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ABSTRACT 
 
 

McLean, Celia R., Effects of early corticosterone treatment on vocal babbling in wild green-

rumped parrotlets (Forpus passerinus). Master of Science (MS), August, 2021, 64 pp., 16 tables, 

17 figures, references, 118 titles. 

 The stress axis of the endocrine system allows for animals to respond to environmental 

stressors in contextually appropriate ways. Elevated levels of the stress hormone corticosterone 

(CORT) in male songbirds can result in compromised song learning ability. Parrots form a sister 

group to songbirds, but it is unknown whether CORT affects vocal development in parrots. The 

goal of this study was to assess the effects of CORT supplements in green-rumped parrotlets 

(Forpus passerinus), a free-ranging parrot species in Venezuela. Bouts of vocal babbling were 

extracted from nest box videos and analyzed. CORT supplementation resulted in differences in 

babbling vocal production, including peak frequency average slope (p<.0001), inflection points 

(p<.0001), and syllable duration (p<.0001). Treatment predicted variation in repertoire size but 

was not significant (p=0.51). Despite differences in stress axis maturation, parrots show some 

similar responses to early CORT supplementation as songbirds. 
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CHAPTER I 
 
 

INTRODUCTION 
 
 

Overview 

While the ability to produce vocalizations is widespread in animals, the ability to produce 

novel vocalizations or modify existing ones is rare (Janik & Slater, 1997; Jarvis, 2019). While 

humans are notably adept at this behavior, research on pygmy marmosets has shown that at least 

one other species of primate exhibits vocal plasticity (Takahashi et al., 2015). Aside from 

primates, the only animal taxa capable of vocal production learning (hereafter referred to as 

vocal learning) are cetaceans (King & Janik, 2013; Vergara & Barrett-Lennard, 2008), pinnipeds 

(Reichmuth & Casey, 2014), elephants (Poole et al., 2005; Stoeger & Manger, 2014), bats 

(Knörnschild, 2014), and, in birds; hummingbirds (Baptista & Schuchmann, 1990), oscine 

songbirds (Marler, 1970), and parrots (Berg et al., 2011, 2013; Bradbury & Balsby, 2016). Vocal 

learning enables animals to acquire the vocal signals necessary to maintain social cohesion, 

defend territories, and attract potential mates (reviewed in Farabaugh & Dooling, 1996; Janik & 

Slater, 1997; Nowicki & Searcy, 2004; Tyack & Clark, 2000). In order for an animal to learn 

new sounds, it must coordinate respiratory, phonatory, and filter systems with memorized 

templates (Chakraborty et al., 2015;  Janik & Slater, 2000).  

Altricial animals such as humans, songbirds, and parrots undergo an extended period of 

post-embryonic brain growth (Iwaniuk & Nelson, 2003); during this time the brain is at its most 
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plastic and subject to long-term, organizational changes mediated by steroid hormones (Adkins-

Regan, 2005). An extended exposure to stressors can have profound and lasting effects on 

cognition, behavior, and physiology (Adkins-Regan, 2005; Boonstra, 2005; Kitaysky et al., 

2003) that can impact future vocal production (MacDougall-Shackleton & Spencer, 2012).  

Songbird vocalizations have been studied extensively as a way to understand the 

evolution of human language (Doupe & Kuhl, 1999; Kaplan, 2018; Marler, 1970; Nottebohm, 

1972; Petkov & Jarvis, 2012), vocal culture (Fehér & Tchernichovski, 2013), and how 

developmental stress can affect adult phenotypes and reproductive opportunities (MacDougall-

Shackleton & Spencer, 2012; Nowicki et al., 1998, 2002). While young songbirds show reduced 

stress responsiveness during the beginning of the nestling period (Wada et al., 2007), nestling 

parrots exhibit stress axis activation as young as 13 dph (Berg et al., 2019); this suggests that 

parrots may be more subject to the effects of developmental stress than songbirds. Parrots also 

differ from songbirds in several aspects of their vocal learning: both sexes of parrots are capable 

of learning new vocalizations throughout their lives and use vocal signals in a wide variety of 

contexts, traits they also share with humans (Bradbury & Balsby, 2016). The ontogeny of early 

vocalizations produced by humans (babbling) and songbirds (subsong) has been researched 

extensively (Goldstein et al., 2003; Lipkind et al., 2013; Nathani et al., 2006; Oller, 1978; 

Vihman et al., 1985). Meanwhile, little is known about parrot babbling. Green-rumped parrotlets 

(Forpus passerinus) exhibit extreme hatch asynchrony (Beissinger & Waltman, 1991), which 

results in a developmental environment in which one nestling may be more than an order of 

magnitude the size of its youngest sibling, unlike the uniform ages of songbird nestlings, which 

tend to hatch synchronously.
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Ontogeny of vocal learning 

The ontogeny of vocal learning has been best studied in humans and birds (specifically 

the oscine-passerine suborder, songbirds). These groups have specific regions in the brain 

dedicated to the control of acoustic structure and possess similar brain pathways for vocal 

learning and production (Chakraborty et al., 2015; Jarvis, 2006). Both taxa begin their vocal 

development with a sensory phase in which they listen to sounds produced in their environment; 

this period of listening is crucial in development, as human infants and birds deprived of 

listening to adult vocalizations through deafening or social isolation do not develop normal 

vocalizations (Marler, 1970; Masataka, 2003; Oller et al., 1998). The sensory phase is followed 

by the sensorimotor phase, in which the individual begins to produce its own vocalizations and 

compare those to the adult template. Both humans and songbirds begin their vocal development 

with the production of amorphous signals that gradually differentiate into acoustically distinct 

types (syllables) that can then be combined into longer sequences (words and sentences, motifs 

and songs) (Lipkind et al., 2019). The highly variable vocalizations that precede human speech 

and songbird song is referred to as babbling and subsong, respectively. 

Babbling, in both humans and birds, lacks an apparent communicative function, and 

develops through the addition and later selective attrition of novel sound types, guided by 

auditory and social feedback (Burghardt, 2005; Doupe & Kuhl, 1999; Goldstein et al., 2003; 

Marler & Peters, 1982). As a human infant or nestling songbird ages, the proportion of syllables 

it innovates decreases, and it begins to favor the sounds it imitates from its social environment 

(Jakobson, 1968; Marler & Peters, 1982). Whereas early researchers studying babbling in human 

infants disregarded the possibility of any continuity between babbling and speech, current 
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research supports the idea that the syllables that appear during babbling continue into true speech 

(Vihman et al., 1985, 2014). The same finding is supported by analysis of songbird subsong, 

which contains syllables later used in adult song (Marler & Peters, 1982).  

Songbird vocal development generally follows the same learning pathway as human 

infant speech development, albeit with some species differences. Songbirds, which constitute 

more than half of extant bird species, belong to the order Passeriformes. While the members of 

the suboscine suborder demonstrate little to no vocal learning ability (Liu et al., 2013; Touchton 

et al., 2014), the oscine songbirds (including such diverse taxa as warblers, jays and ravens, and 

swallows) are well known for their song repertoires and imitative abilities. Parrots (order 

Psittaciformes) form a sister taxon to the Passeriformes and are another group of noted vocal 

performers (Hackett et al., 2008; Suh et al., 2011). In many species songbird vocal learning is 

confined to an early sensitive phase in the first year of life; this begins at around the time 

nestlings begin to fledge and adult conspecifics are most vocal (Hultsch & Todt, 2004). While 

female song is thought to be ancestral in songbirds, this trait has been lost in 29% of modern 

songbirds and research has mostly focused on species where only males sing (Odom et al., 2014; 

Riebel et al., 2005).  

During the sensitive period juvenile birds begin to produce subsong, a series of low-

amplitude and highly variable signals lacking discernable order (Hultsch & Todt, 2004; Marler, 

1991; Thorpe & Pilcher, 1958). The next stage in vocal development, plastic song, is 

characterized by the appearance of species-specific memorized song patterns and increased 

stereotypy of syllables (Aronov et al., 2008; Marler, 1991). When both syntax and syllable 

characteristics become stereotyped, song is considered to be crystallized (Hultsch & Todt, 2004). 

As a bird progresses from subsong to crystallized song it discards many of the syllables it 
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produced during subsong, as a type of signal pruning (Marler & Peters, 1982). While this 

syllable attrition could be a result of neural pruning (Forssberg, 1999), findings from the 

experimental inactivation of song-related brain regions in zebra finches suggest that there are 

separate specialized pathways for the production of juvenile and adult vocalizations (Aronov et 

al., 2008).  

The maturation of vocal production has been shown, in some species, to be guided 

through social interaction. Studies on human infants and juvenile songbirds have revealed that 

contingent interactions with social partners shape babbling production (Carouso-Peck & 

Goldstein, 2019; Goldstein et al., 2003; West & King, 1988). That is, juveniles are guided from 

producing immature forms of vocalizations to mature forms based on both vocal and visual 

feedback from adults, such as brief wing-strokes and “fluff-ups” (in birds) and smiling and 

physical touch (in humans) (Carouso-Peck & Goldstein, 2019; Goldstein et al., 2003; West & 

King, 1988).  

The highly variable vocal behaviors during the juvenile period appear to be important for 

later success in adult communication. For human infants, mastering the motor skills needed to 

produce a bout of mature syllables is necessary to be able to produce the rapid syllable-to-

syllable transitions present in speech, and by hearing its own vocal productions an infant can 

begin to map its “acoustic space” (Liu et al., 2009); that is, by listening to the sounds it is 

producing an infant can learn the acoustic consequences of its motor movements. This process 

has been referenced as a form of vocal play; babbling and other forms of monologue speech 

allow an individual to experiment with and refine sounds and syntax in a low-stakes context 

(Burghardt, 2005; Kuczaj, 1983; Pepperberg, 2004).  
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Effects of developmental stress on avian vocalization 

Once an individual has mastered stereotypy of sound production it can successfully 

engage in social interactions with conspecifics. Animals can convey a great deal of information 

through their vocalizations, including identity, physiological state, sex, and motivational state 

(Perez et al., 2012; Seyfarth & Cheney, 2003). Birds encode such information via acoustic 

characteristics such as duration, pitch, fundamental frequency, and bandwidth (Aubin et al., 

2007; Charrier et al., 2005; Kilner & Johnstone, 1997; Speirs & Davis, 1991). Other birds 

perceive and respond to this information; for example, zebra finches increase their parental 

investment in corticosterone- (CORT, the main stress hormone in birds) treated nestlings after 

hearing their stress-modified begging calls (Perez et al., 2016) and male songbirds react less 

aggressively to hearing the territorial song of older--and therefore less threatening--males (Zipple 

et al., 2020). The Developmental Stress Hypothesis, first proposed as the Nutritional Stress 

Hypothesis by Nowicki, Peters, and Podos in 1998 and later revised in 2002, states that adult 

vocalizations act as honest signals as to male quality (1998, 2002). Large song repertoire size in 

songbirds is correlated with higher adult survivorship, longer territory tenure, better immune 

function, and other physiological benefits (reviewed in MacDougall-Shackleton & Spencer, 

2012). Because the costs of song production could include the cost of forming song-related brain 

regions (Catchpole, 1996), significant stressors during development would impede brain growth, 

and thus song performance (MacDougall-Shackleton & Spencer, 2012). Both experimental 

stressors and CORT administration during nestling development resulted in reduced High Vocal 

Center (HVC, a brain region critical for song production in songbirds) volume in songbird brains 

(MacDonald et al., 2006; Nowicki et al., 2002; Spencer et al., 2005a; Spencer et al., 2005b). 

Experimentally induced nutritional stress, increased brood size, and CORT administration 
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resulted in decreased song rate and lessened stereotypy in adult zebra finches (Zann & Cash, 

2008).  

Past experimentation has revealed that developmental stress produces early differences in 

vocal development. Nutritionally stressed swamp sparrows began subsong earlier than control 

birds, although both groups achieved song crystallization at the same age (Nowicki et al., 2002); 

this resulted in a shorter sensory and longer sensorimotor phase of song learning for the 

experimental group. The stressed birds also developed small brains overall, with a 

disproportionately reduced volume of the robust nucleus of the arcopallium (RA, another song 

production-related brain region); it is possible that the early onset of the sensorimotor phase of 

vocal development was in compensation for compromised cognitive development (Nowicki et 

al., 2002).  

The mechanism by which stress impairs later vocal performance is unknown. The 

administration of exogenous CORT produces similar effects on vocal and brain development as 

other developmental stressors, which indicates that glucocorticoids, a main factor of the stress 

response, likely mediate the effects of developmental stress on vocal performance (MacDougall-

Shackleton & Spencer, 2012; Wingfield, 2005).  

 

The stress axis 

The function of the stress response is to enable animals to respond to challenging 

situations in contextually appropriate ways. Stressors, such as a physical injury or lack of food, 

activate the hypothalamic-pituitary-adrenal (HPA) axis, the pathway responsible for the 

production and release of glucocorticoids, a class of steroid hormones (Adkins-Regan, 2005; 

Boonstra, 2005). The results of glucocorticoid actions include increased cardiovascular tone, the 
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mobilization of glucose to muscles, sharpened cognition, and suppressed reproductive behavior 

(Boonstra, 2005). These actions both enable an individual to respond to a current stressor and 

prepare for a subsequent stressor (Sapolsky et al., 2000). When the challenge has passed, 

negative feedback loops restore glucocorticoid levels back to baseline (Adkins-Regan, 2005). A 

very aversive or chronic stressor, however, can result in chronically elevated levels of 

glucocorticoids in circulation, which bring with them physiological costs (Adkins-Regan, 2005). 

Such costs include immunosuppression, gastric ulceration, and impaired brain development; the 

number, location, and connections between neurons can all change based on steroid presence 

(Adkins-Regan, 2005; Boonstra, 2005; MacDonald et al., 2006; Sapolsky et al., 2000). Even the 

resting state and response threshold of an adult animal’s HPA axis are the result of early life 

experiences (Adkins-Regan, 2005). The primary glucocorticoid present in birds is CORT, for 

which there are membrane receptors throughout the avian brain, including in song-control 

regions (Adkins-Regan, 2005; Suzuki et al., 2011). 

 As high levels of glucocorticoids can be especially deleterious in young birds, HPA 

responsiveness is often delayed until young leave the nest and are capable of fending for 

themselves (Sims & Holberton, 2000; Wada et al., 2007). In contrast, nestling green-rumped 

parrotlets showed an adult-like HPA response at a much earlier stage in development, possibly as 

a result of competition between siblings of markedly different sizes and experience levels (Berg 

et al., 2019). 

Responsiveness of the HPA axis is important for life in the wild, where perturbations in 

the environment demand quick behavioral and physiological adaptations (Wingfield, 2005). 

Captive birds, meanwhile, exhibit baseline and stress-induced CORT concentrations that differ 

markedly from free-living populations (Marra et al., 1995; Vidal et al., 2019). It is therefore 
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instructive to examine the stress response in wild birds, who may be more resilient to 

environmental challenges. 

While many aspects of the developmental stress hypothesis have been examined in 

songbirds, it has only recently been addressed in parrots (Eggleston, 2020). Vocal learning in 

parrots manifests quite differently than it does in songbirds; for example, parrots are open-ended 

learners and exhibit a lesser degree of sexual dimorphism in vocal behavior. Researching the 

effects of CORT on parrot vocal development would help broaden the applicability of the 

developmental stress hypothesis. 

 

Parrots as model taxa for vocal learning 

Research on the developmental stress hypothesis in birds has almost exclusively 

concentrated on male songbirds, with the perspective that birdsong evolved through sexual 

selection (MacDougall-Shackleton & Spencer, 2012). Not only does this disregard the many 

species of songbird in which female singing occurs, this hypothesis merits reexamination with 

the finding that the songbird ancestor possessed female song, and thus female song has been 

selected against, rather than having been selected for in male songbirds (Odom et al., 2014). 

While sexual selection undoubtedly plays a role in the evolution of song, it is just one of many 

natural selective pressures that have led to the wide variety of song-learning programs (Beecher 

& Brenowitz, 2005). Additionally, many songbirds are closed-ended vocal learners, meaning that 

they have only a brief sensitive phase in early development in which they can learn songs from 

tutors (Beecher & Brenowitz, 2005). How does the developmental stress hypothesis apply in 

species that can learn new vocalizations throughout life? Previous research found differences in 

the frequency modulation in the babbling of CORT-treated and control green-rumped parrotlets 
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(Eggleston, 2020). However, the individuals received CORT treatment relatively late in their 

nestling period (21-27 dph), during the babbling period (Eggleston, 2020). It is possible that the 

still-circulating CORT produced an activational effect on vocalizations, like the higher-pitched 

begging calls that nestling zebra finches produce after CORT treatment (Perez et al., 2016). 

Additionally, CORT treatment at an earlier age has the potential to have a larger organizational 

effect on the nestling parrotlet brain and behavior; a 21 dph parrotlet weighs 93% of its adult 

weight, whereas a 13 dph parrotlet, at which age its HPA axis is fully matured, weighs only 65% 

of its adult weight (Berg et al., 2019; Waltman & Beissinger, 1992). The gene expression and 

cytoarchitecture of vocal learning nuclei do not resemble those of adults until several weeks post 

hatch in another parrot species, the budgerigar (Hall et al., 1999; Whitney et al., 2015). At 13 

dph the brain of a nestling green-rumped parrotlet is undergoing a large amount of neural 

organization, similar to that undergone by other altricial birds during the nestling stage (Iwaniuk 

& Nelson, 2003). 

 Bradbury and Balsby (2016) identified four vocal communication traits shared by both 

parrots and humans: open-ended learning, similar abilities of both males and females, large 

repertoires, and the use of vocalizations in a wide variety of social contexts. Like humans, young 

parrots are highly altricial and require extended parental care (Waltman & Beissinger, 1992). 

Additionally, while all three avian vocal learning lineages (parrots, songbirds, and 

hummingbirds) share seven analogous vocal nuclei that allow for the perception and production 

of learned vocalizations, the parrot vocal learning system is more elaborate, consisting of both 

“core” and “shell” regions that show specialized gene expression (Chakraborty et al., 2015). The 

parrot core region is analogous to vocal learning brain regions in oscine songbirds and 

hummingbirds, whereas the shell region is unique to parrots; its exact function is unknown 
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(Chakraborty et al., 2015). Phylogenetic comparison of shell and core sizes across parrot species 

revealed that the shell region is much larger in relation to the core in species capable of complex 

vocal communication abilities; more research needs to be done to uncover whether the shell 

region enables these abilities (Chakraborty et al., 2015). The body of research on developmental 

stress in birds has been restricted almost entirely to oscine songbirds; due to the more elaborate 

vocal learning brain regions and different vocal learning strategies of parrots it is possible that 

the effects of developmental stress manifest quite differently in parrots than in songbirds. 

 

Summary 

The developmental stress hypothesis posits that adult songbird vocalizations act as an 

honest indicator as to developmental condition. Parrot vocal learning strategies differ from those 

of songbirds, and they manifest a mature stress response at an earlier stage in development, 

making them potentially more vulnerable to the effects of circulating glucocorticoids on their 

developing brains. Earlier research on the effects of CORT on parrotlet vocalizations analyzed 

acoustic measurements from an age at which individuals were still receiving exogenous CORT, 

potentially confounding both the organizational and activational effects of CORT. Additionally, 

free-ranging and captive bird populations manifest different HPA axis responsiveness; to be able 

to extrapolate findings from research on developmental stress to the evolution of birdsong 

through mate choice it is essential to study these effects in an ecologically appropriate context. 
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CHAPTER II 
 
 

HYPOTHESES 
 
 

To understand how high plasma CORT levels early in development can affect later vocal 

learning in parrots, I analyzed various aspects of vocal babbling performance, including output, 

repertoire size, and spectrographic measurements from audio-video recordings of wild nestling 

green rumped parrotlets that received CORT treatment. Only vocalizations produced after the 

treatment period were incorporated in this study, as vocalizations produced during the treatment 

period (13-17 dph) might be altered by the activational effects of CORT. For example, zebra 

finch nestlings treated with exogenous CORT ten minutes earlier produced begging calls with 

different acoustic characteristics than control nestlings in a study by Pérez et al. (2016).  

 

Hypothesis 1: CORT affects vocal production 

In accordance with the Developmental Stress Hypothesis and previous research on both 

songbirds and parrots, I hypothesized that stressors early in development result in a vocal 

production phenotype that differs from that of birds raised under normal conditions. I predicted 

that prior CORT exposure would have a significant impact on nestling babbling, specifically 

resulting in a reduced repertoire size, lower peak frequency measurements, and reduced peak 

frequency slope (Eggleston, 2020; Spencer et al, 2005; 2003). I further predicted that CORT 

would influence the timing of vocal development, with 
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CORT-treated nestlings beginning to babble sooner than control nestlings, using an increased 

vocal learning period to compensate for reduced learning ability (Nowicki et al., 2002). These 

findings would support the Developmental Stress Hypothesis (MacDougall-Shackleton & 

Spencer, 2012; Nowicki et al., 1998, 2002): excess exposure to corticosterone during brain 

development results in reduced brain volume in vocal learning-related brain regions and 

therefore reduced song learning and production capabilities.  

There is also the possibility that CORT does affect vocal production, but by resulting in 

an increase in repertoire size as opposed to a decrease. A study on red-winged blackbirds found 

an positive correlation between song repertoire size and baseline CORT (Merrill et al., 2013). 

However, CORT and repertoire size were measured on adult blackbirds, and within a few days 

of each other, so developmental condition of the males is unknown. Begging, a behavior that 

involves vocalization, is increased in CORT-exposed birds (Kitaysky et al., 2001). If babbling 

output is also increased, I could find an increased repertoire size in CORT-treated nestlings, as a 

higher degree of vocal exploration could lead to a larger acoustic space. 

 

Null Hypothesis: CORT does not affect vocal production 

My null hypothesis is that the parrotlet vocal learning process is somehow shielded from 

exposure to high levels of CORT, a necessary protection given their early HPA axis maturity 

(Berg et al., 2019). In this case I would predict finding no differences between CORT and 

control babbling output and acoustic measurements. 
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CHAPTER III 
 
 

METHODS 
 
 

Study site and species 

Research is conducted at the Hato Masaguaral field site (8°33’57”N, 67°34’16”W) in 

Guárico, Venezuela. The site consists of a working cattle ranch surrounded by forest and 

tropically flooded savanna. Wild green-rumped parrotlets live year-round at the site, and nest in 

120 artificial nest tubes made from polyvinyl-chloride plastic that are located in two regions on 

the ranch (Beissinger, 2008). The parrotlet breeding season extends from June to December and 

consists of up to two nesting attempts per monogamous pair (Waltman & Beissinger, 1992). In a 

successful nest attempt an average of 5.7 nestlings hatch over an average of 8.6 days (Beissinger 

& Waltman, 1991). Nestlings fledge between 28-35 dph (Beissinger & Waltman, 1991). Due to 

the large hatch asynchrony in this species, nestlings at a wide range of ages (and thus, size and 

development) are present in the nest at the same time. Nestlings are marked with symbols on the 

tops of their heads to aid in differentiation between individuals. Field technicians record data for 

each nest, including the number of eggs laid, egg mass, hatch date, nestling mass, nestling sex, 

fledge date, and hatch sequence. Sex is determined by the presence of sexually dimorphic 

plumage that is visible as early as 15 dph (Budden & Beissinger, 2004).  Due to the low degree 

of extra-pair fertilization, siblings are assumed to be genetically related (Melland, 2000).
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Twelve nests were selected for this study: six from the 2018 field season and six from the 

2019 field season. Brood sizes (defined as the number of birds who fledged from a nest) 

consisted of four (n=4 nests), five (n=2), six (n=4), and seven (n=2) nestlings. A total of 13 

nestlings from these nests died before fledging and 64 survived to fledge from the nest. 31 of 

these nestlings were female and 33 were male. Hatch sequence (whether a nestling is eldest, 

middle, and youngest within a nest) was recorded; however, sham control and CORT treatment 

was usually administered to the eldest two nestlings in each nest, as a way of minimizing 

variation due to the effects of hatch sequence on babbling production and output. 

 

Corticosterone administration 

Preparation and administration of CORT-DMSO-sesame oil solution (CORT) and the 

vehicle control DMSO-sesame oil solution (Oil) followed (Eggleston, 2020). Nests containing 3-

8 nestlings each were selected for hormone treatment. One nestling per nest was chosen to 

receive the CORT treatment, one the Oil treatment, and remaining nestlings received nothing. In 

total, 41 nestlings received Control treatment, 12 received CORT, and 11 received Oil (one Oil 

nestling died before fledging at 24 dph) (Table 1). Treatment was randomly administered to the 

first three eldest nestlings per nest, as a way to control for hatch sequence. Subjects received 12 

µl of either CORT or Oil twice daily with a Hamilton 25-µl syringe, starting at 13 dph and 

ending at 19 dph. Dosage was designed to fall within the normal range for this species, which 

has been previously described (Berg et al., 2019). At 13 dph a parrotlet nestling has an active 

HPA axis and has not yet begun to produce vocal babbling (Berg et al., 2019). Measurement of 

baseline and stress-induced CORT plasma concentration is previously detailed in another study 

(Berg et al., 2019).  
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Table 1: Nestling sample sizes. 
Class n nestlings 
♀ CORT  
♂ CORT 
♀ Oil 
♂ Oil 
♀ Control 
♂ Control 
Total ♀ 

4 
8 
4 
7 
23 
18 
31 

Total ♂ 33 
Total CORT 12 
Total Oil 11 
Total Control  41  
Brood size=4 16 
Brood size=5 10 
Brood size=6 24 
Brood size=7 14 
Total nestlings 64 

 

Recording 

A camcorder (Song FDR AX33) was placed at the top of each nest cavity between 7-9 

am, beginning after the female parrotlet ceased incubation. Nest activity was recorded for 1-6 

hours each day, until the final nestling fledged from the nest. Data were stored as Advanced 

Video Coding High Definition (AVCHD) files and copies stored on multiple external hard 

drives. 

 

Video analysis 

Adobe Audition (v13.0.3.60, 2020, Adobe Inc., San Jose, CA) was used to review audio-

visual recordings. Vocal babbling bouts were defined based on the following criteria, following 

Eggleston (2020): (1) a series of two or more structurally distinct vocal elements, and (2) the 

time between elements equal to or less than four seconds long. 
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Bouts produced after the fourth hour of recording were not used in analysis to avoid 

oversampling certain days as well as certain nestlings. The audio of each bout was extracted as a 

Waveform Audio File (WAV) at a 16-bit resolution and a 44,100 Hz sample rate. The recorded 

bouts of four nestlings who died before fledging were excluded from analysis. Bouts produced 

before a nestling reached 20 dph were also excluded from analysis, as at 20 days and afterward 

all nestlings had ceased their treatments and presumably had no more exogenous CORT in 

circulation (oral administration of CORT results in a peak of plasma CORT levels 10 minutes 

later, which subsides back to baseline after 120 minutes; Spencer & Verhulst, 2007). Therefore, 

each nestling received equal sampling time from 20 dph until the day it fledged. These 

exclusions removed 9.5% (13,201 individual vocal elements) of the dataset, with the final 

resulting dataset consisting of 123,214 vocal elements produced by the 64 nestlings.  

 

Spectrographic analysis 

Spectrographic analysis was performed using Raven Pro (v1.6.1, 2019, Cornell Center 

for Conservation Bioacoustics, Cornell Lab of Ornithology, Ithaca, NY) (Figure 1). Files were 

first band filtered between 500 and 12,500 Hz, which encompasses the range of vocalizations 

produced by parrotlets (Berg et al. 2012, 2013). A Fast Fourier Transform (FFT) of 270 was used 

to construct spectrograms.  
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Figure 1: Example babbling sequence. The y-axis denotes frequency (Hz) and the x-axis 
denotes time (s).  

 

A band limited energy detector was used to identify individual vocal elements within 

babbling bouts using the following detection parameters: minimum (500 Hz) and maximum 

(12,500 Hz) frequency, minimum (0.0122 s) and maximum (0.75 s) syllable duration, minimum 

inter-syllable duration (0.028 s), signal-to-noise ratio (5 dB), signal-to-noise ration minimum 

occupancy (60%), noise power estimation block size (1.001 s), noise power estimation hop size 

(0.0459 s), and noise power estimation percentile (50). Detector selections were visually 

reviewed to ensure quality, as mechanical sounds and vocalizations from other species are often 

erroneously identified by the detector. The following spectral measurements were used in 

analysis: average entropy (bits) (a measure of the randomness of spectral power distribution), 

center frequency (Hz) and the 5% and 95% frequencies (Hz) (the frequency that divides the 

syllable into two sections, that contain, respectively, 50%, 5%, and 95% of the energy of the 

selected syllable), 95% bandwidth (Hz) (the difference between the 5% and 95% frequencies), 

syllable duration (s), number of inflection points of the peak frequency contour (the number of 

times the sign of slope of the peak frequency contour (PFC) changes), and the mean slope of the 

peak frequency contour (Hz/ms) (the mean of the different slope measurements that make up the 



 19 

peak frequency contour) (Figure 2). Any nestling vocalizations overlapped with another sound in 

the frequency domain were removed from the selection table.  

 

 

Figure 2: Visualization of spectrographic measurements. A. Measurements include the PFC 
average slope, which comes from the peak frequency contour; number of PFC inflection points; 
duration; 5%, center, and 95% frequency; and 90% bandwidth. B. Entropy measures the 
probability of power distribution in a spectrogram. A spectrogram with a random degree of 
power distribution has a high entropy value, while power concentrated in one area of the 
spectrogram has a low entropy score. Selection 1 has an entropy score of 3.8 while selection 2 
has a score of 4.3. 
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Statistics 

Distributions of all spectrographic measurements were visually inspected for normality, 

which is an assumption for later principal components, k means, and generalized linear mixed 

model (GLMM) analysis. GLMMs were conducted using SAS software (v.9.4, 2013, SAS 

Institute Inc., Cary, NC); all other analyses were conducted using JMP Pro software (v15.1.0, 

2019, SAS Institute Inc., Cary, NC). The following acoustic measurements were log10 

transformed: center frequency, 5% frequency, 95% frequency, 95% bandwidth, and duration; 

while the measurements of peak frequency contour inflection points were log(x + 1) transformed. 

Linear regression was used to test for multicollinearity between acoustic measurements, as well 

as to examine change in acoustic measurements and babbling output by age. All acoustic 

measurements were plotted by each other: 5% and center frequency were highly correlated 

(R2=0.89), as well as 95% frequency and 95% bandwidth (R2=0.94). 95% and center frequency 

displayed a lower correlation (R2=0.82). The 95% bandwidth and 5% frequency measurements 

were therefore excluded from k-means analysis, as multicollinearity among variables can result 

in model overfitting (Armitage & Ober, 2010). Intersyllable duration (the time between syllables 

in a bout), syllable output (both daily as well as total), and age of babbling onset were log10 

transformed.  

 Principal components analysis (PCA) was conducted in order to reduce the 

dimensionality of the dataset. Principal components were then utilized in an unsupervised k-

means clustering analysis to estimate the syllable repertoire size of each nestling. Several 

iterations of the clustering analysis were performed, and the Cubic Clustering Criterion was used 

to obtain optimized number of clusters. The ensuing cluster classifications were used to calculate 

the Shannon-Weiner diversity index (H) of the repertoire of each individual. H is calculated as 
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the sum of the product of the negative proportion (pi, the number of times a syllable type was 

used by an individual divided by the individual’s total output) and the natural log of the 

proportion. A higher H score indicates a nestling with a larger repertoire size. 

GLMMs were used to test for differences in vocal babbling production between nestlings 

who received CORT, Oil, and Control treatments. Nest ID was included as a random effect in the 

model, to control for the high degree of relatedness between nestlings in the same nest. 

Treatment (CORT, OIL, CONTROL), sex, age, and brood size (nestlings fledged from the nest) 

were included as fixed effects. The variables modeled were the eight previously mentioned 

spectrographic measurements, intersyllable duration, total syllable output, syllable repertoire 

size, babbling onset age, fledge age, and Shannon-Weiner diversity index, as well as the first 

principal component (PC1) from the principal components analysis. The corrected Akaike 

information criterion (AICC) was used to evaluate model strengths. To identify differences 

between groups, a p-value less than 0.05 was considered significant. 
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CHAPTER IV 
 
 

RESULTS 
 
 

Descriptive statistics 

Nestlings produced an average of 1,925.2 (± 199.2 SE) vocal babbling syllables prior to 

fledging (Table 1). The average number of vocal babbling bouts recorded per nestling was 56.2 

(± 5.38 SE) with a range of 2-1,289 syllables per bout (𝑥̅ = 34.3 syllables ± 1.32 SE) (Table 1). 

The onset of babbling occurred between 12-29 dph (𝑥̅ = 19.1 ± 0.6 SE)., and nestlings fledged 

between 28-37 dph (𝑥̅ = 31.7 ± 0.2 SE) (Table 2).  

Table 2. Summary of descriptive statistics. Mean syllable output, total repertoire size, and age 
at babbling onset and fledging for nestling parrotlets, grouped by sex, treatment, and brood size. 

  
Mean syllable 
output (±SE) 

Mean 
repertoire 
size (±SE) 

Mean onset 
age (dph±SE) 

Mean fledge 
age 
(dph±SE) 

Male (n=33) 2,084.6 ± 278.67 34.3 ± 0.86 17.7 ± 1.13 31.4 ± 0.44 
Female (n=31) 1,755.5 ± 286.30 32.4 ± 0.88 20.2 ± 1.13 31.8 ± 0.44 
CORT (n=12) 2,275.2 ± 533.90 32.3 ± 1.38 17.33 ± 1.44 31.5 ± 0.57 
Oil (n=11) 1,611.6 ± 338.17 34.2 ± 1.38 18.5 ± 1.48 30.8 ± 0.53 
Control (n=41) 1,906.9 ± 255.67 33.4 ± 0.79 19.5 ± 1.12 31.8 ± 0.43 
Brood size=4 (n=16) 2,169.8 ± 389.81 34.9 ± 1.14 16.5 ± 1.98 31.4 ± 0.71 
Brood size=5 (n=10) 1,609.9 ± 438.14 29.9 ± 1.44 20.1 ± 2.73 30.1 ± 0.98 
Brood size=6 (n=24) 2,126.4 ± 353.27 33.83 ± 0.93 19.8 ± 1.90 32.3 ± 0.68 
Brood size=7 (n=14) 1,526.1 ± 420.50 33.14 ± 1.22 20.2 ± 2.66 32.1 ± 0.95 
All nestlings (n=64) 1,925.2 ± 199.29 33.3 ± 0.59 19.1 ± 0.63 31.7 ± 0.23 
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Repertoire size and diversity 

The first two principal components (PCs, eigenvalues of 2.52 and 1.67, respectively) 

explained 69.8% of the variance in the six babbling acoustic measurements. Center frequency, 

95% frequency, and average entropy were the main components of PC1, and duration and PFC 

inflection points were the two main components of PC2. A high PC1 score also corresponded to 

a high entropy, 95% frequency, and center frequency (Figures 3-5). A k-means analysis clustered 

the vocal selections into 36 syllable types (Figures 6 and 7). 

 

 

Figure 3: Average entropy by PC1. The average entropy of babbling syllables plotted by their 
PC1 values. A syllable with a high entropy also had a high PC1 value (Y=-7.401 + 1.943x, 
R2=0.52). 
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Figure 4: 95% frequency by PC1. The log-transformed 95% frequency babbling syllables 
plotted by their PC1 values. A high-frequency syllable also had a high PC1 value (Y=-20.79 + 
5.629x, R2=0.77). 
 
 

 

Figure 5: Center frequency by PC1. The log-transformed center frequency babbling syllables 
plotted by their PC1 values. A high-frequency syllable also had a high PC1 value (Y=-18.66 + 
5.452x, R2=0.605). 
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Figure 6: k means cluster biplot. k-means cluster biplot of vocal babbling syllables based on 
principal components analysis using the following six spectrographic measurements: average 
syllable entropy (bits), 95% and center (50%) frequency (Hz), duration (s), and peak frequency 
contour average slope (Hz/ms) and inflection points. Clustering resulted in the identification of 
36 different babbling syllable types. The first two principal components (PC1 and PC2) account 
for 70% of the variance. Center frequency, 95% frequency, and average entropy are the highest 
loading for PC1 (0.49, 0.55, and 0.45, respectively) and duration and PFC inflection points are 
the highest for PC2 (0.64 and 0.59, respectively). PC3, which alone accounts for an additional 
17% of the variance, is composed primarily of PFC average slope (0.99). 
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Figure 7: Syllable type exemplars. Spectrograph exemplars of the 36 syllable types, with how 
many times each type was recorded over the course of this study. 
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 The top-ranked model predicting PC1 included nestling age, treatment, and sex (AICC 

wi=1.0) (Table 3). Age (F1,123E3=123E3, p<0.0001), treatment (F2,123E3=38.84, p<0.0001), and 

sex (F1,123E3=246.76, p<0.0001) were all significant. PC1 measurements increased with age (Y=-

4.45+0.16*age, R2=0.1), and females produced vocalizations with significantly higher PC1 

values than males (F123E3=15.71, p<0.0001; least squares mean PC1 values: females=0.05±0.13 

SE, males=-0.10±0.13 SE) (Figure 8). CONTROL, CORT, and OIL PC1 measurements all 

significantly differed from each other (CONTROL & CORT: F123E3=5.55, p<0.0001; 

CONTROL & OIL: F123E3=8.11, p<0.0001; F123E3=2.52, p<0.0001; least squares mean PC1 

values: CONTROL=0.03±0.13, CORT=-0.04±0.13, OIL=-0.07±0.13) (Figure 9). 

 

Table 3: PC1 model comparison. Comparison of generalized linear mixed models examining 
the effect of early CORT treatment on principal component 1 (PC1) values of babbling syllables. 
Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, and brood size (4, 5, 
6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 11 OIL 
nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-nestling 
nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC wi 

Treatment + age + sex 8 438689 0 1.00 
Treatment + age + brood size 10 438927 238 0.00 
Treatment + age 6 438928 239 0.00 
Age 3 439074 385 0.00 
Treatment + sex 7 450571 11882 0.00 
Sex 4 450949 12260 0.00 
Treatment 5 451824 13135 0.00 
Brood size 6 452766 14077 0.00 
Random intercept 1 462898 24209 0.00 
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Figure 8: PC1 by sex. Least squares mean ± SE principal component values of babbling 
syllables, by parrotlet sex. Female parrotlet vocalizations had higher PC1 scores than males 
(F1,123E3=246.76, p<0.0001). PC1 explains 42% of the variance in the acoustic measurements 
recorded, and 95% frequency, center frequency, and average entropy had the highest loading for 
PC1 (0.54, 0.49, and 0.47 respectively). Asterisks denote significant differences between groups. 
n=41 CONTROL, 12 CORT, and 11 OIL nestlings from 12 nests. 

* 
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Figure 9: PC1 by treatment. Least squares mean ± SE principal component values of babbling 
syllables, by treatment type. CONTROL group vocalizations had the highest PC1 values, while 
OIL nestlings produced vocalizations with the lowest PC1 values (F2,123E3=38.84, p<0.0001). 
PC1 explains 42% of the variance in the acoustic measurements recorded, and 95% frequency, 
center frequency, and average entropy had the highest loading for PC1 (0.54, 0.49, and 0.47 
respectively). Asterisks denote significant differences between groups. n=41 CONTROL, 12 
CORT, and 11 OIL nestlings from 12 nests. 
 

Spectrographic measurements 

A model including treatment, age, and sex had the highest AICC weight for seven of the 

eight acoustic variables: average entropy (AICC wi=1.0), 90% bandwidth (AICC wi=1.0), center 

frequency (AICC wi=1.0), duration (AICC wi=0.95), 5% frequency (AICC wi=1.0), 95% frequency 

(AICC wi=1.0), and PFC inflection points (AICC wi=1.0) (Tables 4-10). PFC average slope was 

best explained by a model including treatment, age, and brood size (AICC wi=0.82) (Table 11).  

 
 

* 

* 

* 
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Table 4: Average entropy model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on the average entropy (bits) of babbling 
syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, and brood 
size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 
11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-
nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC wi 

Treatment + age + sex 8 197598 0 1.00 
Treatment + age + brood size 10 197641 43 0.00 
Treatment + age 6 199788 2190 0.00 
Age + sex 5 199808 2210 0.00 
Age 3 199887 2289 0.00 
Age + brood size 7 199891 2293 0.00 
Sex 4 209847 12249 0.00 
Treatment 5 210037 12439 0.00 
Brood size 6 210915 13317 0.00 
Random intercept 1 218840 21242 1.00 

 

 

Table 5: 95% bandwidth model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on log-transformed 90% bandwidth (Hz) of 
babbling syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, 
and brood size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 
CORT, and 11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 
from 5-nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 96969 0 1.00 
Treatment + age 6 97176 207 0.00 
Treatment + age + brood size 10 97183 214 0.00 
Age 3 97298 329 0.00 
Treatment + sex 7 107317 10348 0.00 
Sex 4 107729 10760 0.00 
Treatment 5 108410 11441 0.00 
Treatment + brood size 9 108423 11454 0.00 
Brood size 6 109361 12392 0.00 
Random intercept 1 118578 21609 1.00 
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Table 6: Center frequency model comparison. Comparison of generalized linear mixed 
models examining the effect of early CORT treatment on log-transformed center frequency (Hz) 
of babbling syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, 
and brood size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 
CORT, and 11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 
from 5-nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 -43200 0 1.00 
Age + sex 5 -43151 49 0.00 
Treatment + age 6 -42740 460 0.00 
Treatment + age + brood size 10 -42729 471 0.00 
Age 3 -42557 643 0.00 
Treatment + sex 7 -29975 13225 0.00 
Sex 4 -29517 13683 0.00 
Treatment 5 -28203 14997 0.00 
Brood size 6 -27000 16200 0.00 
Random intercept 1 -16659 26541 1.00 

 

 

Table 7: Syllable duration model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on log-transformed duration (s) of babbling 
syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, and brood 
size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 
11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-
nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 17132 0 0.95 
Treatment + age 6 17138 6 0.05 
Treatment + age + brood size 10 17151 19 0.00 
Treatment 5 17176 44 0.00 
Treatment + sex 7 17180 48 0.00 
Age + sex 5 17377 245 0.00 
Age 3 17389 257 0.00 
Sex 4 17410 278 0.00 
Brood size 6 17423 291 0.00 
Random intercept 1 20575 3443 0.00 
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Table 8: 5% frequency model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on log-transformed 5% frequency (Hz) of 
babbling syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, 
and brood size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 
CORT, and 11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 
from 5-nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 -43266 0 1.00 
Treatment + age 6 -43112 154 0.00 
Age 3 -43111 155 0.00 
Treatment + age + brood size 10 -43102 164 0.00 
Sex 4 -37407 5859 0.00 
Treatment + sex 7 -37402 5864 0.00 
Treatment 5 -36673 6593 0.00 
Brood size 6 -36537 6729 0.00 
Random intercept 1 -28101 15165 0.00 

 
 
 
Table 9: 95% frequency model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on log-transformed 95% frequency (Hz) of 
babbling syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), age, sex, 
and brood size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 
CORT, and 11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 
from 5-nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 -23997 0 1.00 
Treatment + age 6 -23644 353 0.00 
Treatment + age + brood size 10 -23635 362 0.00 
Age 3 -23493 504 0.00 
Treatment + sex 7 -9178 14819 0.00 
Sex 4 -8683 15314 0.00 
Treatment 5 -7528 16469 0.00 
Brood size 6 -6306 17691 0.00 
Random intercept 1 5887 29884 0.00 

 

 

 



 34 

Table 10: PFC inflection points model comparison. Comparison of generalized linear mixed 
models examining the effect of early CORT treatment on the log-transformed number of peak 
frequency contour inflection points of babbling syllables. Fixed factors included treatment 
(CORT, OIL, and CONTROL), age, sex, and brood size (4, 5, 6, and 7). Nest ID was included as 
a random factor. n=41 CONTROL, 12 CORT, and 11 OIL nestlings; n=33 male and 31 female; 
n=16 nestlings from 4-nestling nests, 10 from 5-nestling nests, 24 from 6-nestling nests, and 14 
from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 284364 0 1.00 
Treatment + sex 7 284379 15 0.00 
Treatment + age 6 284384 20 0.00 
Treatment + age + brood size 10 284393 29 0.00 
Treatment 5 284413 49 0.00 
Sex 4 284475 111 0.00 
Age 3 284488 124 0.00 
Brood size 6 284522 158 0.00 
Random intercept 1 286846 2482 0.00 

 

Table 11: PFC slope model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on the peak frequency contour average slope 
(Hz/ms) of babbling syllables. Fixed factors included treatment (CORT, OIL, and CONTROL), 
age, sex, and brood size (4, 5, 6, and 7). Nest ID was included as a random factor. n=41 
CONTROL, 12 CORT, and 11 OIL nestlings; n=33 male and 31 female; n=16 nestlings from 4-
nestling nests, 10 from 5-nestling nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + brood size 10 1355511 0 0.82 
Treatment + age + sex 8 1355514 3 0.18 
Treatment + age 6 1355531 20 0.00 
Treatment + sex 7 1355605 94 0.00 
Treatment 5 1355641 130 0.00 
Age 3 1355659 148 0.00 
Sex 4 1355742 231 0.00 
Brood size 6 1355802 291 0.00 
Random intercept 1 1356415 904 0.00 

 

To determine which acoustic measurements were especially affected by treatment, I 

looked at measurements for which the treatment model ranked the highest of all single-factor 
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models. Treatment was the most powerful model for explaining variance in syllable duration 

(Table 7), PFC average slope (Table 11), and the number of PFC inflection points (Table 10).  

Syllable duration was significantly affected by treatment (F2,123E3=133.44, p<0.0001), age 

(F1,123E3=62.97, p<0.0001), and sex (F1,123E3=16.90, p<0.0001). CORT-treated nestlings 

produced longer syllables than OIL and CONTROL nestlings (least squares means: CONTROL  

log10duration=-1.31, CORT log10duration=-1.30, OIL log10duration=-1.34) (Figure 10). The 

difference between CORT and OIL birds was significant (F123E3=16.03, p<0.0001) as well as 

CORT and CONTROL birds (F123E3=-6.45, p<0.0001), and CONTROL and OIL birds 

(F2,123E3=12.65, p<0.0001). Furthermore, females produced shorter syllables than males (F123E3=-

4.11; p<0.0001; least squares means of log10 syllable duration: males=-1.31, females=-1.32). The 

GLMM identified age as a significant factor in variation of syllable duration; however, the 

pattern over time is not generalizable as the R2 value is low (log10duration=-1.23-0.0015*age, 

R2=0.000). 
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Figure 10: Syllable duration by treatment. Mean ± SE log-transformed duration of babbling 
syllables, by treatment type. Means and SEs were obtained by back-transformation of the 
GLMM least squares means via the delta method. CORT nestlings produced longer syllables 
than other nestlings, while OIL nestlings produced vocalizations that were shorter than 
CONTROL and CORT nestlings (F2,123E3=133.44, p<0.0001). Asterisks denote significant 
differences between groups. n=41 CONTROL, 12 CORT, and 11 OIL nestlings from 12 nests. 
 
  

The peak frequency contour average slope of babbling elements was also significantly 

affected by treatment (F2,123E3=64.09, p<0.0001) and age (F1,123E3=114.47, p<0.0001), while 

brood size was marginally significant (F3,123E3=2.57, p=0.052). CORT-treated birds produced 

less positively-inflected vocalizations than CONTROL and OIL birds (least squares mean PFC 

average slopes: (CONTROL=10.18±1.28 SE, CORT=5.30±1.33 SE, OIL=11.12±1.33 SE) 

(Figure 11). CORT PFC slopes were significantly lower than those of OIL (F123E3=-9.61, 

p<0.0001) and CONTROL (F123E3=10.36, p<0.0001), while the slopes of OIL and CONTROL 

* 

* 

* 
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did not differ (F2,123E3=-1.80, p=0.07). As nestlings aged, PFC average slope increased (Y=-

5.125+0.47*Age, R2=0.5) (Figure 12). 

 

 

Figure 11: PFC average slope by treatment. Mean peak frequency contour average slope of 
babbling syllables, by treatment type. The average slope of CORT-treated nestlings was lower 
than that of OIL and CONTROL nestlings, while the slopes of OIL and CONTROL nestlings did 
not differ (F2,123E3=64.09, p<0.0001). Asterisks denote significant differences between groups. 
n=41 CONTROL, 12 CORT, and 11 OIL nestlings from 12 nests. 
 
 

* 

* 
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Figure 12: PFC average slope by age. Linear regression of mean peak frequency contour 
average slope (Hz/ms) by age.. Slope increased with age (Y=-5.125+0.47*Age, R2=0.5), i.e., 
nestlings produced more positively-inflected vocalizations as they matured. n=64 nestlings from 
12 nests. One outlier was removed, as one nestling fledged later than others at 37 dph and was 
not able to be compared with other nestlings. 
 

 As with syllable duration, the number of PFC inflection points was affected by treatment 

(F2,123E3=59.17, p<0.0001), age (F1,123E3=28.13, p<0.0001), and sex (F1,123E3=29.35, p<0.0001). 

CORT birds produced syllables with more inflection points than CONTROL and OIL birds (least 

squares means of log10(inflection points+1): CONTROL=1.71, CORT=1.73, OIL=1.65), and the 

differences between all treatments were significant (CONTROL & CORT: F123E3=-3.02, 

p=0.0003; CORT& OIL: F123E3=10.33, p<0.0001; CONTROL & OIL: F2,123E3=9.22, p<0.0001) 

(Figure 13). Males produced vocalizations with fewer inflection points than females 

(F123E3=5.42, p<0.0001; least squares means of log10(inflection points+1): males=1.68, 

females=1.71). While age was a significant factor in the model and regression analysis found a 

R2=0.50 
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negative relationship between age and inflection points, R2 value is quite low (Y=1.80-

0.003*age, R2=0.000).  

 

Figure 13: PFC inflection points by treatment. Mean ± SE inflection points in babbling 
syllables, by treatment type. Means and SEs were obtained by back-transformation of the 
GLMM least square means via the delta method. CORT-treated nestlings produced vocalizations 
with more points of frequency inflection than other groups (F2,123E3=59.17, p<0.0001). Asterisks 
denote significant differences between groups. n=41 CONTROL, 12 CORT, and 11 OIL 
nestlings from 12 nests. 
 

Babbling production 

Daily syllable output was significantly affected by nestling age (AICC wi =0.62, 

F1,391=58.26, p<0.0001) (Table 12). As nestlings aged the number of syllables they produced 

increased daily (log10[daily syllable output]=-0.2664+0.08278*Age, R2=0.862) (Figure 14). 

 
 
 
 

* 

* 
* 
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Table 12: Daily babbling output model comparison. Comparison of generalized linear mixed 
models examining the effect of early CORT treatment on daily babbling syllable output. Fixed 
factors included treatment (CORT, OIL, and CONTROL), age, sex, and brood size (4, 5, 6, and 
7). Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 11 OIL nestlings; 
n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-nestling nests, 24 
from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Age 3 917 0 0.62 
Treatment + age 6 918 1 0.38 
Sex 4 964 47 0.00 
Brood size 6 966 49 0.00 
Treatment + sex 7 969 52 0.00 
Random intercept 1 973 56 0.00 

 

 

Figure 14: Output by age. Linear regression of log-transformed mean vocal output by age. 
Nestlings babbled more with age (Y=-0.2664+0.08278*Age, R2=0.862). n=64 nestlings from 12 
nests. One outlier was removed, as one nestling fledged later than others at 37 dph and was not 
able to be compared with other nestlings. 
 

R2=0.862 
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The model that best explained variation in daily repertoire size (the number of syllable 

types produced by nestlings at each day in development) included nestling age, treatment, and 

sex (AICC wi =0.97) (Table 13). Age (F1,388=94.29, p<0.0001) and sex (F1,388=4.86, p=0.028) 

were significant factors in this model, but treatment (F2,388=0.67, p=0.51) was not. Male birds 

produced more unique syllable types on a given day than female birds (male least square mean 

=22.1±0.83 SE, female least square mean=19.6±1.01 SE), and nestlings steadily incorporated 

more syllable types in their repertoires as they aged (Y=-11.26+1.201*Age, R2=0.876) (Figure 

15).  

 
Table 13: Daily repertoire size model comparison. Comparison of models examining the 
effect of early CORT treatment on nestling daily repertoire size. Fixed factors included treatment 
(CORT, OIL, and CONTROL), age, sex, and brood size (4, 5, 6, and 7). Nest ID was included as 
a random factor. n=41 CONTROL, 12 CORT, and 11 OIL nestlings; n=33 male and 31 female; 
n=16 nestlings from 4-nestling nests, 10 from 5-nestling nests, 24 from 6-nestling nests, and 14 
from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + age + sex 8 2987 0 0.97 
Treatment + age 6 2994 7 0.03 
Age 3 3002 15 0.00 
Brood size 6 3064 77 0.00 
Treatment + sex 7 3070 83 0.00 
Treatment 5 3073 86 0.00 
Random intercept 1 3081 94 0.00 
Sex 4 3975 988 0.00 
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Figure 15: Repertoire size by age. Linear regression of mean nestling repertoire size by age. 
Repertoire size increased as nestlings grew older (Y=-11.26+1.201*Age, R2=0.876). n=64 
nestlings from 12 nests. One outlier was removed, as one nestling fledged later than others at 37 
dph and was not able to be compared with other nestlings. 
 

Variation in total repertoire diversity could not be explained by treatment (F2,50=1.12, 

p=0.33), sex (F1,51=2.32, p=0.13), brood size (F3,52=1.82, p=0.16), or combinations of these 

variables (treatment & sex: treatment F2,49=1.37, p=0.26, sex F1,49=2.78, p=0.10; treatment & 

brood size: treatment F2,50=1.21, p=0.31, brood size F3,50=1.86, p=0.15), and the model with the 

highest AICC weight contained the null intercept (AICC wi=0.47) (Table 14). 

 
 
 
 
 
 
 
 

R2=0.876 
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Table 14: Repertoire diversity model comparison. Comparison of generalized linear mixed 
models examining the effect of early CORT treatment on nestling repertoire diversity (H). Fixed 
factors included treatment (CORT, OIL, and CONTROL), sex, and brood size (4, 5, 6, and 7). 
Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 11 OIL nestlings; 
n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-nestling nests, 24 
from 6-nestling nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Random intercept 1 36 0 0.47 
Sex 4 37 1 0.28 
Brood size 6 39 3 0.10 
Treatment 5 40 4 0.06 
Treatment + sex 7 40 4 0.06 
Treatment + brood size 9 43 7 0.01 

 
 

 The GLMM with the highest weight (AICC wi=0.98) in evaluating intersyllable duration 

included nestling age, treatment, and sex (Table 15). All three factors had a significant effect on 

intersyllable duration. As nestlings aged, they reduced the amount of time between syllables 

(F1,12E4=1929.73, Y=-0.10-0.18*Age, R2=0.80), accelerating vocal babbling production (Figure 

16). Treatment had a significant effect on intersyllable duration (F2,12E4=46.61, p<0.0001), with 

CORT-treated birds producing syllables more rapidly than both OIL and CONTROL nestlings 

(log10[intersyllable duration] least squares means: CORT=-0.67, CONTROL=-0.64, OIL=-0.63). 

CORT birds produced significantly smaller intersyllable durations than both CONTROL 

(F12E4=7.72, p<0.0001) and OIL (F12E4=-9.15, p<0.0001) nestlings, and CONTROL nestlings 

also produced smaller intersyllable durations than OIL nestlings (F12E4=-3.46, p=0.0005) (Figure 

17). Sex was also a significant factor (F1,12E4=17.78, p<0.0001), with females producing smaller 

intersyllable durations than males (log10[intersyllable duration] least squares means: female=-

0.65, male=-0.64). 
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Table 15: Intersyllable duration model comparison. Comparison of generalized linear mixed 
models examining the effect of early CORT treatment on log-transformed intersyllable duration 
(s). Fixed factors included treatment (CORT, OIL, and CONTROL), sex, and brood size (4, 5, 6, 
and 7). Nest ID was included as a random factor. n=41 CONTROL, 12 CORT, and 11 OIL 
nestlings; n=33 male and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-nestling 
nests, 24 from 6-nestling nests, and 14 from 7-nestling nests. 
Model k AICC △AICC wi 
Treatment + age + sex 8 149378 0	 0.98 
Treatment + age 6 149386 8	 0.02 
Treatment + age + brood size 10 149399 21	 0 
Age 3 149451 73	 0 
Treatment + sex 7 151277 1899	 0 
Sex 4 151287 1909	 0 
Treatment 5 151427 2049	 0 
Brood size 6 151456 2078	 0 
Random intercept 1 152963 3585	 0 

 

 

Figure 16: Intersyllable duration by age. Linear regression of mean log-transformed 
intersyllable duration (s) by age. The time between vocalizations decreased as nestlings grew 

R2=0.80 
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older (Y=-0.10-0.18*Age, R2=0.80). n=64 nestlings from 12 nests. One outlier was removed, as 
one nestling fledged later than others at 37 dph and was not able to be compared with other 
nestlings. 
 

 
Figure 17: Intersyllable duration by treatment. Mean ± SE duration between babbling 
syllables, by treatment type. Means and SEs were obtained by back-transformation of the 
GLMM least square means via the delta method CORT-treated nestlings had the produced 
vocalizations more rapidly than other nestlings (F2,12E4=46.61, p<0.0001). Asterisks denote 
significant differences between groups. n=41 CONTROL, 12 CORT, and 11 OIL nestlings from 
12 nests. 
 

Developmental milestones 

Both treatment and brood size contributed to the highest-weighted model for both 

nestling fledge age (Table 16) and the age at babbling onset (fledge age AICC wi=0.87, onset age 

AICC wi=0.95). However, there were no significant differences between groups for either model.  

 
 
 
 

* 

* * 
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Table 16: Fledge age model comparison. Comparison of generalized linear mixed models 
examining the effect of early CORT treatment on nestling fledge age (dph). Fixed factors 
included treatment (CORT, OIL, and CONTROL), sex, and brood size (4, 5, 6, and 7). Nest ID 
was included as a random factor. n=41 CONTROL, 12 CORT, and 11 OIL nestlings; n=33 male 
and 31 female; n=16 nestlings from 4-nestling nests, 10 from 5-nestling nests, 24 from 6-nestling 
nests, and 14 from 7-nestling nests. 
Model  k AICC △AICC	 wi 
Treatment + brood size  227 0 0.87 
Treatment  232 5 0.07 
Brood size  233 6 0.04 
Treatment + sex  236 9 0.01 
Sex  241 14 0.00 
Random intercept  263 36 0.00 

 

Age at babbling onset did not differ by treatment (F2,50=1.45, p=0.245) or brood size 

(F2,50=0.618, p=0.614), and fledge age did not differ by treatment (F2,50=2.58, p=0.086) or brood 

size (F3,50=1.17, p=0.332).  
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CHAPTER V 
 
 

DISCUSSION 
 
 

This study provides evidence that corticosterone treatment affects the acoustic structure 

of green-rumped parrotlet vocal production, including syllable duration, inflection slope, and the 

number of inflection points. The first principal component, comprised primarily of frequency 

measurements, was also significantly affected by treatment. CORT did not only affect the 

acoustic characteristics of babbling syllables but output as well—birds who received the 

treatment produced syllables at a faster rate than the control groups. Interestingly, I also found 

differences in vocal production between sexes; females produced shorter, more rapid, and 

higher-frequency babbling syllables than males. Age was a significant factor in all aspects of 

vocal production; nestlings produced vocalizations with higher PC1 values (i.e., higher 95% 

frequency, center frequency, and average entropy) over time, and they babbled more rapidly, and 

produced more babbling syllables and syllable types as they aged. 
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Acoustic characteristics 

Among the eight spectrographic measurements analyzed, treatment was the most 

explanatory in single-factor AIC comparisons for syllable duration, PFC average slope, and the 

number of PFC inflection points. CORT-treated birds produced babbling syllables with lower 

PFC slopes, more inflection points, and longer durations than both CONTROL and OIL nestlings 

(Figures 10, 11, and 13). A past study by Eggleston et al. also found that PFC average slope was 

significantly affected by CORT treatment (Eggleston, 2020). The contact calls of green-rumped 

parrotlets, used for individual recognition, have a high PFC slope over a short duration (Berg et 

al., 2011, 2013); the fact that CORT-treated nestlings do not produce syllables with those 

characteristics as commonly as control groups could indicate future communication issues with 

conspecifics.  

 CORT-treated nestlings also produced vocalizations with lower PC1 values than 

CONTROL nestlings (Figure 9), meaning that their vocalizations were of lower entropy, 95% 

frequency, and center frequency. A previous experiment found that food-restricted zebra finches 

also produced syllables with a lower maximum power frequency output (Zann & Cash, 2008). 

Fundamental frequency is directly related to how fast an animal vibrates its vocal folds, which 

are located in the syrinx (birds) or larynx (mammals). Corticosterone receptors are widespread in 

avian muscle tissues (Lattin et al., 2012); it is possible that CORT exposure during development 

could have an organizational effect on vocal folds, and thus impose a performance limit on 

frequency.  
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Sex differences 

While there are stark differences between male and female vocal-learning related brain 

regions in songbirds, which are mediated by gonadal steroids, there is little research on sexual 

dimorphism in parrot vocal production, aside from in one species, the budgerigar. Both male and 

female parrots can learn new vocalizations as they age (Bradbury & Balsby, 2016); however 

there is some evidence that male parrots (specifically budgerigars) possess more vocal plasticity 

than females do. Male budgerigars learn new calls more rapidly than females (Hile & Striedter, 

2000), and budgerigar vocal-learning brain regions are larger in males than in females (Brauth et 

al., 2005). After treatment with exogenous testosterone female budgerigars produced longer 

warble songs (like males) as well as exhibit other male-like social-sexual behaviors (Nespor et 

al., 1996). 

Although it is unknown whether there are structural and size differences in male and 

female green-rumped parrotlet vocal-learning brain regions, there are phenotypic differences in 

nestling green-rumped parrotlets as early as 15 dph (Budden & Beissinger, 2004). This suggests 

that there are hormonal differences in males and females at that early stage (Adkins-Regan, 

2005), which could contribute to differences in vocal production. This study did find differences 

in vocal output between sexes; male nestling parrotlets had a higher daily repertoire size than 

females, while females produced shorter syllables at a faster rate. Females also produced 

babbling syllables with higher PC1 scores than males (i.e., higher average entropy and center and 

95% frequency) (Figure 8) and more peak frequency contour inflection points. As male and 

female parrotlets do not differ in size (Forshaw, 1989), the frequency measurements produced by 

females are unlikely to be simply a product of a smaller body (and thus, vocal tract) size. In 

future analyses I will compare body mass between sexes to be able to rule out differences in 
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body size causing differences in vocal production. While differences in acoustic production 

could be due to males tending to produce one syllable type more frequently and females another 

syllable type with different characteristics, this is unlikely to be the case as production of syllable 

types by sex did not vary greatly, although this idea does warrant further investigation. 

However, hormone treatment was assigned randomly to nestlings, and there was not an 

even balance of sexes in the treatment groups. Twice as many males received CORT as females, 

and almost twice as many males received OIL as females. Female birds were overrepresented in 

the CONTROL group. Because treatment began before sex could be determined visually, we 

were unable to control which sex received treatment. In order to more definitively identify any 

sexual dimorphism in parrotlet vocal production, further research will compare production of 

non-hormone supplemented male and female nestlings from these nests, and the Control group 

will be pruned so as to reflect the sample size and male:female ratio present in the Oil and CORT 

groups. 

 

Repertoire size and diversity 

Nestling repertoire size continued to increase as they aged (Figure 11). This indicates that 

pruning of vocal signals occurs after fledging, as opposed to before. It is possible that juvenile 

parrotlets wait until they have listened to the wider variety of vocalization types produced by 

conspecifics before discarding some, and the template provided by the parents is not sufficient. 

The songbird syllable repertoire generally does not begin to decrease until many months after 

fledging, after extensive exposure to song mentors. The period required for a parrotlet to acquire 

enough auditory and production experience before they begin to cull unnecessary syllable types 

is likely quite long; it would be necessary to make regular recordings of parrotlet vocalizations 
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over a long period of time to determine when pruning occurs. Alternatively, the observed 

increase in repertoire size could simply be a function of the nestlings’ increased vocal output; a 

nestlings produce more and more babbling bouts, the chance of recording lesser-used syllable 

types increases.  

  Treatment did not have a significant effect on daily nestling repertoire size. This was 

contrary to prediction; in previous studies on developmental stress in songbirds, CORT-

administered and nutritionally stressed birds developed a smaller repertoire size (of either 

syllable or song types) (Buchanan et al., 2003, 2004; Spencer et al., 2003, 2005). CORT 

supplementation (at a similar dosage as given in this study) and nutritional stress can result in 

reduced HVC volume (Buchanan et al., 2004; MacDonald et al., 2006; Nowicki et al., 2002; 

Spencer et al., 2003, 2005), so the smaller repertoire size seen in developmentally stressed 

songbirds is likely due to the correlation between HVC volume and repertoire size. The lack of 

repertoire size difference between CORT and control nestlings could indicate a difference in how 

developmental stress affects songbirds and parrots. The parrot song system structure is more 

elaborate than that of songbirds—this structure is hypothesized to be the source of the superior 

vocal mimicry ability of many parrot species (Chakraborty et al., 2015). The unique song system 

in the parrot brain might be somehow buffered from the effects of CORT in a way that songbird 

brains are not, as parrots have a mature HPA axis at an earlier stage in life than songbirds.  

 A different method for evaluating syllable repertoire size might be more informative; 

while supervised and unsupervised cluster analysis is commonly used for determining repertoire 

size and classifying vocalization types, the measurement of “acoustic area” (the range that 

encompasses all possible variation in the spectral and temporal measurements of a dataset) is 

recommended for species with large repertoire sizes (Keen et al., 2021). Whereas my k-means 
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analysis used PCA to classify babbling output into discrete categories, the acoustic area method 

uses PCA values to calculate the volume of the convex polygon that contains the PCA variation. 

This would result in a more graded evaluation of vocal output. Acoustic area can serve as an 

accurate proxy for repertoire size, especially in cases when datasets contain over 20 vocal 

element types, as clustering analyses tend to be less accurate and overestimate repertoire size for 

datasets comprised of 20-100 unique vocal element types (Keen et al., 2021). Further analysis 

will compare both repertoire estimation methods and determine which one best captures the 

effect of CORT on vocal diversity.  

 

Sequence production 

I found that that intersyllable duration decreases with age (Figure 16). This change is 

unlikely to be due to maturation of the syrinx itself, which does not change over the course of 

vocal development, while the vocal control system inside the brain does (Maxwell et al., 2021). 

Intersyllable transitions are learned, just as syllables themselves are (Lipkind et al., 2013); it is 

likely that as nestlings become more proficient at transitioning from syllable to syllable they 

need less time to produce a larger number of syllables.  

Intersyllable duration was lowest in the CORT treatment group. Interestingly, this finding 

is contrary to that of a previous study, which found lower a syllable rate (syllables per second) in 

stress-treated birds (Zann & Cash, 2008). The reason for this difference is unclear, and it is 

intriguing that while intersyllable duration was shorter in the CORT group, syllable duration was 

longer.  
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Babbling onset 

Contrary to expectation, CORT-treated nestlings did not begin vocal babbling production 

earlier than the control groups. In a previous study nutritionally stressed swamp sparrow 

nestlings entered and remained in the subsong phase earlier than control nestlings (Nowicki et 

al., 2002); this suggests that chronic stressors may activate the pathway that signals babbling 

onset. Parrots are open-ended vocal learners, and can acquire new vocalizations throughout life 

(Bradbury & Balsby, 2016), contrary to closed-ended swamp sparrows, who can only learn songs 

during an early sensitive period (Marler, 1990). It is possible then that an early vocal learning 

onset is more crucial for songbirds than parrots, as parrots can continue acquiring new 

vocalizations as they age, while stressed songbirds need a longer vocal refinement period in 

which to practice vocal production before song crystallization occurs. 

 

Brood size 

Green-rumped parrotlet broods vary widely in size, and nestlings hatch over an extended 

period—up to 18 days between the first-hatched and last-hatched nestlings (Beissinger & 

Waltman, 1991). This hatch asynchrony is even more exacerbated in large nests. Nestling green-

rumped parrotlets from larger nests exhibit higher stress-induced CORT concentrations than 

nestlings from smaller nests, and the same pattern was seen in earlier-hatched nestlings when 

compared with younger siblings (Berg et al., 2019). This high HPA response likely aids nestlings 

in competing with their siblings for resources. However, brood size models generally did not 

perform well in AICC analysis, and for models in which it was involved (PFC average slope, 

Table 10; total repertoire size, Table 18; fledge age, Table 20) it was not statistically significant. 

It is possible CORT upregulation in nestlings from large broods is not as large as our 
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experimental doses, although the dose was designed to not exceed natural ranges of acute 

responses.  

 

Conclusion 

This study identified specific aspects of green-rumped parrotlet vocal production that are 

vulnerable to the effects of developmental stress in the form of corticosterone supplementation. 

Evidence suggests that early CORT administration affects nestling parrotlets in a similar manner 

to nestling songbirds, a closely related order. Interestingly, while the parrot vocal learning 

program differs from songbirds in that females are observed to possess nearly equal ability, this 

study identified differences in male and female vocal production. Little research has been 

conducted on parrot neuroendocrinology in the context of developmental stress and vocal 

learning ability; an interesting direction for future research would be to examine sex-based 

differences in CORT receptors in the parrotlet brain, as well as quantifying vocal learning nuclei 

volume to determine whether parrots also demonstrate a correlation between song control nuclei 

volume and repertoire size. 

  



 55 

 
 
 
 
 

REFERENCES 
 
 

Adkins-Regan, E. (2005). Hormones and Animal Social Behavior. Princeton University Press. 
https://press.princeton.edu/books/paperback/9780691092478/hormones-and-animal-
social-behavior 

Adobe Audition (12.1). (2019). [Computer software]. Adobe, Inc. 
Airey, D. C., & DeVoogd, T. J. (2000). Greater song complexity is associated with augmented 

song system anatomy in zebra finches. NeuroReport, 11(8), 1749–1754. 
Armitage, D. W., & Ober, H. K. (2010). A comparison of supervised learning techniques in the 

classification of bat echolocation calls. Ecological Informatics, 5(6), 465–473. 
https://doi.org/10.1016/j.ecoinf.2010.08.001 

Aronov, D., Andalman, A. S., & Fee, M. S. (2008). A Specialized Forebrain Circuit for Vocal 
Babbling in the Juvenile Songbird. Science, 320(5876), 630–634. 
https://doi.org/10.1126/science.1155140 

Aubin, T., Mathevon, N., Staszewski, V., & Boulinier, T. (2007). Acoustic communication in the 
Kittiwake Rissa tridactyla: Potential cues for sexual and individual signatures in long 
calls. Polar Biology, 30, 1027–1033. https://doi.org/10.1007/s00300-007-0262-6 

Baptista, L. F., & Schuchmann, K.-L. (1990). Song Learning in the Anna Hummingbird (Calypte 
anna). Ethology, 84(1), 15–26. https://doi.org/10.1111/j.1439-0310.1990.tb00781.x 

Beecher, M., & Brenowitz, E. (2005). Functional aspects of song learning in songbirds. Trends 
in Ecology & Evolution, 20(3), 143–149. https://doi.org/10.1016/j.tree.2005.01.004 

Beissinger, S. R. (2008). Long-term studies of the green rumped parrotlet (Forpus passerinus) in 
Venezuela: Hatching asynchrony, social system and population structure. Ornitología 
Tropical, 19, 73–83. 

Beissinger, S. R., & Waltman, J. R. (1991). Extraordinary Clutch Size and Hatching Asynchrony 
of a Neotropical Parrot. The Auk, 108(4), 863–871. JSTOR. 

Berg, K. S., Beissinger, S. R., & Bradbury, J. W. (2013). Factors shaping the ontogeny of vocal 
signals in a wild parrot. Journal of Experimental Biology, 216(2), 338–345. 
https://doi.org/10.1242/jeb.073502 

Berg, K. S., Delgado, S., Cortopassi, K. A., Beissinger, S. R., & Bradbury, J. W. (2011). Vertical 
transmission of learned signatures in a wild parrot. Proceedings. Biological Sciences, 
279(1728), 585–591. https://doi.org/10.1098/rspb.2011.0932 

Berg, K. S., Delgado, S., Mata‐Betancourt, A., Krause, J. S., Wingfield, J. C., & Beissinger, S. 
R. (2019). Ontogeny of the adrenocortical response in an extremely altricial bird. Journal 



 56 

of Experimental Zoology Part A: Ecological and Integrative Physiology, 331(10), 521–
529. https://doi.org/10.1002/jez.2317 

Boonstra, R. (2005). Equipped for Life: The Adaptive Role of the Stress Axis in Male Mammals. 
Journal of Mammalogy, 86(2), 236–247. https://doi.org/10.1644/BHE-001.1 

Bradbury, J. W., & Balsby, T. J. S. (2016). The functions of vocal learning in parrots. Behavioral 
Ecology and Sociobiology, 70(3), 293–312. https://doi.org/10.1007/s00265-016-2068-4 

Brauth, S. E., Liang, W., Amateau, S. K., & Robert, T. F. (2005). Sexual dimorphism of vocal 
control nuclei in budgerigars (Melopsittacus undulatus) revealed with Nissl and NADPH-
d staining. Journal of Comparative Neurology, 484(1), 15–27. 
https://doi.org/10.1002/cne.20458 

Buchanan, K. L., Leitner, S., Spencer, K. A., Goldsmith, A. R., & Catchpole, C. K. (2004). 
Developmental stress selectively affects the song control nucleus HVC in the zebra finch. 
Proceedings of the Royal Society of London. Series B: Biological Sciences, 271(1555), 
2381–2386. https://doi.org/10.1098/rspb.2004.2874 

Buchanan, K. L., Spencer, K. A., Goldsmith, A. R., & Catchpole, C. K. (2003). Song as an 
honest signal of past developmental stress in the European starling (Sturnus vulgaris). 
Proceedings of the Royal Society of London. Series B: Biological Sciences, 270(1520), 
1149–1156. https://doi.org/10.1098/rspb.2003.2330 

Budden, A. E. (2004). Against the odds? Nestling sex ratio variation in green-rumped parrotlets. 
Behavioral Ecology, 15(4), 607–613. https://doi.org/10.1093/beheco/arh052 

Budden, A. E., & Beissinger, S. R. (2004). Against the odds? Nestling sex ratio variation in 
green-rumped parrotlets. Behavioral Ecology, 15(4), 607–613. 
https://doi.org/10.1093/beheco/arh052 

Burghardt, G. M. (2005). The Genesis of Animal Play: Testing the Limits. MIT Press. 
Carouso-Peck, S., & Goldstein, M. H. (2019). Female Social Feedback Reveals Non-imitative 

Mechanisms of Vocal Learning in Zebra Finches. Current Biology, 29(4), 631-636.e3. 
https://doi.org/10.1016/j.cub.2018.12.026 

Catchpole, C. K. (1996). Song and female choice: Good genes and big brains? Trends in Ecology 
& Evolution, 11(9), 358–360. https://doi.org/10.1016/0169-5347(96)30042-6 

Chakraborty, M., Walløe, S., Nedergaard, S., Fridel, E. E., Dabelsteen, T., Pakkenberg, B., 
Bertelsen, M. F., Dorrestein, G. M., Brauth, S. E., Durand, S. E., & Jarvis, E. D. (2015). 
Core and Shell Song Systems Unique to the Parrot Brain. PLoS ONE, 10(6). 
https://doi.org/10.1371/journal.pone.0118496 

Charrier, I., Lee, T. T.-Y., Bloomfield, L. L., & Sturdy, C. B. (2005). Acoustic mechanisms of 
note-type perception in black-capped chickadee (Poecile atricapillus) calls. Journal of 
Comparative Psychology (Washington, D.C.: 1983), 119(4), 371–380. 
https://doi.org/10.1037/0735-7036.119.4.371 

de Kogel, C. H., & Prijs, H. J. (1996). Effects of brood size manipulations on sexual 
attractiveness of offspring in the zebra finch. Animal Behaviour, 51(3), 699–708. 
https://doi.org/10.1006/anbe.1996.0073 



 57 

Devoogd, T. J., Krebs, J. R., Healy, S. D., & Purvis, A. (1993). Relations between song 
repertoire size and the volume of brain nuclei related to song: Comparative evolutionary 
analyses amongst oscine birds. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 254(1340), 75–82. https://doi.org/10.1098/rspb.1993.0129 

Doupe, A. J., & Kuhl, P. K. (1999). Birdsong and human speech: Common themes and 
mechanisms. Annual Review of Neuroscience, 22, 567–631. 
https://doi.org/10.1146/annurev.neuro.22.1.567 

Eggleston, R. (2020). Organizational effects of exogenous corticosterone on vocal development 
in a wild parrot. University of Texas Rio Grande Valley. 

Ekins, R. (1990). Measurement of free hormones in blood. Endocrine Reviews, 11(1), 5–46. 
https://doi.org/10.1210/edrv-11-1-5 

Farabaugh, S. M., & Dooling, R. J. (1996). Acoustic Communication in Parrots: Laboratory and 
Field Studies of Budgerigars, Melopsittacus undulatus. In D. E. Kroodsma & E. H. Miller 
(Eds.), Ecology and Evolution of Acoustic Communication in Birds (pp. 97–118). Cornell 
University Press. https://doi.org/10.7591/9781501736957-011 

Fehér, O., & Tchernichovski, O. (2013). Vocal culture in songbirds: An experimental approach 
to cultural evolution. In J. J. Bolhuis & M. B. H. Everaert (Eds.), Birdsong, Speech & 
Language: Exploring the Evolution of Mind and Brain. MIT Press. 
https://mitpress.mit.edu/books/birdsong-speech-and-language 

Forshaw, J. M. (1989). Parrots of the world (3rd ed.). Landsdowne Editions. 
Forssberg, H. (1999). Neural control of human motor development. Current Opinion in 

Neurobiology, 9(6), 676–682. https://doi.org/10.1016/s0959-4388(99)00037-9 
Goldstein, M. H., King, A. P., & West, M. J. (2003). Social interaction shapes babbling: Testing 

parallels between birdsong and speech. Proceedings of the National Academy of 
Sciences, 100(13), 8030–8035. https://doi.org/10.1073/pnas.1332441100 

Hackett, S. J., Kimball, R. T., Reddy, S., Bowie, R. C. K., Braun, E. L., Braun, M. J., 
Chojnowski, J. L., Cox, W. A., Han, K.-L., Harshman, J., Huddleston, C. J., Marks, B. 
D., Miglia, K. J., Moore, W. S., Sheldon, F. H., Steadman, D. W., Witt, C. C., & Yuri, T. 
(2008). A phylogenomic study of birds reveals their evolutionary history. Science (New 
York, N.Y.), 320(5884), 1763–1768. https://doi.org/10.1126/science.1157704 

Hall, W. S., Cookson, K. K., Heaton, J. T., Roberts, T. F., Shea, S. D., Amateau, S. K., & Brauth, 
S. E. (1999). Cytoarchitecture of Vocal Control Nuclei in Nestling Budgerigars: 
Relationships to Call Development. Brain, Behavior and Evolution, 53(4), 198–226. 
https://doi.org/10.1159/000006595 

Hile, A. G., & Striedter, G. F. (2000). Call convergence within groups of female budgerigars ( 
Melopsittacus undulatus ). Ethology, 106(12), 1105–1114. https://doi.org/10.1046/j.1439-
0310.2000.00637.x 

Hultsch, H., & Todt, D. (2004). Learning to Sing. In P. Marler & H. Slabbekoorn (Eds.), 
Nature’s Music: The Science of Birdsong. Elsevier Academic Press. 



 58 

Iwaniuk, A. N., & Nelson, J. E. (2003). Developmental differences are correlated with relative 
brain size in birds: A comparative analysis. Canadian Journal of Zoology, 81(12), 1913–
1928. https://doi.org/10.1139/z03-190 

Jakobson, R. (1968). Child language, aphasia, and phonological universals. Mouton. 
https://doi.org/10.1515/9783111353562 

Janik, V.M., & Slater, P.B.J. (2000). The different roles of social learning in vocal 
communication. Animal Behaviour, 60(1), 1–11. https://doi.org/10.1006/anbe.2000.1410 

Janik, V. M., & Slater, P. J. B. (1997). Vocal Learning in Mammals. In Advances in the Study of 
Behavior (Vol. 26, pp. 59–99). Elsevier. https://doi.org/10.1016/S0065-3454(08)60377-0 

Jarvis, E. (2006). Selection for and against vocal learning in birds and mammals. Ornithological 
Science, 5, 5–14. https://doi.org/10.2326/osj.5.5 

Jarvis, E. D. (2019). Evolution of vocal learning and spoken language. Science, 366(6461), 50–
54. https://doi.org/10.1126/science.aax0287 

JMP Pro (15.1.0). (2019). [Computer software]. SAS Institute, Inc. 
Kaplan, G. (2018). Babbling in a bird shows same stages as in human infants: The importance of 

the ‘ Social ’ in vocal development. 
Keen, S. C., Odom, K. J., Webster, M. S., Kohn, G. M., Wright, T. F., & Araya‐Salas, M. 

(2021). A machine learning approach for classifying and quantifying acoustic diversity. 
Methods in Ecology and Evolution, 2041-210X.13599. https://doi.org/10.1111/2041-
210X.13599 

Kilner, R., & Johnstone, R. A. (1997). Begging the question: Are offspring solicitation 
behaviours signals of need? Trends in Ecology & Evolution, 12(1), 11–15. 
https://doi.org/10.1016/S0169-5347(96)10061-6 

King, S. L., & Janik, V. M. (2013). Bottlenose dolphins can use learned vocal labels to address 
each other. Proceedings of the National Academy of Sciences, 110(32), 13216–13221. 
https://doi.org/10.1073/pnas.1304459110 

Kitaysky, A. S., Kitaiskaia, E. V., Piatt, J. F., & Wingfield, J. C. (2003). Benefits and costs of 
increased levels of corticosterone in seabird chicks. Hormones and Behavior, 43(1), 140–
149. https://doi.org/10.1016/s0018-506x(02)00030-2 

Kitaysky, A. S., Wingfield, J. C., & Piatt, J. F. (2001). Corticosterone facilitates begging and 
affects resource allocation in the black-legged kittiwake. Behavioral Ecology, 12(5), 
619–625. https://doi.org/10.1093/beheco/12.5.619 

Knörnschild, M. (2014). Vocal production learning in bats. Current Opinion in Neurobiology, 
28, 80–85. https://doi.org/10.1016/j.conb.2014.06.014 

Kuczaj, S. A. I. (1983). Crib Speech and Language Play. Springer Science & Business Media. 
Lattin, C. R., Waldron-Francis, K., Richardson, J. W., de Bruijn, R., Bauer, C. M., Breuner, C. 

W., & Michael Romero, L. (2012). Pharmacological characterization of intracellular 
glucocorticoid receptors in nine tissues from house sparrow (Passer domesticus). General 
and Comparative Endocrinology, 179(2), 214–220. 
https://doi.org/10.1016/j.ygcen.2012.08.007 



 59 

Lipkind, D., Geambasu, A., & Levelt, C. C. (2019). The Development of Structured 
Vocalizations in Songbirds and Humans: A Comparative Analysis. Topics in Cognitive 
Science. https://doi.org/10.1111/tops.12414 

Lipkind, D., Marcus, G. F., Bemis, D. K., Sasahara, K., Jacoby, N., Takahasi, M., Suzuki, K., 
Feher, O., Ravbar, P., Okanoya, K., & Tchernichovski, O. (2013). Stepwise acquisition of 
vocal combinatorial capacity in songbirds and human infants. Nature, 498(7452), 104–
108. https://doi.org/10.1038/nature12173 

Liu, W., Wada, K., Jarvis, E. D., & Nottebohm, F. (2013). Rudimentary substrates for vocal 
learning in a suboscine. Nature Communications, 4(1), 2082. 
https://doi.org/10.1038/ncomms3082 

Liu, W., Wada, K., & Nottebohm, F. (2009). Variable Food Begging Calls Are Harbingers of 
Vocal Learning. PLOS ONE, 4(6), e5929. https://doi.org/10.1371/journal.pone.0005929 

Lynn, S. E., Breuner, C. W., & Wingfield, J. C. (2003). Short-term fasting affects locomotor 
activity, corticosterone, and corticosterone binding globulin in a migratory songbird. 
Hormones and Behavior, 43(1), 150–157. https://doi.org/10.1016/S0018-
506X(02)00023-5 

MacDonald, I. F., Kempster, B., Zanette, L., & MacDougall-Shackleton, S. A. (2006). Early 
nutritional stress impairs development of a song-control brain region in both male and 
female juvenile song sparrows (Melospiza melodia) at the onset of song learning. 
Proceedings of the Royal Society B: Biological Sciences, 273(1600), 2559–2564. 
https://doi.org/10.1098/rspb.2006.3547 

MacDougall-Shackleton, S. A., & Spencer, K. A. (2012). Developmental stress and birdsong: 
Current evidence and future directions. Journal of Ornithology, 153(S1), 105–117. 
https://doi.org/10.1007/s10336-011-0807-x 

Marler, P. (1970). A comparative approach to vocal learning: Song development in white-
crowned sparrows. Journal of Comparative and Physiological Psychology, 71(2, Pt.2), 
1–25. https://doi.org/10.1037/h0029144 

Marler, P. (1990). Song Learning: The Interface between Behaviour and Neuroethology. 
Philosophical Transactions: Biological Sciences, 329(1253), 109–114. 

Marler, P. (1991). Song-learning behavior: The interface with neuroethology. Trends in 
Neurosciences, 14(5), 199–206. https://doi.org/10.1016/0166-2236(91)90106-5 

Marler, P., & Peters, S. (1982). Developmental overproduction and selective attrition: New 
processes in the epigenesis of birdsong. Developmental Psychobiology, 15(4), 369–378. 
https://doi.org/10.1002/dev.420150409 

Marra, P., Lampe, K., & Tedford, B. (1995). Plasma corticosterone levels in two species of 
Zonotrichia Sparrows under captive and free-living conditions. Wilson Bull, 107. 

Masataka, N. (2003). The Onset of Language. Cambridge University Press. 
https://doi.org/10.1017/CBO9780511489754 

Maxwell, A., Adam, I., Larsen, P. S., Sørensen, P. G., & Elemans, C. P. H. (2021). Syringeal 
vocal folds do not have a voice in zebra finch vocal development. Scientific Reports, 11, 
6469. https://doi.org/10.1038/s41598-021-85929-5 



 60 

Melland, R. (2000). The genetic mating system of the green-rumped parrotlet [Ph.D. 
dissertation]. University of North Dakota. 

Merrill, L., O’Loghlen, A. L., Wingfield, J. C., & Rothstein, S. I. (2013). Linking a Static Signal 
to Current Condition: Song-Repertoire Size, Corticosterone, and Immunity in the Brown-
Headed Cowbird: Vinculando una Señal Estática con la Condición Actual: Tamaño del 
Repertorio de Canciones, Corticoesterona e Inmunidad en Molothrus ater. The Condor, 
115(2), 434–441. https://doi.org/10.1525/cond.2013.120110 

Nathani, S., Ertmer, D. J., & Stark, R. E. (2006). Assessing vocal development in infants and 
toddlers. Clinical Linguistics & Phonetics, 20(5), 351–369. 
https://doi.org/10.1080/02699200500211451 

Nespor, A. A., Lukazewicz, M. J., Dooling, R. J., & Ball, G. F. (1996). Testosterone induction of 
male-like vocalizations in female budgerigars (Melopsittacus undulatus). Hormones and 
Behavior, 30(2), 162–169. https://doi.org/10.1006/hbeh.1996.0020 

Nottebohm, F. (1972). The Origins of Vocal Learning. The American Naturalist, 106(947), 116–
140. https://doi.org/10.1086/282756 

Nowicki, S., Peters, S., & Podos, J. (1998). Song Learning, Early Nutrition and Sexual Selection 
in Songbirds. American Zoologist, 38. https://doi.org/10.1093/icb/38.1.179 

Nowicki, S., & Searcy, W. A. (2004). Song function and the evolution of female preferences: 
Why birds sing, why brains matter. Annals of the New York Academy of Sciences, 1016, 
704–723. https://doi.org/10.1196/annals.1298.012 

Nowicki, S., Searcy, W., & Peters, S. (2002). Brain development, song learning and mate choice 
in birds: A review and experimental test of the “nutritional stress hypothesis.” Journal of 
Comparative Physiology A: Sensory, Neural, and Behavioral Physiology, 188(11–12), 
1003–1014. https://doi.org/10.1007/s00359-002-0361-3 

Odom, K. J., Hall, M. L., Riebel, K., Omland, K. E., & Langmore, N. E. (2014). Female song is 
widespread and ancestral in songbirds. Nature Communications, 5(1), 3379. 
https://doi.org/10.1038/ncomms4379 

Oller, D. K. (1978). Infant vocalizations and the development of speech. Allied Health and 
Behavioral Sciences, 1, 423–549. 

Oller, D. K., Eilers, R. E., Neal, A. R., & Cobo-Lewis, A. B. (1998). Late onset canonical 
babbling: A possible early marker of abnormal development. American Journal of Mental 
Retardation: AJMR, 103(3), 249–263. https://doi.org/10.1352/0895-
8017(1998)103<0249:LOCBAP>2.0.CO;2 

Pepperberg, I. M. (2004). Grey parrots: Learning and using speech. In P. Marler & H. 
Slabbekoorn (Eds.), Nature’s Music: The Science of Birdsong. Elsevier Academic Press. 

Perez, E. C., Elie, J. E., Soulage, C. O., Soula, H. A., Mathevon, N., & Vignal, C. (2012). The 
acoustic expression of stress in a songbird: Does corticosterone drive isolation-induced 
modifications of zebra finch calls? Hormones and Behavior, 61(4), 573–581. 
https://doi.org/10.1016/j.yhbeh.2012.02.004 

Perez, E. C., Mariette, M. M., Cochard, P., Soulage, C. O., Griffith, S. C., & Vignal, C. (2016). 
Corticosterone triggers high-pitched nestlings’ begging calls and affects parental 



 61 

behavior in the wild zebra finch. Behavioral Ecology, arw069. 
https://doi.org/10.1093/beheco/arw069 

Petkov, C. I., & Jarvis, E. D. (2012). Birds, primates, and spoken language origins: Behavioral 
phenotypes and neurobiological substrates. Frontiers in Evolutionary Neuroscience, 4, 
12. https://doi.org/10.3389/fnevo.2012.00012 

Pfaff, J. A., Zanette, L., MacDougall-Shackleton, S. A., & MacDougall-Shackleton, E. A. 
(2007). Song repertoire size varies with HVC volume and is indicative of male quality in 
song sparrows (Melospiza melodia). Proceedings of the Royal Society B: Biological 
Sciences, 274(1621), 2035–2040. https://doi.org/10.1098/rspb.2007.0170 

Poole, J. H., Tyack, P. L., Stoeger-Horwath, A. S., & Watwood, S. (2005). Animal behaviour: 
Elephants are capable of vocal learning. Nature, 434(7032), 455–456. 
https://doi.org/10.1038/434455a 

Raven Pro: Interactive Sound Analysis Software (1.6.1). (2019). [Computer software]. K. Lisa 
Yang Center for Conservation Bioacoustics. 

Reichmuth, C., & Casey, C. (2014). Vocal learning in seals, sea lions, and walruses. Current 
Opinion in Neurobiology, 28, 66–71. https://doi.org/10.1016/j.conb.2014.06.011 

Riebel, K., Hall, M. L., & Langmore, N. E. (2005). Female songbirds still struggling to be heard. 
Trends in Ecology & Evolution, 20(8), 419–420. 
https://doi.org/10.1016/j.tree.2005.04.024 

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocorticoids influence 
stress responses? Integrating permissive, suppressive, stimulatory, and preparative 
actions. Endocrine Reviews, 21(1), 55–89. https://doi.org/10.1210/edrv.21.1.0389 

SAS (9.4). (2013). [Computer software]. SAS Institute, Inc. 
Seyfarth, R. M., & Cheney, D. L. (2003). Meaning and Emotion in Animal Vocalizations. 

Annals of the New York Academy of Sciences, 1000(1), 32–55. 
https://doi.org/10.1196/annals.1280.004 

Sims, C. G., & Holberton, R. L. (2000). Development of the corticosterone stress response in 
young northern mockingbirds (Mimus polyglottos). General and Comparative 
Endocrinology, 119(2), 193–201. https://doi.org/10.1006/gcen.2000.7506 

Speirs, E. A. H., & Davis, L. S. (1991). Discrimination by adélie penguins, Pygoscelis adeliae, 
between the loud mutual calls of mates, neighbours and strangers. Animal Behaviour, 
41(6), 937–944. https://doi.org/10.1016/S0003-3472(05)80631-1 

Spencer, K. A., Buchanan, K. L., Goldsmith, A. R., & Catchpole, C. K. (2003). Song as an 
honest signal of developmental stress in the zebra finch (Taeniopygia guttata). Hormones 
and Behavior, 44(2), 132–139. https://doi.org/10.1016/S0018-506X(03)00124-7 

Spencer, K. A., Buchanan, K. L., Leitner, S., Goldsmith, A. R., & Catchpole, C. K. (2005). 
Parasites affect song complexity and neural development in a songbird. Proceedings. 
Biological Sciences, 272(1576), 2037–2043. https://doi.org/10.1098/rspb.2005.3188 

Spencer, K. A., & Verhulst, S. (2007). Delayed behavioral effects of postnatal exposure to 
corticosterone in the zebra finch (Taeniopygia guttata). Hormones and Behavior, 51(2), 
273–280. https://doi.org/10.1016/j.yhbeh.2006.11.001 



 62 

Spencer, K. A., Wimpenny, J. H., Buchanan, K. L., Lovell, P. G., Goldsmith, A. R., & 
Catchpole, C. K. (2005). Developmental stress affects the attractiveness of male song and 
female choice in the zebra finch (Taeniopygia guttata). Behavioral Ecology and 
Sociobiology, 58(4), 423–428. https://doi.org/10.1007/s00265-005-0927-5 

Stoeger, A. S., & Manger, P. (2014). Vocal learning in elephants: Neural bases and adaptive 
context. Current Opinion in Neurobiology, 28, 101–107. 
https://doi.org/10.1016/j.conb.2014.07.001 

Suh, A., Paus, M., Kiefmann, M., Churakov, G., Franke, F. A., Brosius, J., Kriegs, J. O., & 
Schmitz, J. (2011). Mesozoic retroposons reveal parrots as the closest living relatives of 
passerine birds. Nature Communications, 2, 443. https://doi.org/10.1038/ncomms1448 

Suzuki, K., Matsunaga, E., Kobayashi, T., & Okanoya, K. (2011). Expression patterns of 
mineralocorticoid and glucocorticoid receptors in Bengalese finch (Lonchura striata var. 
Domestica) brain suggest a relationship between stress hormones and song-system 
development. Neuroscience, 194, 72–83. 
https://doi.org/10.1016/j.neuroscience.2011.07.073 

Takahashi, D. Y., Fenley, A. R., Teramoto, Y., Narayanan, D. Z., Borjon, J. I., Holmes, P., & 
Ghazanfar, A. A. (2015). The developmental dynamics of marmoset monkey vocal 
production. Science, 349(6249), 734–738. https://doi.org/10.1126/science.aab1058 

Thorpe, W. H., & Pilcher, P. M. (1958). The nature and characteristics of sub-song. British 
Birds, 51(12), 509–514. 

Touchton, J. M., Seddon, N., & Tobias, J. A. (2014). Captive Rearing Experiments Confirm 
Song Development without Learning in a Tracheophone Suboscine Bird. PLoS ONE, 
9(4), e95746. https://doi.org/10.1371/journal.pone.0095746 

Tschirren, B., Rutstein, A. N., Postma, E., Mariette, M., & Griffith, S. C. (2009). Short- and 
long-term consequences of early developmental conditions: A case study on wild and 
domesticated zebra finches. Journal of Evolutionary Biology, 22(2), 387–395. 
https://doi.org/10.1111/j.1420-9101.2008.01656.x 

Tyack, P. L., & Clark, C. W. (2000). Communication and Acoustic Behavior of Dolphins and 
Whales. In W. W. L. Au, R. R. Fay, & A. N. Popper (Eds.), Hearing by Whales and 
Dolphins (pp. 156–224). Springer. https://doi.org/10.1007/978-1-4612-1150-1_4 

Vergara, V., & Barrett-Lennard, L. (2008). Vocal Development in a Beluga Calf (Delphinapterus 
leucas). Aquatic Mammals, 34, 123–143. https://doi.org/10.1578/AM.34.1.2008.123 

Vidal, A. C., Roldan, M., Christofoletti, M. D., Tanaka, Y., Galindo, D. J., & Duarte, J. M. B. 
(2019). Stress in captive Blue-fronted parrots (Amazona aestiva): The animalists’ tale. 
Conservation Physiology, 7(1), coz097. https://doi.org/10.1093/conphys/coz097 

Vihman, M. M., DePaolis, R. A., & Keren-Portnoy, T. (2014). The Role of Production in Infant 
Word Learning. Language Learning, 64(s2), 121–140. 
https://doi.org/10.1111/lang.12058 

Vihman, M. M., Macken, M. A., Miller, R., Simmons, H., & Miller, J. (1985). From Babbling to 
Speech: A Re-Assessment of the Continuity Issue. Language, 61(2), 397–445. JSTOR. 
https://doi.org/10.2307/414151 



 63 

Wada, H., Hahn, T., & Breuner, C. (2007). Development of stress reactivity in White-crowned 
Sparrow nestlings: Total corticosterone response increases with age, while free 
corticosterone response remains low. General and Comparative Endocrinology, 150, 
405–413. https://doi.org/10.1016/j.ygcen.2006.10.002 

Waltman, J. R., & Beissinger, S. R. (1992). Breeding behavior of the green-rumped parrotlet. 
The Wilson Bulletin, 104(1), 65–84. 

West, M. J., & King, A. P. (1988). Female visual displays affect the development of male song 
in the cowbird. Nature, 334(6179), 244–246. https://doi.org/10.1038/334244a0 

Whitney, O., Voyles, T., Hara, E., Chen, Q., White, S. A., & Wright, T. F. (2015). Differential 
FoxP2 and FoxP1 expression in a vocal learning nucleus of the developing budgerigar. 
Developmental Neurobiology, 75(7), 778–790. https://doi.org/10.1002/dneu.22247 

Wingfield, J. C. (2005). The Concept of Allostasis: Coping with a Capricious Environment. 
Journal of Mammalogy, 86(2), 248–254. https://doi.org/10.1644/BHE-004.1 

Zann, R., & Cash, E. (2008). Developmental stress impairs song complexity but not learning 
accuracy in non-domesticated zebra finches (Taeniopygia guttata). Behavioral Ecology 
and Sociobiology, 62(3), 391–400. https://doi.org/10.1007/s00265-007-0467-2 

Zipple, M. N., Peters, S., Searcy, W. A., & Nowicki, S. (2020). Sounds of senescence: Male 
swamp sparrows respond less aggressively to the songs of older individuals. Behavioral 
Ecology, 31(2), 533–539. https://doi.org/10.1093/beheco/arz218 

 
  



 64 

 
 
 
 
 

BIOGRAPHICAL SKETCH 
 
 

 Celia Rose McLean is from Portland, Oregon, where she first began her career in science 

education by volunteering at Outdoor School as a high schooler. She attended Colorado College 

as an undergraduate, where she earned a B.A. in Organismal Biology in May 2015. After 

spending three years working for various environmental education programs in Oregon, Celia 

spent two years in Costa Rica as the project manager of the University of Michigan’s 

Capuchinos de Taboga field site, where she studied the social behavior of white-faced capuchin 

monkeys. In 2019 Celia moved to the Rio Grande Valley to pursue her interests in vocal learning 

and social behavior at UTRGV with Dr. Karl Berg. She earned a M.S. in Biology from UTRGV 

in August 2021 and will begin a PhD in Psychology at Cornell University in the fall. She may be 

contacted at celiarosemclean@gmail.com. 


	Effects of Early Corticosterone Treatment on Vocal Babbling in Wild Green-Rumped Parrotlets (Forpus passerinus)
	Recommended Citation

	Title pages.pdf
	Preliminary pages
	Blank page
	Preliminary pages
	Blank page
	Preliminary pages
	Blank page
	Preliminary pages
	Blank page
	Main document

