the room are two speakers, one 

broadcasting calls from VM-Int and the other broadcasting calls from VM-Norm. The 

speakers were occluded from subjects by a dark curtain placed in center of the room. 
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Figure 2.2. Experimental logic and stimulus types. Phee calls produced by subjects are 

shown in magenta; those produced by VM-Norm and VM-Int are shown in blue and 

green, respectively. If the subject produced a phee call, either VM-Norm or VM-Int was 

selected to respond. If VM-Norm was selected, an antiphonal response was broadcast. If 

VM-Int was selected, either an antiphonal response or an interruption was played. During 

periods of silence, either VM-Int or VM-Norm was selected to broadcast a spontaneous 

phee call with equal likelihood.  
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Figure 2.3. Adult subjects’ responses to different call types from each VM. Top: 

Subjects’ average response likelihood to each call type. Bottom: Subjects’ average 

response latency to each call type. Error bars represent a 95% confidence interval of the 

mean. Call types produced by VM-Int are in shades of green; call types produced by VM-

Norm are in shades of blue.  

** p < 0.001 
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Figure 2.4. Juvenile subjects’ responses to different call types from each VM. Top: 

Subjects’ average response likelihood to each call type. Bottom: Subjects’ average 

response latency to each call type. Error bars represent a 95% confidence interval of the 

mean. Call types produced by VM-Int are in shades of green; call types produced by VM-

Norm are in shades of blue.  

** p < 0.001 
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Figure 2.5. Average percent difference between different call types across ages. Top 

left: Difference for [VM-Int antiphonal (%) – VM-Int Interruption (%)]. Top right: 

Difference for [VM-Norm antiphonal (%) – VM-Int antiphonal (%)]. Bottom left: 

Difference for [VM-Norm antiphonal (%) – VM-Int interruption (%)]. Bottom right: 

Difference for [VM-Norm spontaneous (%) – VM-Int spontaneous (%)]. No significant 

differences were found. Error bars represent one standard error of the mean. 
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Figure 2.6. Average response latency to different call types across ages. Error bars 

represent a 95% confidence interval of the mean. * p < 0.05, ** p < 0.01 

 

 

 

 

Figure 2.7. Subjects’ responses to different call types from each VM in Experiment 

3. Left: Subjects’ average response likelihood to each call type. Right: Subjects’ average 

response latency to each call type. Error bars represent a 95% confidence interval of the 

mean. Call types produced by VM-Int are in shades of green; call types produced by VM-

Norm are in shades of blue. ~* p ≈ 0.05, ** p < 0.01 
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Figure 2.8. Subjects’ response likelihood to different call types from each VM in 

Experiment 4. Subjects’ response likelihood to each call type averaged over days 1 and 

2 and days 4 and 5 with the same interrupter. Error bars represent a 95% confidence 

interval of the mean. Call types produced by VM-Int are in shades of green; call types 

produced by VM-Norm are in shades of blue.  

 

 

Figure 2.9. Subjects’ response latency to different call types from each VM in 

Experiment 4. Subjects’ response latency to each call type averaged over days 1 and 2 

and days 4 and 5 with the same interrupter. Error bars represent a 95% confidence 

interval of the mean. Call types produced by VM-Int are in shades of green; call types 

produced by VM-Norm are in shades of blue. * p < 0.05 
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Chapter 2, in full, is currently being prepared for submission for publication of the 

material. Toarmino, Camille R.; Miller, Cory T. The dissertation author was the primary 

investigator and author of this paper.  
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ABSTRACT 

The primate auditory cortex is organized into a network of anatomically and 

functionally separate processing fields. Because of its tonotopic structure, primary 

auditory cortex is the target of a vast majority of neurophysiological research, ranging 

from studies of sensory encoding to perceptual decision-making. In contrast, the 

secondary fields have been less extensively explored, in part due challenges identifying 

these areas neurophysiologically within individual animals. Complementary approaches, 

such as functional magnetic resonance imaging (fMRI), afford the opportunity to 

facilitate this work by rapidly testing a range of stimuli across multiple areas of the brain 

simultaneously and can be used to guide subsequent neural recordings. Bridging these 

technologies in the common marmoset, a powerful model of the primate auditory system, 

will serve to further expand our understanding of primate audition. Here, we developed a 

novel preparation to test whether different areas of the auditory cortex could be identified 

using fMRI in the awake common marmoset (Callithrix jacchus). We used two types of 

stimulation, band pass noise and pure tones, to parse apart the auditory core from 

surrounding secondary fields. In contrast to most auditory fMRI experiments in primates, 

we employed a continuous sampling paradigm that allowed for more rapid data collection 

and showed little deleterious effects. Our results demonstrated strong auditory cortex 

activation and confirmed the tonotopic organization of the auditory core revealed by 

electrophysiological studies in marmosets. Furthermore, these results showed a 

delineation between primary and secondary auditory processing fields, setting up a 
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preparation for future research to investigate various functional properties beyond the 

auditory core in marmosets.  

SIGNIFICANCE STATEMENT 

In the current study, we tested whether auditory cortical fields could be identified 

with fMRI in awake marmosets. To date, the only other marmoset auditory fMRI study 

had been performed in anesthetized monkeys, where the BOLD signal may not fully 

reflect the extent of cortical processing. Our study demonstrated robust activation of the 

auditory cortices of three marmosets, as well as the spatial organization of high and low 

frequency selectivity observed in neurophysiological studies. Furthermore, our method 

and choice of stimuli showed separation between primary and secondary auditory 

cortices, demonstrating a promising avenue for future research examining higher-level 

auditory function. 

INTRODUCTION 

 The primate auditory cortex comprises anatomically and functionally distinct 

areas that form the foundation of audition (Hackett et al., 1998a; Hackett et al., 1998b; 

Romanski et al., 1999; for reviews see, Kaas & Hackett, 2000). While neurophysiological 

studies show evidence for three adjacent tonotopically organized fields, A1, R, and RT 

(Morel et al., 1993; Aitkin et al., 1996), determining the functional contributions of the 

higher auditory cortical fields, such as lateral and parabelt, have proven more challenging 

(Rauschecker et al, 1995; Rauschecker & Tian, 2004; Bendor & Wang, 2005; Tian & 

Rauschecker, 2004). Functional magnetic resonance imaging (fMRI) offers a 
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complementary technique that can be used to facilitate neurophysiological research by 

rapidly characterizing multiple areas of the brain simultaneously and identifying patterns 

of responses that might not be readily identifiable with single-unit recordings (e.g., Tsao 

et al., 2006), including the auditory system (e.g., Perrodin et al., 2011). While this 

approach has been successfully employed in the rhesus monkey, its application to 

marmosets, a rapidly emerging model system in neuroscience (Miller et al., 2015; Miller 

et al. 2016; Miller 2017; Bendor & Wang, 2008; Eliades & Miller, 2016), is likely to 

yield similarly important insights (e.g., Hung et al., 2015). Because of the small size of 

the marmoset brain and acoustic interference prevalent in fMRI environments, however, 

it remains unclear whether distinct fields of the species auditory cortex could be 

distinguished with this method. Here we developed a novel preparation to test the 

suitability of fMRI for identifying small functional divisions across the marmoset 

auditory cortical fields.   

 The marmoset primary auditory cortex has been extensively explored using 

neurophysiological techniques (e.g., Bendor & Wang, 2005; Bendor & Wang, 2008; 

Sadagopan & Wang, 2009; Zhou & Wang, 2012). Similarly to other primates, the species’ 

auditory core comprises a series of three tonotopically organized fields whose borders 

can be identified by characteristic frequency reversals (Bendor & Wang, 2008). While 

these neurophysiological approaches have identified some functionally distinct areas of 

the marmoset auditory cortex, such as for pitch processing (Bendor & Wang, 2005; 

Bendor et al., 2012), delineation of the surrounding secondary fields from the auditory 

core has been limited with these methods. The only previous auditory fMRI experiment 
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in marmosets reported evidence of a vocalization selective response area (Sadagopan et 

al., 2015), however, this study was performed in anesthetized animals, which could have 

affected the response characteristics of different auditory regions (e.g., somatosensory 

system: Silva et al., 2011). It is not clear whether a study of awake marmosets would 

offer the level of precision evident in rhesus monkeys for identifying the auditory cortical 

fields (Formisano et al., 2003; Petkov et al., 2006; Tanji et al., 2010), or if the confluence 

of the acoustic distortions intrinsic to the scanner environment and small brain size would 

severely limit the suitability of fMRI for marmoset auditory research.    

 In the current study, we sought to identify auditory cortical areas by developing a 

preparation for awake marmoset auditory fMRI research. Using a battery of acoustic 

stimuli, we presented subjects with a range of sounds and utilized high-resolution 7T 

fMRI to determine whether it was possible to distinguish multiple auditory cortical fields 

in the species. Our results demonstrate two frequency selective areas in A1 and R as well 

as lateral belt regions outside the core. These findings replicate earlier neurophysiology 

research and establish that fMRI can be used as a complementary technique to 

neurophysiology to expand our understanding of the marmoset auditory cortex.  

MATERIALS AND METHODS 

Magnetic resonance imaging methods. All fMRI experiments were performed in a 

7T/30 cm magnet interfaced to an AVANCE AVIII MRI spectrometer (Bruker, Billerica, 

MA) and equipped with a self-shielded 150 mm ID gradient set capable of generating 450 

mT/m within 120 μs (Resonance Research Inc., Billerica, MA). An actively decoupled 

birdcage coil with an inner diameter of 110 mm was used as transmit coil, and the MR 
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signal was acquired from two surface coils placed outside the helmets directly above 

auditory cortex. BOLD fMRI data were acquired continuously using a gradient-echo 

echo-planar imaging sequence (EPI). Eight slices were acquired and were oriented 

parallel to the lateral sulcus, as shown in Fig 1A. Acquisition parameters for this 

experiment were: FOV: 2.88 x 2.88 cm2, Matrix: 96 x 96, Slice thickness: 0.5 mm, 8 

slices, TE = 26ms, and TR=3.6s (Fig. 1B). 

Animal preparation. Three adult male common marmosets, weighing between 400g-

550g each, were used as subjects in these experiments. The subjects were adapted to the 

MRI scanner over a periods 30 days with a mock scanning environment described 

previously by Silva et al. 2011. Individualized, custom-made helmets were built (Papoti 

et al., 2013) to aid with head immobilization and headphone positioning. After the 

acclimatization period, the marmosets were scanned in fully awake conditions during all 

scanning sessions (Fig. 1C). Auditory stimulation was delivered bilaterally and directly 

into the ear canals through the use of MRI compatible headphones (STAX SR-003, Stax 

Ltd., Japan). Each headphone was covered with sound attenuating putty (Insta Putty 

Silicone Earplugs, Insta-Mold Products, Oaks, PA) in order to reduce the loudness of the 

scanner noise. Each subject’s physiological state was monitored during each scanning 

session by continuously acquiring its respiration rate (Biopac MP150, Biopac Systems, 

Inc., Goleta, CA) as well as by visual inspection of the animal via an MR compatible 

camera (MRC Systems, Heidelberg, Germany) placed in front of the animal’s face. 

Experiments were in full compliance with the Animal Care and Use Committee of the 
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National Institute of Neurological Disorders and Stroke. Complete care was taken to 

ensure the wellbeing of the animals involved in these experiments. 

Stimulus presentation. Two types of stimuli were presented in this experiment: 1) A 

range of pure tones (PTs) and 2) band pass noise (BPN) (Fig. 1D). PTs consisted of 

frequencies randomly selected within a specified bandwidth such that every 100ms a new 

frequency was played within that bandwidth. There were three different bandwidths to 

constitute three different PT stimuli (high = 4-16kHz, medium = 1-4kHz, low = 0.25-

1kHz). Three different BPN stimuli were presented with the same bandwidths as the PTs 

to control for spectral content (high = 4-16kHz, medium = 1-4kHz, low = 0.25-1kHz). 

Both PTs and BPN were modulated such that every 50ms of stimulus was followed by 

50ms of silence. All stimuli were synthesized in MATLAB (Mathworks, Inc., Natick, 

MA). All stimuli were presented according to a square off-on-off block design in which 

stimulation periods of 36s were alternated with silence periods of 36s while BOLD fMRI 

data were acquired continuously (TR =3.6s) throughout each run (see Fig. 1B). 

Data analysis. Data were preprocessed and analyzed in AFNI (Cox & Hyde, 1997)/ 

Acquired volumes were motion corrected using AFNI’s function 3dvolreg. Time points 

with outliers were found visually and with the function 3dToutcount and removed from 

the analysis. Data were detrended using the function 3dBandPass. Data were registered 

across sessions (14 runs for Champ, 10 runs for Eli, 4 runs for Scooby) using the function 

2dimreg. Runs were concatenated and underwent a multiple linear regression using the 

function 3dDeconvolve. Six motion regressors were added to the analysis as regressors of 

no interest. Data were smoothed with the function 3dBlurToFWHM at 0.5mm. Multiple 
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comparisons were corrected for using AFNI’s function AlphaSim. Voxels outside of the 

brain were manually segmented and masked out using ITK-SNAP (Yushkevich et al., 

2006). 

Myelin Registration. FSL 5.0.4 was used to register a marmoset myelin atlas to an 

anatomical T1W scan (Bock et al., 2009) in order to visualize heavily myelinated areas 

that are indicative of the auditory core (Kaas & Hackett, 2000) with overlaid fMRI data. 

RESULTS 

Activation of auditory cortex. 

A basic goal of this study was to use fMRI to determine the extent of auditory 

cortex activation in the marmoset. To this end, we began by creating functional maps 

contrasting blocks of broadband auditory stimulation (all stimulus types) to blocks of 

silence (aside from the scanner noise, see Methods). The results show robust auditory 

responses that activated an area roughly 7mm by 4mm in the three monkeys tested (Fig. 

2). One monkey exhibited robust auditory cortex activity bilaterally to stimulation (p = 

0.001). The other two monkeys showed a stronger right hemispheric activation, with one 

monkey exhibiting only right hemisphere activation (p = 0.001). Figure 2D shows the 

time course of BOLD activity averaged across sessions for one monkey.    

Parcellating the auditory core based on tonotopy.  

 After significantly activating marmoset auditory cortex, we next sought to 

functionally delineate the core into its comprising ACFs. Neurophysiological studies 

have functionally parsed apart A1, R, and RT by examining the characteristic frequency 
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reversals of these regions (e.g., Bendor & Wang, 2008). These studies have shown that 

A1 and R share a low frequency border and R and RT share a high frequency border (Fig. 

3). To spatially parcellate these regions, we used three groups of random frequencies of 

different bandwidths as stimulation (see ‘Stimulus presentation’ under Methods for 

detail): low (0.25-1 kHz), medium (1-4 kHz), and high (4-16 kHz).   

 We observed distinct spatial patterns of voxels that were selective for high and 

low frequencies (p = 0.001; Fig. 3). The BOLD activation patterns revealed a posterior 

high frequency selective region and an anterior low frequency selective region, which 

functionally coincide with regions A1 and R of the auditory core (Fig. 3).  

Parcellating primary and secondary auditory regions based on stimulus bandwidth. 

 Next we sought to functionally distinguish the auditory core (A1, R, RT) from 

secondary belt regions. We compared the activation of high band-passed noise to high 

PTs (see ‘Stimulus presentation’ under Methods) and found areas that were significantly 

more activated by BPN (p < 0.01, Fig. 4) located posterior and laterally. 

 

DISCUSSION 

Recent development of functional neuroimaging techniques, such as fMRI, 

provides a complementary tool to neurophysiology studies for efficiently mapping the 

functional contributions of many ACFs for acoustic signal processing and auditory 

perception. Here we employed high-resolution (7T) fMRI to examine functional 

activation of marmoset auditory cortex. Analyses revealed that strong activation of 
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auditory fields in marmosets is possible using the preparation developed here. 

Furthermore, we were able to replicate two representative properties of auditory cortex 

found using single-unit neurophysiological techniques. Our results revealed tonotopic 

separation of auditory fields within the auditory core using pure tone stimuli and stronger 

response for noise stimuli in the belt region relative to core. This study provides an 

important foundation for continued work explicating the functional anatomy of auditory 

cortex in common marmosets.  

 Tonotopic representation of frequencies is a fundamental principle of the auditory 

system beginning in the cochlea with frequency selectivity maintained to the level of the 

cortex (Russell & Sellick, 1977; Miller et al., 2001). In the past, neurophysiological 

studies in primates have functionally delineated the core by taking advantage of the 

tonotopy within the core and the mirror frequency reversals at the borders of the different 

fields (Merzenich and Brugge, 1973; Morel et al., 1993; Bendor & Wang, 2008). These 

studies have demonstrated that frequency selectivity is located on a caudal to rostral axis 

with high frequencies located most caudally in A1, a low frequency border at A1 and R, a 

high frequency border at R and RT, and low frequencies located most rostral and laterally. 

Our analyses showed that high frequency voxels were located caudally in A1, and low 

frequency voxels were located laterally at the border of A1 and R. Additionally, a small 

patch of low frequency voxels was revealed located most rostrally, which may be 

indicative of the rostral end of RT. However, we did not find a second frequency reversal 

at the border of R and RT as expected. This could be a result of idiosyncrasies in the 

subject’s auditory cortex organization and the stimulus set used. Additionally, we did not 
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find any voxels that were selective to medium frequencies (1-4 kHz), likely due to the 

effect of the continuous scanner noise (~2 kHz) on the auditory signal. These findings 

confirm those reported in neurophysiological investigations of tonotopy in primates 

(Merzenich and Brugge, 1973; Morel et al., 1993; Kaas and Hackett, 2000), including in 

marmosets (Bendor & Wang, 2008).  

 Auditory cortical belt regions are thought to be secondary and tertiary stages of 

auditory processing once the signal reaches the cortical level. The lateral belt has direct 

reciprocal connections to the core and exhibits a coarse tonotopic representation of 

frequency selectivity (Hackett et al., 1998; Kaas & Hackett, 2000). Neurophysiological 

experiments found that while neurons in the core are responsive primarily to narrow band 

tones, lateral belt neurons are tuned to stimuli with a broader frequency spectrum, such as 

band-passed noise or species-specific vocalizations (Rauschecker et al., 1995; Recanzone, 

2008; Joly et al., 2012). In the present study, we functionally distinguished the auditory 

core from the belt in a similar manner. Presenting band-passed noise and pure tone 

frequencies of matched bandwidths as stimuli indicated that the lateral belt exhibited 

greater activation to the noise stimuli. This confirms findings from neurophysiological 

studies that demonstrate that the lateral belt is more strongly tuned to stimuli with broader 

bandwidths than pure tones.   

  Results presented here are consistent with investigations of auditory function in 

other nonhuman primates and humans. Studies utilizing fMRI in rhesus macaques report 

similar findings to the present study. In the most extensive study, Petkov et al. (2006) 

presented tones and band-passed noise stimuli to awake and anesthetized rhesus monkeys 
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in a similar manner and found a distinction between core and belt areas. Likewise, they 

reported tonotopic organization characteristic of core as well as frequency reversals that 

differentiate A1, R and RT. In a study that tested the effects of sound levels on tonotopic 

representations in rhesus monkeys, Tanji et al. (2010) confirmed the caudo-rostral 

orientation of frequency reported by Petkov et al. (2006) and demonstrated that 

increasing sound levels decreases frequency selectivity, although frequency reversals 

were still present. Human studies reported similar belt and core distinctions (Formisano 

et al., 2003; Wessinger et al., 2001) as well as frequency selectivity organized in a 

tonotopic fashion. Overall, these studies suggest conservation in the organization of 

auditory cortex across human and nonhuman primates. The ability to compare neural 

functioning across species is one key advantage to utilizing fMRI in studies of auditory 

processing.  

 A serious challenge posed for fMRI experiments testing auditory function is, as 

the MR signal is acquired, the scanner emits bursts of loud acoustic noise as the gradient 

coil is switched. This constant sound could potentially interact with and compromise the 

auditory signal of interest. To address this issue, many scientists have employed the use 

of sparse temporal sampling paradigms that acquire volumes at the end of stimulation 

near the max of the hemodynamic response and have long intervals between samples 

(Bandettini et al., 1998; Gaab et al., 2007; Schmidt et al., 2008). Although these 

paradigms are designed to avoid scanner noise interference with the auditory signal of 

interest, they typically require more samples as a result of long TR. An alternative is the 

use of continuous sampling in which images are acquired at very short intervals 



64 

 

throughout the entire length of the experiment. A major advantage of this paradigm is 

that is maximizes the number of volumes that can be acquired within an experiment, 

although the effect of the noise is less clear. Tanji et al. (2010) demonstrated that 

tonotopic maps could be successfully acquired in macaques using a continuous sampling 

paradigm. These maps were similar to those reported by Petkov et al. (2006), who 

utilized a sparse sampling paradigm. The current study utilized continuous sampling and 

revealed a robust change in the BOLD signal during epochs of stimulation compared with 

epochs of silence in three monkeys (Fig. 2). This change was statistically significant, 

suggesting that the continuous sampling paradigm developed is an effective paradigm to 

obtain broad auditory cortex activation in common marmosets, despite potentially 

deleterious scanner noise interference. However, unexpectedly, we did not find any 

voxels selective to medium frequencies, likely due to the scanner noise interfering with 

that specific range of frequencies. Continuous sampling may be highly effective and 

useful depending on the frequency composition of the specific stimuli used in an 

experiment. 

 Although marmosets have recently garnered significant interest as a 

neuroscientific model (Mitchell et al., 2014; Miller, 2017; Miller et al., 2016), this 

species has a long history as an important model in the auditory system (Bendor & Wang, 

2005; Bendor & Wang, 2008; Sadagopan & Wang, 2009; Zhou & Wang, 2012). By using 

high-resolution (7T) fMRI to identify distinct auditory cortical fields in awake marmosets, 

we show that this technique can complement existing neurophysiological experiments to 

expand our understanding of the primate auditory system. Similarly to recent fMRI 
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experiments in marmoset vision (Hung et al., 2012), this preparation is amenable to 

techniques involving conditioned behavior and can, therefore, be extended to investigate 

relative contributions of multiple auditory cortical fields during behaviorally-dependent 

facets of audition (Remington et al., 2012; Song et al., 2016). Given the significance of 

marmosets as a neurobiological model of communication (Toarmino et al., 2017; Eliades 

& Wang, 2008; Miller et al., 2015; Eliades & Miller 2016; Miller, 2017), our approach 

could be implemented to identify areas of the auditory cortical system involved in 

vocalization processing (e.g., Sadagopan et al., 2015; Perrodin et al., 2011). Together, 

these approaches can shed light on auditory function in ways not previously possible. 
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Figure 3.1. Set up and stimulation. A) Positioning of slices. Eight slices of 0.5 mm 

thickness were obtained parallel to lateral sulcus. A 3D reconstruction of one marmoset’s 

brain is depicted with the positions of the slices overlaid. Auditory core (green) and 

lateral belt (blue) regions were drawn under the slices to demonstrate what was 

encompassed with the slice prescription. B) Schematic of stimulus-on-stimulus-off block 

design superimposed by the continuous sampling paradigm for volume acquisitions. 

Stimuli were presented in blocks of 36 s followed by a 36 s block of silence. Volumes 

were acquired every 3.6 s. C) Schematic of a restrained marmoset prepared for fMRI 

scanning adapted from Silva et al., 2011. A helmet designed to fit the contours of each 

individual marmoset’s skull, with slots that delivered headphones directly into the ear 

canals, immobilized the head. Two RF coils were positioned above auditory cortex. See 

Silva et al., 2011 for more detail. D) Schematic depicting an example of the frequency 

content of each type of stimulus presentation. On the left, low frequency PT stimuli are 

presented every 50 ms with interleaving 50 ms periods of silence. On the right, low 

frequency BPN stimuli encompass a large spectral range on each presentation, alternating 

between 50 ms of stimulus and 50 ms of silence.   
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Figure 3.2. Auditory cortex activation. A) Exemplar coronal and axial myelin slices 

demonstrating the location of lateral sulci. B) Functional activation map from one 

monkey showing robust bilateral auditory cortex activation to all stimuli. C) Left: 

Functional activation maps overlaid on T1W anatomical scans for three different 

monkeys. Right: Time course of BOLD signal change (%) during epochs of auditory 

stimulation and silence.  
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Figure 3.3. Frequency selectivity. High (blue) and low (orange) frequency selective 

voxels. On the right, the auditory core is outlined in cyan guided by the patterns of 

myelination.  

 

 

Figure 3.4. Activity beyond the auditory core. BPN (orange) and PTs (blue) selective 

voxels. A magnified view of these areas is presented with the auditory core outlined in 

cyan to depict where the voxels are relatively located. 
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Chapter 3, in full, is currently being prepared for submission for publication of the 

material. Toarmino, Camille R.; Yen, Cecil C-C.; Papoti, Daniel; Bock, Nicholas A.; 

Leopold, David A.; Miller, Cory T.; Silva, Afonso C. The dissertation author was the 

primary investigator and author of this paper.
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GENERAL DISCUSSION 

 Together, Chapters 1 and 2 examined how rule violations during antiphonal 

calling affected subjects’ communicative decisions. Chapter 3 developed a preparation 

for exploring how different brain areas are involved in various aspects of auditory 

processing. Importantly, Chapter 3 enabled the exploration of the awake marmoset brain 

with fMRI, so that future studies might expand on this technique to investigate brain 

processes related to rule violations and other communication signals.  

 In Chapters 1 and 2, a novel experimental paradigm was developed in order to 

manipulate various aspects of antiphonal calling in a network of marmosets. The 

implications of our results are far-reaching. First, when examining the effects of 

communicative signals and vocal behaviors on decision-making, consideration must be 

taken when assessing whether a dyadic or network experimental design is appropriate. 

The results of these chapters, particularly Chapter 1, highlight the complexity of decision-

making in primates during communication in group contexts. Furthermore, unpublished 

data from our laboratory demonstrated that the same response latency and likelihood 

characteristics used in Chapter 1 did not matter in a dyad – subjects communicated with 

whoever was present. The need to maintain contact when only one option is available 

may be so strong that subjects cannot afford the selectivity that they exhibit when two 

choices are present. These findings highlight the significance of studying communication 

at the level of the network, where aggregate signals are produced by multiple 

conspecifics in close spatial and temporal proximity (Amy et al., 2010; Covas et al., 

2007; Gerhardt & Huber, 2002; Kroodsma & Miller, 1996; McGregor, 1993; McGregor 
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& Peake, 2000). In social environments, many factors influence whether or not 

individuals choose to vocalize, what they vocalize, how often they vocalize, etc. In these 

contexts, the dynamics of the interactions between individuals serve as important sources 

of information for deciding with whom and when one should communicate (McGregor & 

Peake, 2000). Given that networks are the inherent state of communication in many, if 

not all, primate societies, the experimental design of a study needs to be carefully 

considered to render meaningful results.  

 Second, our interactive playback software allowed us to create vocal partners that 

followed rules during communication and those that broke them. This software enabled 

multiple interactions with these individuals, and then, importantly, tested subjects’ recall 

of their vocal behavior. Responses to spontaneous calls were effectively used as probes in 

this respect and allowed us to examine the long-term consequences of behavior. This 

mitigates some of the difficulties in studying long-term interactions between individuals 

and how those interactions affect subsequent encounters by providing an environment 

where researchers have complete control over the interactions that subjects face. This 

design is powerful because it allows for the formation of VMs with an array of 

characteristics that can be systematically manipulated in a controlled environment in 

order to assess the effects on subject behavior.   

Conclusions 

 The current dissertation demonstrates that rule following during antiphonal 

calling is important when marmosets are communicating in groups. This has crucial 

implications for how communication research is conducted and suggests that it should 

extend outside of a purely dyadic context when studying natural primate behavior. This 
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work provides a strong methodological framework for manipulating various aspects of 

group communication in networks, while controlling for many variables that are 

confounded in fieldwork.  Furthermore, this dissertation shows that marmoset 

communicative decisions are multi-faceted, and that they have a keen awareness of those 

around them that was not previously known. In the future, research can build on this 

current framework to examine cognitive processes related to communication and uncover 

brain areas involved in higher-level communicative behaviors.  
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