
Neuroethology of acquired English and conspecific
vocalizations in the budgerigar (Melopsittacus undulatus)

Item Type text; Dissertation-Reproduction (electronic)

Authors Banta, Pamela Ann, 1966-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:05:13

Link to Item http://hdl.handle.net/10150/282800

http://hdl.handle.net/10150/282800


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the t«rt directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note wiU indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. HBgher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zed) Road, Ann Arbor MI 48I06-I346 USA 
313/761-4700 800/521-0600 





NEUROETHOLOGY OF ACQUIRED ENGUSH AND CONSPEOHC 

VOCALIZATIONS IN THE BUDGERIGAR (MELOPSITTACUS 

UNDULATUS) 

by 

Pamela Ann Banta 

Copyright © Pamela Ann Banta 1998 

A Dissertation Submitted to the Faculty of the 

GRADUATE INTERDISCIPLINARY PROGRAM IN NEUROSCIENCE 

In Partial Ftilfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 8  



DMI Nvunber: 9912104 

Copyright 1998 by 
Beuita, Pamela Ann 

All rights reserved. 

UMI Microform 9912104 
Copyright 1999, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Pamp^a A. Banta 

entitled Neuroethology of Acquired English and Cnnspecific 

Vocalizations in the Budgerigar. Melopsittacus nndulatus 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philnsnphv 

Lynn/jNadei 

Pepperb^fg 

Gary Wenk 

nt 
Nathaniel McMullpr^ 

Date 

r r -  ? •  -  •> ! -

Date 

' ? 

Date 

7-3 
Date 

Gail Burd Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

/ / - i  f f  
Dissertation Director Lynn Nadel (co-director) Date 

JL  ̂ ( f -
Dissertation Dire^or/ Irene Pepperberg (co-director) Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be granted by the 
copyright holder. 



4 

Acknowledgments 

I would like to thank Dr. Irene Pepperberg for the unfailing 

scientific and moral support that she gave me throughout my 

dissertation, and for opening my eyes to what was possible. She has been 

the perfect mentor. I would like to thank Alex for providing the impetus 

and rationale for this project. I also thank Dr. Bob Capranica for the 

enormous amoimts of help, guidance and insight that he gave to me with 

respect to theoretical acoustics, and for the many hours of delightful 

conversation. Without him, this project would not have been possible. I 

would like to thank Dr. Pierre Lavenex for being my colleague and my 

mentor. This dissertation is much better because of his help and advice. I 

thank numerous imdergraduate students at the University of Arizona for 

endless hoiurs of assistance with training the budgerigars used in this 

study, and Ms. Susan Rubin and Mr. Lance Freeman for caring so 

wonderfully for the breeding flock of budgerigars. I thank the members of 

my dissertation committee. Dr. Gail Burd, Dr. Nate McMuUen, Dr. Lyim 

Nadel and Dr. Gary Wenk for the years of guidance, advice, technical 

assistance, and for always being there when I needed to talk. I thank 

especially Gail Burd for many hours of technical assistance and access to 

equipment. And to Lynn Nadel, I owe a special debt of gratitude; his 

influence has changed the entire course of my life. I thank Dr. Mike 

Rand, and the entire group at University Animal Care, for their superb 

assistance throughout this project. In many cases their help went above 

and beyond what was required or expected. I thank Dr. Franz Goller and 

Dr. Rod Suthers for critical discussions about this work, and for forcing 



5 

me to clarify my argimients and ideas. I thank Dr. Sarah Bottjer (USC) 

and Dr. Georg Striedter (UC Irvine) for assistance in getting this project 

running. I thank Dr. Carol Barnes and Dr. Bruce McNaughton for the 

generous access to their facilities and equipment, and for making me feel 

part of their group. This project might not have been possible without all 

of their support. I thank Dr. Ted Glattke, Dr. Steven Hopp and Dr. Peter 

Marler (UC Davis) for helpful discussions and access to equipment 

necessary to complete this study, and also Beth Brittan-Powell, Diana May 

and Spencer Lynn for helpful discussions. I thank also Dr. David Amaral 

(UC Davis) and Dr. Nicky Clayton (UC Davis) for generously providing 

access to equipment to help me complete this study. I would especially 

like to thank the Whitehall Foundation and the National Science 

Foundation, especially Dr. Chris Comer, for believing in this project. I 

thank also the University of Arizona Program in Neurosdence, especially 

Dr. John Hildebrand, and the University of Arizona Graduate College for 

funding during this study. 



6 

This dissertation is dedicated to those that have stood beside me 

throughout this dissertation, and throughout my life. This dissertation is 

as much theirs as it is mine. I thank my parents for the unconditional 

love that they have given me. Mom, you have been an inspiration to 

me. Dad, thank you for always accepting me for the way I am. Pierre, 

thank you for being there for me, I couldn't have done this without you. 

Finally, I would like also to dedicate this dissertation to all of the birds 

that taught me so much and made this project possible. After having 

known them, my world will never be the same again. 



7 

TABLE OF CONTENTS 

L LIST OF HGURES 9 

n. LIST OF TABLES 11 

m. ABSTRACT 12 

IV. CHAPTER L INTRODUCTION 14 

Background and Rationale 14 

Investigations of Budgerigar Vocal and Cognitive 

Capacities 19 

Investigations of Budgerigar Vocal Production 

Mechanisms 25 

Investigations of the Neural Mechanisms Underlying 

Budgerigar Vocal Production 32 

V. CHAPTER n. VOCAL AND COGNITIVE CAPACITIES OF THE 

BUDGERIGAR 53 

Introduction 53 

Methods 55 

Results 65 

Brief Discussion 84 

VI. CHAPTER m. VOCAL PRODUCTION MECHANISMS IN THE 

BUDGERIGAR: THE PRESENCE AND IMPLICATIONS OF 

AMPLITUDE MODULATION 89 

Introduction 89 

Methods 103 

Results 106 

Brief Discussion 132 

VII. CHAPTER IV. LESIONS IN THE BUDGERIGAR VOCAL 

CONTROL SYSTEM AFFECT PRODUCTION OF ENGLISH 

WORDS AND NATURAL VOCALIZATIONS: A MOTOR 

ROLE FOR AN HVC CORRELATE 139 

Introduction 139 

Methods 144 

Results 156 



8 

TABLE OF CONTENTS-Continued 

Brief Discussion 226 

Vm. GENERAL DISCUSSION 236 
Implications of Investigations of Budgerigar Vocal and 

Cognitive Capacities 237 

Implications of Investigations of Budgerigar Vocal 

Production Mechanisms 248 

Summary 280 

IX. ANIMAL SUBJECTS APPROVAL 282 

X. REFERENCES 283 



9 

LIST OF HGURES 

HGURE 1-1, Amplitude Waveform of Forest's Contact Call 28 

FIGURE 1-2, The Songbird and Budgerigar Vocal Control Systems.. 38 

HGURE 2-1,60 Seconds of Budgerigar Warble Song 70 

HGURE 3-1, Electronically Generated Amplitude Waveforms 93 

HGURE 3-2, Schematic Fourier Power Spectra 95 

HGURE 3-3, M03's Contact Call 108 

HGURE 3-4, Forest's Contact Call 112 

HGURE 3-5, A Human's (PB's) Production of "bear" 115 

FIGURE 3-6, Frans' Production of "bear" 118 

HGURE 3-7, Buddy's Production of "bear" 122 

HGURE 3-8, Forest's Production of "okay" 125 

FIGURE 4-1, The Songbird and Budgerigar Vocal Control Systems.. 143 

FIGURE 4-2, Lesion Reconstructions .160-161 

FIGURE 4-3, Photomicrographs of Forest's Lesions .164-165 

HGURE 4-4, Spectrograms and Amplitude Waveforms of Forest's 

Pre- and Post-Lesion Productions of "okay" 168-169 

FIGURE 4-5, Spectrograms and Amplitude Waveforms of Forest's 

Pre- and Post-Lesion Contact Call Productions 177-178 

FIGURE 4-6, Photomicrographs of Mosaic's Lesions 184-185 

FIGURE 4-7, Spectrograms and Amplitude Waveforms of Mosaic's 

Pre- and Post-Lesion Productions of "paper" 188-189 

FIGURE 4-8, Spectrograms and Amplitude Waveforms of Mosaic's 

Pre- and Post-Lesion Contact Call Productions 193-194 

FIGURE 4-9, Photomicrographs of Puck's Lesions 197 

FIGURE 4-10, Spectrograms and Amplitude Waveforms of Puck's 

Pre- and Post-lesion Productions of "truck" 199-200 

FIGURE 4-11, Photomicrograph of Grayson's Lesions 205 

FIGURE 4-12, Photomicrograph of Oliver's Lesion 207 

FIGURE 4-13, Spectrogram's and Amplitude Waveforms of Grayson's 

Pre- and Post-lesion Productions of "come here" 210-211 



10 

LIST OF FIGURES—Confinwed 

FIGURE 4-14, Spectrogram's and Amplitude Waveforms of Oliver's 

Pre- and Post-lesion Productions of "good" 213-214 

FIGURE 4-15, Photomicrographs of Peeper's Unlesioned NLc 218 

FIGURE 4-16, Spectrogram's and Amplitude Waveforms of Peeper's 

Pre- and Post-lesion Productions of "wood" 220-221 

FIGURE 4-17, Spectrogram's and Amplitude Waveforms of Peeper's 

Pre- and Post-lesion Contact Call Productions 224-225 

FIGURE 5-1, Schematic Representation of the Songbird and Parrot 

Syringes 255 



11 

UST OF TABLES 

TABLE 1-1, Anatomical Abbreviations 36 

TABLE 2-1, Experimental Subjects, Conditions and Performance 57 

TABLE 2-2, Frequencies of Trainer-Produced Vocalizations 74 

TABLE 2-3, Productions Under Elicited Conditions 77 

TABLE 2-4, Interaction between Elicited and Warble Contexts 80 

TABLE 3-1, Pitch Synchronous Spectrum Analyses 129 

TABLE 3-2, Vowel Sounds Analyzed for Harmonidty 131 

TABLE 4-1, Anatomical Abbreviations 141 

TABLE 4-2, Summary of Lesions 158 

TABLE 4-3, Pre- and Post-Lesion Acoustic Analyses 172 

TABLE 4-4, Effects of Lesions on Contact Call Cross-Correlations 181 

TABLE 4-5, Summary of Lesion Effects 228 



12 

Abstract 

This dissertation is a report of neuroethological investigations of 

the vocal and cognitive behavior of the budgerigar {Melopsittacus 

undulatus). Budgerigars were trained, via an interactive modeling 

technique, to reproduce English words and phrases. Budgerigars' abilities 

to use their acquired English vocalizations were then assessed. 

Budgerigars produced English vocalizations in three main ways: (1) 

enmeshed in warble song; (2) in response to presented objects; and (3) 

alone, neither enmeshed in warble song nor in response to presented 

objects. Budgerigars also formed functional categories of their English 

vocalizations and used them in a context-dependent manner. 

Budgerigars' English vocalizations and contact calls were subjected to 

acoustic analyses and found to contain nonlinear amplitude modulation. 

A comparison with the sounds produced by humans and other speech-

produdng birds (Grey parrots, Psittacus erithacus, and mynahs, Gracula 

religiosa) revealed that budgerigars produce speech in a fundamentally 

different manner. Ibotenic add lesions were placed in the vocal control 

nucleus, NLc, and the effects on budgerigars' contact calls and English 

vocalizations assessed. NLc lesions affected production of, but not 

memory for, budgerigar vocalizations. Specifically, the amplitude of the 

carrier signal of amplitude-modulated vocalizations was disrupted. No 

abnormalities were detected in the frequencies that budgerigars produced 

post-lesion. The implications of these findings regarding the presence of 

amplitude modulation and the effects of NLc lesions with respect to past 

and future studies of the acoustic, physical and neural mechanisms 
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underlying budgerigar vocal production are discussed, and a working 

model for the function of the budgerigar syrinx presented. 
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Chapter I. Introduction 

The original and primary goal of this dissertation project was to 

investigate the role of one vocal control nucleus, NLc (the central nucleus 

of the lateral neostriatum), in the processing of acquired English words^ 

produced by budgerigars (Melopsittacus undulatus). The final product, 

however, is a composite of three separate, but interrelated studies 

investigating: (1) the physical mechanisms by which budgerigars produce 

acquired English and natural vocalizations; (2) the role of the budgerigar 

vocal control nucleus NLc in the production of vocalizations; and (3) the 

vocal and cognitive capacities of the budgerigar, and how NLc lesions 

affect these capacities. This introduction provides rationale for how and 

why this project was designed, summarizes the specific aims, and 

describes the various aspects of avian neuroethology that this project 

addresses. In Chapters II, HI and IV, each of the studies are presented in 

detail. In Chapter V, I synthesize the findings from this dissertation 

project, summarize what this project has accomplished, and discuss 

future directions for this research. 

Background and Rationale 

English words acquired by Grey parrots iPsittacus erithacus) have 

been used to assess the cognitive and vocal capacities of that species. 

' Throughout this dissertation I use the term "word" simply to denote a specific whole urut 
of English spjeech. I do not intend to imply any cognitive or linguistic competence 
associated with its production unless otherwise specified. 
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Exhaustive research spanning more than 20 years has shown that one 

Grey parrot, Alex, has cognitive abilities similar to those of language-

trained primates and marine mammals (Pepperberg, 1981,1990c, 1992, 

1994a; Pepperberg and Brezinsky, 1991; see Pepperberg, 1990a for a review). 

Alex has functional use of English vocalizations, can label objects 

referentially, responds to vocal questions concerning categorization and 

abstract concepts, and profidentiy solves nimierical and conjimctive 

problems. 

Observing Alex solve such abstract and complex cognitive tasks 

raises numerous questions for the neurobiologist amd the comparative 

psychologist alike. Where and how, in his brain, does Alex store and 

process all of the English words that he is capable of using? Are English 

vocalizations processed by the same neural substrates that process natural 

Grey parrot vocalizations? Where and how, in his brain, does Alex 

process all of the abstract cognitive concepts (such as the ability to 

discriminate quantity, same/different or presence/absence) on which he 

has demonstrated proficiency? Do parrots have a brain that is arranged in 

a maimer similar to humans (e.g., with functional aggregates of neurons 

that participate in similar tasks, such as brain regions in himians that are 

involved in language or numerical processing), or have parrots evolved a 

different solution for cognitive processing? Do fimctional, anatomical, or 

hodological (connectional) similarities exist between brain regions that 

subserve similar functions, such as vocal or cognitive capacities, in 

animals as different as birds and mammals? 
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Investigations of brain regions that participate in processing the 

acquired English vocalizations that are used by Alex, and other birds, to 

solve cognitive tasks should eventually lead to an understanding of how 

parrot brains process cognitive information. The idea of attempting to 

determine where and how parrot brains process learned human 

vocalizations is not new. Kalischer (1905) conducted a series of 

experiments involving faradic stimulation of the neostriatal surface and 

knife extirpation lesions. Although he elicited alarm call-like 

vocalizations with stimulation, and knife extirpations produced vocal 

deficits in the birds' learned allospedfic and natural vocalizations (from 

which the birds usually recovered in two or three weeks), both the high 

incidence of post-lesion infections and the poor docimientation of the 

lesion and stimulation sites limit the conclusions that can be drawn from 

his work. In the 85 years following Kalischer's pioneering work, only a 

few studies attempted to identify areas of the parrot brain involved in 

vocal learning (Paton et al., 1981; Brauth et al., 1987; Brauth and McHale, 

1988). Although there has been a recent resurgence in interest in the 

comparative neuroanatomy of the parrot brain (Striedter, 1994; Durand et 

al., 1997; Farabaugh and Wild, 1997), no studies have continued 

Kalischer's investigations of the neural bases of allospedfic vocalizations 

in parrots. 

For studies designed to replicate Kalischer's work. Grey parrots, by 

nature of their superb vocal and cognitive abilities, would be the species 

of choice. However, both practical and ethical issues limit their use: 

Littie or nothing is known about Grey parrot neuroanatomy; 
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furthermore. Grey parrots may be a threatened spedes, and although 

commercially bred, are expensive. Clearly, to proceed with further 

investigations of how acquired human vocalizations are processed in the 

brains of parrots, a psittadne model is needed. 

The budgerigar, a small, colonial-living Australian parrot from the 

same subfamily as the Grey parrot (Psittadnae; Forshaw, 1989), was an 

obvious choice. Budgerigars have been the focus of extensive 

neuroanatomical, psychophysical and behavioral investigations. 

Specifically, a number of neuroanatomical studies have described various 

vocal control nudd and their connections (Paton et al., 1981; Striedter, 

1994; Durand et al., 1997; Farabaugh and Wild, 1997). Many studies have 

documented the auditory-perceptual abilities of budgerigars (Dooling, 

1986; Dooling et al., 1987b; Brown et al., 1988). Most importantly, 

however, budgerigars are well-known for their ability to mimic human 

speech (Eda-Fujiwara and Okumura, 1992; Tumey et al., 1994; Pepperberg, 

pers. obs.; Banta, this study). Thus, this dissertation project was designed 

to investigate the use, and neural processing, of learned English words by 

budgerigars. 

Choosing to use English words that have been acquired by 

budgerigars, however, was fortuitous and has afforded me the 

opportimity to extend further our knowledge of avian vocal, cognitive 

and neurophysiological processing in a number of unique and 

unexpected ways. I describe how my investigations benefited from the 

use of English words, and how techniques used in these studies have 
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enabled me to address a nimiber of previously unsolved problems in the 

fields of avian cognitive and vocal neuroethology. 
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Investigations of Budgerigar Vocal and Cognitive Capacities 

The cognitive capacities of many psittadds can be investigated by 

using their ability to reproduce the sounds of English speech (see 

Pepperberg, 1990c for a review). Via an interactive modeling technique, 

the model/rival (M/R) procedure (Todt, 1975; Pepperberg, 1981), 

researchers have trained the Grey parrot, Alex, to use English labels to 

identify over 60 objects, 7 colors, 5 shapes, and quantities up to 6; he 

responds to vocal questions concerning categorization, abstract concepts of 

same/different, bigger/smaller and absence of information, and 

proficiently solves numerical and conjimctive problems (e.g., "How 

many objects are green and wood?" in a collection of green and blue 

wooden blocks and woolen balls). Although much is known about the 

cognitive capacities of the Grey parrot, little is known about such 

capacities in other parrot species, nor have the vocal and cognitive 

capacities of any other psittadd been investigated in a maimer similar to 

Grey parrots. 

Budgerigars are ideal for similar studies of avian cognition for a 

number of reasons. These birds demonstrate: (1) a complex, learned 

natural communication system, (2) well-studied categorical-perceptual 

abilities; and (3) the ability to make stimulus-vocalization associations. 

Nevertheless, few studies have examined their cognitive capadties (e.g., 

Manabe et al., 1995), and, imtil now, none have attempted experiments 

such as those with Grey parrots. Below, I review studies that provide 

evidence for the budgerigar abilities noted above, and describe the 

similarities and differences between Grey parrot and budgerigar studies. 
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Budgerigar Vocal Behavior 

Budgerigars share certain vocal traits with Grey parrots that make 

them appropriate subjects for similar types of long-term cognitive studies. 

Budgerigars, like Greys and most other parrot species, are "open-ended" 

learners; i.e., they are not constrained by season or age with respect to 

when and how they leam vocalizations (Farabaugh et al., 1994). 

Budgerigars' complex natural vocal repertoire consists of two main types 

of vocalizations: warble song and calls. 

Warble song, a long rambling sequence of elements (Farabaugh et 

al., 1992; NB: in this paper, each note or temporally continuous 

vocalization, whether a warble song note, an English syllable, or a call, is 

referred to as an element), may last from a few seconds to many minutes 

(Brockway, 1964b; Farabaugh et al., 1992; Eda-Fujiwara and Okumura, 

1992; Banta and Pepperberg, 1995; Banta, this study). Warble song :.s 

produced by both male and female budgerigars in several different 

contexts including, but not limited to, courtship, when alone, when at 

rest (with head tucked under wing), when with conspedfics of the same 

or opposite sex, and when with humans (Brockway, 1964b; Farabaugh, 

1992; Pepperberg, pers. obs.; Banta, pers. obs.). 

A call, in contrast, is a single element usually produced at very 

high amplitudes (compared to warble song elements), and either alone or 

in a series. Budgerigars have different call types in their repertoire that 

are often used in different contexts (Brockway, 1964a, b; Wyndham, 1980; 

Farabaugh et al., 1992,1994; Brittan-Powell et al., 1997a; Dooling et al., 

1987b). The most common call in a budgerigar's repertoire, the 
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individually distinctive contact call, is used to maintain contact among 

members of the flock. Contact calls are produced by budgerigars during 

flight, when feeding, drinking, or preparing to roost, and when males 

return to the nest-hole after a period of absence (Wyndham, 1980). 

Budgerigars housed in large aviaries generally maintain their 

individually distinct contact calls. The contact calls of birds caged in a 

small group within an aviary, however, will converge, via vocal 

imitation, improvisation, and recombination of subsections of existing 

call types, to the same dominant call type after several weeks to months 

(Dooling, 1986; Farabaugh et al., 1994). Interestingly, budgerigars housed 

in only auditory but not visual contact do not demonstrate this call 

convergence (Farabaugh et al., 1994). Whether budgerigars actually learn 

new vocal elements as adults, or simply reconfigure parts of their 

previously acquired repertoire, is imclear. Nevertheless, the ability of 

adult budgerigars to reconfigure portions of their vocal repertoire to 

match an external auditory model is evidence of open-ended vocal 

learning (i.e., the ability in adulthood to pattern a vocal production to 

match an auditory template). Thus, as for Grey parrots (e.g., Pepperberg, 

1994b), budgerigar vocal learning is complex and affected by social 

interaction. 

Budgerigar Auditory Discrimination and Categorization 

Budgerigars have excellent auditory-perceptual and categorical-

perceptual abilities. These birds can discriminate among the individual 

calls of both conspedfics (i.e., budgerigar contact calls; Trillmich, 1976; 
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Park and Dooling, 1985; Brown et al., 1988) and canaries (Park and 

Dooling, 1985; Dooling et al., 1987b). Budgerigars also discriniinate 

between several conspedfic call types, including contact, nest defense, 

alarm, thwart, and solicitation calls (Dooling et al., 1987b). Given that 

birds must discriminate among and appropriately categorize 

(perceptually) human speech sounds in order to reproduce human 

vocalizations, it is not surprising that budgerigars also perceive and 

discriminate among English vowels as do humans, find differences 

between human speakers less salient than differences between categories 

of vowels (Dooling and Brown, 1990), and cluster synthetic voice-onset 

stimuli (which cue discrimination of consonant pairs such as /ba/ and 

/pa/) in a manner similar to humans (Dooling et al., 1989, 1995; Dooling 

and Brown, 1990; Dent et al., 1997). 

Budgerigar Cognition 

Operant techniques have demonstrated that budgerigars can form 

certain vocalization-stimulus associations. Manabe et al. (1995) trained 

birds to associate their production of two different calls with, respectively, 

red and green lights. The birds were subsequently trained to associate 

each colored light with a different shape. When birds were presented 

with the shapes and required to peck the appropriate light, they 

spontaneously produced the call previously associated with that colored 

light. Such behavior suggests that budgerigars possess (a) the ability to 

transfer vocal-stimulus associations to different, albeit related, situations 
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and (b) the vocal and cognitive flexibility needed for complex cognitive 

tasks (Rozin, 1976; Pepperberg, 1990a). 

S u m m a r y  

Given budgerigars' naturally complex and flexible vocal repertoire, 

their superb auditory-perceptual and categorical-perceptual abilities, and 

limited but promising evidence for their ability to make vocal-stimulus 

associations, budgerigars seemed an ideal spedes in which to investigate 

the vocal and cognitive abilities in a manner similar to Grey parrots. 

Although considerable anecdotal evidence existed for the ability of 

budgerigars to mimic human speech, there were, until recently, no 

published reports of such abilities (Eda-Fujiwara, 1992). Furthermore, 

nothing is known about the conditions under which budgerigars leam to 

produce human speech or how they use their vocalizations. Do they 

leam to mimic human speech at random, or can they be taught to 

produce specific vocalizations? Can they leam to use those vocalizations 

to label objects and actions referentially, in the same maimer as Grey 

parrots, and can those vocalizations, in turn, be used to investigate their 

cogiutive capacities? 

In Chapter EL, findings from my investigations of budgerigar vocal 

and cognitive capacities are presented. In brief, these findings indicate 

that by using the Model/Rival technique (Pepperberg, 1981) or a variation 

of that technique (Banta and Pepperberg, 1995; Banta, this study), 

budgerigars can indeed be taught to produce specific English 

vocalizations. They produce these acquired English vocalizations in three 
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different ways: (1) as elements enmeshed in warble song, (2) as elicited 

vocalizations in response to presented objects, and (3) alone, neither 

enmeshed in warble song nor as an elicited vocalization. Budgerigars 

also formed functional categories of their learned English vocalizations, 

and used them in a context-dependent manner. In Chapter V, the social 

and interactive conditions that engender acquisition and functional use 

of allospedfic vocalizations by budgerigars are discussed. The 

implications of the vocal and cognitive capacities observed in the 

laboratory for the abstract vocal and cognitive capacities of budgerigars, in 

general, and for budgerigars in the wild, specifically, are also discussed. 
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Investigations of Budgerigar Vocal Production Mechanisms 

Several studies have investigated how Grey parrots use their vocal 

tracts (including their syrinx [the sound source in birds], trachea and 

oropharyngeal cavity) to mimic English vocalizations (Scanlan, 1988; 

Patterson and Pepperberg, 1994,1998; Warren et al., 1996). Currently, 

there is strong evidence supporting the hypothesis that the Grey parrot 

syrinx and vocal tract work in concert to produce vowel sounds in much 

the same way as the human larynx and vocal tract (Titze, 1994; Warren et 

al., 1996; Patterson et al., 1997). In contrast, although several studies had 

investigated budgerigar vocal production prior to my studies (Gaimt and 

Gaunt, 1985; Heaton et al., 1995; Brittan-Powell et al., 1997b), the 

mechanisms behind the production of their natural vocalizations were 

not well-tmderstood. Furthermore, no study had investigated how 

budgerigars mimic htiman speech; although there is reason to believe 

that budgerigars produce the soimds of speech differentiy from humans 

and Grey parrots, no evidence exists on this point. 

Natural budgerigar vocalizations, including contact calls and some 

warble song elements, have been described and investigated as frequency-

modulated, harmonic vocalizations (Heaton et al., 1995; Brittan-Powell et 

al., 1997a, b). Ontogenetic studies have tracked the development of 

spectrally represented frequency modulations in calls (Brittan-Powell et 

al., 1997a; Hall et al., 1997). Other studies examined effects of syringeal 

denervation on spectral characteristics of contact calls (Heaton et al., 1995; 

Shea et al., 1997), and if production in helium alters spectral features of 
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these calls (Brittan-Powell et al., 1997b). Acoustic features of budgerigar 

vocalizations have been compared to those of Grey Parrots (Tumey et al., 

1994), and humans (Silaeva, 1998). In all these studies, however, 

budgerigar vocalizations were analyzed only with the aid of Fourier 

techniques, specifically, frequency by time "spectrograms" or amplitude by 

frequency "power spectra". 

Budgerigar contact calls, however, are also amplitude-modulated 

(Dooling and Searcy, 1981,1985; this study, see Fig. 1-1). A call may 

contain two to several frequency changes throughout its duration, but 

amplitude changes, both periodic and aperiodic, are ubiquitous and easily 

identified in the amplitude waveform (the amplitude by time 

representation of the signal). When amplitude modulation is present in 

a signal, the resultant Fourier spectriun contains additional frequency 

components produced not by the source, but rather as the result of 

nonlinear interactions between two originally independent signals 

(Nowicld and Capranica, 1986a, b; Bradbury and Vehrencamp, 1998). 

Until now, no study of budgerigar calls or warble song has provided an 

explanation for the complex array of observed spectral frequencies. 

Furthermore, no study has investigated whether observed spectral 

frequencies in budgerigar vocalizations are generated by amplitude 

modulation, nor how amplitude modulation develops, is produced, or is 

affected by perturbations of the vocal production system (either 

neurobiological or syringeal). Furthermore, given the spectral complexity 

of vocalizations produced by amplitude modulation, perturbations 

affecting that amplitude modulation may be difficult or impossible to 
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Figure 1-1. Amplitude Wavefonn of Forest's Contact Call. (A) The 

entire amplitude waveform. (B) A 20 ms expanded time window from 

the call in A (173 ms to 193 ms) showing aperiodic modulation of the 

amplitude. In A and B, note the extensive modulation of amplitude that 

can occur in budgerigar contact calls. 
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detect in a Fourier spectrum; thus, analyses relying solely on spectral 

inspection are likely to yield inaccurate interpretations of the acoustic, 

physical and neural mechanisms underlying vocalizations (such as 

budgerigar calls) that contain amplitude modulation. 

In Chapter HI, data are presented to demonstrate that budgerigars 

use amplitude modulation to produce their natural contact calls and to 

mimic human vowel soimds. Because a thorough understanding of 

some specific acoustic principles is necessary to evaluate the vocalizations 

presented, key acoustic and spectral features that allow identification of a 

sound produced by amplitude modulation, and the mechanisms by 

which nonlinear interactions generate new frequencies, are re-described. 

The term "re-described" is used intentionally, because material on the 

existence and implications of amplitude modulation in avian 

vocalizations, originally presented in two much-overlooked papers by 

Nowicki and Capranica (1986a, b), is reviewed. Amplitude-modulated 

signals are also contrasted with two other types of signals from which 

they must be clearly distinguished in the analysis of both budgerigar and 

non-budgerigar vocalizations: vocalizations known as harmonic, and 

those produced by the linear interaction (or beating) of two harmonic 

signals. Amplitude waveforms and Fourier spectra for the three 

processes illustrate their differences. 

That budgerigars produce amplitude-modulated signals is of 

significant interest itself. Budgerigars, like all parrots, have one syrinx 

with two opposable membranes (in contrast to passerine birds that 

functionally have two syringes; Evans, 1969; Nottebohm, 1976; Gaimt and 
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Gaunt, 1985; Suthers, 1997), and only two pair of intrinsic syringeal 

muscles (Evans, 1969; Gaunt and Gaunt, 1985; songbirds, in contrast, can 

have six or more). Moreover, parrots are thought not to have 

independent control of their syringeal membranes (Nottebohm, 1976; 

Heaton et al., 1995; Brittan-Powell, et al., 1997b; Brauth et al., 1997). Thus, 

investigations of how budgerigars produce two independent signals that 

interact nonlinearly to produce amplitude modulation will further our 

understanding of syringeal mechanisms that underlie complex avian 

vocal productions. 

Summary  

The three main goals of the investigation described in Chapter HI 

were to: (1) re-introduce and explain concepts and acoustic implications of 

amplitude modulation for researchers who study productive and acoustic 

mechanisms underljdng avian (and non-avian) vocalizations and 

demonstrate how amplitude modulation can be identified in vocal 

signals; (2) present acoustic evidence for amplitude modulation in 

budgerigar contact calls and learned English vocalizations; (3) emphasize 

the importance of amplitude modulation with respect to previous studies 

of the acoustic, structiiral, neural and ontogenetic mechanisms 

underlying budgerigar vocalizations. 

In brief, nonlinear amplitude modulation can be foimd in 

budgerigar productions of both natural contact calls and learned English 

vocalizations. For production of contact calls, budgerigars produce a high 

frequency carrier signal that is frequently varied in amplitude, and 
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amplitude-modulated at times. To mimic human vowel soimds, 

budgerigars use amplitude modulation in a complex manner: They 

produce a high frequency carrier signal, and then slowly modulate the 

amplitude of that carrier signal with a second signal known as the 

modulating signal. 

In Chapter V, I discuss the implications for the presence of 

amplitude modulation in budgerigar vocalizations with respect to past 

and future studies of the acoustic, structural and neural mechanisms 

imderlying budgerigar vocal production. The general issues regarding the 

acoustics and production of budgerigar vocalizations in light of the 

identification of amplitude modulation are discussed, and a working 

model for how the budgerigar syrinx may produce such sounds presented. 

Finally, a description of how budgerigar vowels are produced in a 

fimdamentally different manner than are the harmonic vowel soimds 

produced by both himians and other species of speech-producing birds 

studied is provided, and the implications of this finding discussed. 



32 

Investigations of the Neural Mechanisms Underlying Budgerigar Vocal 

Production 

Vocal learning, the ability to acquire vocalizations or acoustic 

features from an external model for later use in vocal production, is 

relatively rare in the animal world. To date, vocal leanung has been 

identified in humans, possibly a few non-human primates, cetaceans and 

birds (Kroodsma, 1982; Kroodsma and Baylis, 1982). Among birds, vocal 

learning has been shown definitively to occur in only 4 of the 28 orders: 

the Passeriformes (osdne songbirds), the Psittadformes (parrots), the 

Apodiformes (hummingbirds) and the Piciformes (toucanets; Kroodsma, 

1982; Baptista and Schuchmann, 1990). Because these taxa are only 

distantly related phylogenetically, and numerous intercalated groups of 

birds do not exhibit vocal learning, vocal learning is believed to have 

evolved separately in these four orders (Nottebohm, 1972). This 

distribution of avian vocal leanung presents a tmique opportimity for 

comparing the neural substrates imderljdng the perception, processing, 

and production of learned vocalizations. 

The process of avian vocal learning involves several stages. A bird 

must first perceive, decipher and memorize (for at least some period of 

time) specific acoustic features of the target vocalization; i.e., an auditory 

template must be created. Spectral frequencies, amplitude and the 

temporal pattern of a vocalization may, among other features, be critical 

for its proper replication, and are thus incorporated as part of the 

template. Other non-acoustic features that might be learned, either 
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simultaneously or at a later time, inform the bird about the meaning of, 

and when and how to use, the specific vocalization, i.e., reference (Smith, 

1988,1991) and pragmatics (King et al., 1996). To replicate the target 

vocalization, the bird must then convert the memorized auditory 

template to a set of instructions guiding motor production. Through 

repeated practice, the output of this "motor program" typically increases 

its resemblance to the initial auditory template, and thus the target 

vocalization. 

The neural bases of vocal learning have been studied in songbirds 

and a representative parrot, the budgerigar; in both orders a set of discrete 

and hierarchically arranged "nuclei" or cell groups that fimctionally 

extend from the ear to the S)rrinx enables these birds to engage in vocal 

learning (Nottebohm et al., 1976; Paton et al., 1981; Striedter, 1994; 

Durand, et al., 1997; see Brenowitz et al., 1997 for a review). Despite this 

general similarity, reports of significant differences between the neural 

substrates subserving vocal control in songbirds and the budgerigar have 

supported the above-mentioned "dual evolution" phylogenetic 

hypothesis that vocal learning evolved separately in these two orders. 

First I describe the neuroanatomy of both the songbird and the budgerigar 

vocal control systems. The two systems are then contrasted with respect 

to neuroanatomical, neurohistochemical, and hodological features, and 

evidence both for and against the dual evolution hypothesis presented. 
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Anatomy of the Songbird Vocal Control System 

In 1976, Nottebohm and his colleagues published the first 

description of regior\s of the canary (Serinus canarius) brain responsible 

for the perception and production of song. Since Nottebohm's work, the 

neuroanatomical pathways of the osdne songbird vocal control system 

have been extensively investigated, and the major pathways are shown in 

Fig. 1-2 (see also Table 1-1). Auditory information reaches the songbird 

telencephalon by way of the midbrain. As outlined in Nottebohm et al. 

(1976), auditory stimuli travel first ft-om the cochlear nucleus to the 

midbrain nucleus MLD (homologous to the mammalian inferior 

coUiculus), then to Ov (thalamic region; homologous to the mammalian 

medial geniculate). The axons leaving ovoidalis then synapse in a 

telencephalic region known as Field 'L' (Nottebohm et al., 1976). Field 'L' 

neurons are known to project directly to the neostriatal nucleus HVc 

(Fortime and Margoliash, 1992), to a region of the caudal neostriatimi 

known as the neostriatal shelf region (ventral to HVc, not shown in Fig. 

1-2), as well as to an area immediately adjacent to the RA (Kelly and 

Nottebohm, 1979; projection not shown). Neurons that leave the 

neostriatal shelf region may project to one of two places: either back to 

Field 'L' (Katz and Gumey, 1981) or dorsally to the neostriatal nucleus 

HVc. 

In addition to receiving projections ftrom the auditory—field L— 

neostriatal shelf pathway, HVc has also been shown to receive projections 

from three other nuclei: (1) the diencephalic nucleus Uva (Bottjer et al., 

1989); (2) NIf (McCasland, 1987; Bottjer et al., 1989) and (3) mMAN (medial 
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Table 1-1. Anatomical Abbreviations. A list of the anatomical 

abbreviations that are used both in the figures and the text, and the 

structures that they represent. 
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Table 1-1. Anatomical Abbreviations 

AAa anterior nucleus of the anterior archistriatum 
AAc central nucleus of the anterior archistriatum 
AAcd central nucleus of the anterior archistriatum, dorsal 
AAcv central nucleus of the anterior archistriatum, ventral 
Am nucleus ambiguus 
AreaX Area X of the LPO 
Bas nucleus basalis 
CoN cochlear nucleus 
DLM medial nucleus of the dorsolateral thalamus 
DMm magnicellular nucleus of the dorsomedial thalamus 
HA accessory hyperstriatum 
HV ventral hyperstriatum 
HVc/HVC caudal nucleus of the ventral hyperstriatum/high vocal center 
HVo oval nucleus of the ventral hyperstriatum 
LH hyperstriatal lamina 
LLi intermediate lateral lemniscal nucleus 
IMAN lateral magnicellular nucleus of the anterior neostriatum 
LMD dorsal medullary lamina 
LPO parolfactory lobe 
LPOm magnicellular nucleus of the LPO 
MLD laterodorsal mesencephalic nucleus 
N neostriatum 
NAom medial region of the oval nucleus of the anterior neostriatum 
NF frontal neostriatimi 
NFl lateral region of the frontal neostriatum 
NIf nucleus interface 
NLc central nucleus of the lateral neostriamm 
NLs supracentral nucleus of the lateral neostriatum 
NLv ventral nucleus of the lateral neostriamm 
nxn hypoglossal nucleus 
nXnts tracheosyringeal portion of the hypoglossal nucleus 
OM occipitomesencephalic tract 
Ov nucleus ovoidalis 
PA augmented paleostriamm 
RA robust nucleus of the archistriatum 
RAm nucleus retroambigualis 
Uva uvaeform nucleus 
V ventricle 
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Figure 1-2. The Songbird and Budgerigar Vocal Control Systems. The 

major vocal control nuclei and their various connections are 

diagrammed for both the songbird and the budgerigar. The songbird 

figxire shows a sagittal section through the brain, and schematic 

placement of the major auditory and vocal nuclei of the vocal control 

system (figure modified from Brenowitz et al., 1997, reprinted with 

permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.). 

The budgerigar figure shows two coronal sections, an anterior section 

(top) and a more posterior section (bottom) at the level of NLc and AAc 

(figure modified ft-om Durand et al., 1997, reprinted with permission of 

Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.). 
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MAN, located medial to IMAN, not shown in Fig. 1-2; Bottjer et al., 1989). 

Both Bottjer et al. (1989) and McCasland (1987) have shown that NIf also 

receives projections from Uva. 

The neurons in HVc have been shown to project to two pathways: 

the anterior forebrain pathway and the motor pathway. The anterior 

forebrain pathway begins with projections that leave HVc and travel 

rostrally and ventrally, eventually synapsing in a tear-shaped region of 

the lobus parolfactorius known as Area X (Nottebohm et al., 1976; Katz 

and Gumey, 1981; Bottjer et al., 1989). Area X projects caudally to the 

thalamic nucleus DLM, which in turn projects rostrally to the 

telencephalic nucleus IMAN. Finally, projections leaving IMAN 

terminate on the lateral edge of the nucleus RA (Bottjer et al., 1989), thus 

completing the anterior forebrain pathway. 

The motor pathway consists of projections that exit HVc and travel 

caudally and medially to the archistriatal nucleus RA. In the final 

connections of the motor portion of the song control pathway, RA 

neurons project ventrally and rostrally to the hindbrain. Here, RA 

neurons innervate many different nuclei ipsilaterally: (1) The nucleus of 

the twelfth cranial nerve, nXn. The neurons in the posterior two-thirds 

of this nucleus project to the muscles that control the trachea and syrinx 

in birds, and are therefore known as the nXn tracheosyringealis motor 

neurons (nXIIts; Nottebohm et al., 1976). All projections to the syrinx are 

ipsilateral; (2) The medullary nuclei RAm and RVL (rostral ventrolateral 

medulla, not shown in Fig. 1-2), which contain premotor neurons 

responsible for controlling respiratory activity (Wild, 1997); and (3) The 
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medullary nucleus Am, which contains neurons that innervate the 

larynx (Wild, 1997). Thus, the various RA projections serve not only to 

direct the syrinx when a bird sings, but also to coordinate all of the 

various components, including the larynx and respiratory muscles, 

critical for song production. 

It is important to note that in the songbird vocal control system, 

nearly all of the intercormections are ipsilateral. Indeed, only two 

contralateral projections have been identified in the songbird system: (1) a 

projection from the midbrain nucleus DM (the dorsomedial 

intercollicular nucleus; not shown in Fig. 1-2) to contralateral Uva 

(Nottebohm et al., 1976; Striedter and Vu, 1998); and (2) a projection from 

RVL (rostral ventrolateral medulla; not shown in Fig. 1-2) to contralateral 

Uva (Striedter and Vu, 1998). Both DM and RVL receive descending 

projections from RA, and R'/L may be involved in controlling 

respiration during vocalization. It is believed that these contralateral 

projections serve to coordinate activity between the two hemispheres, 

especially in young birds engaged in vocal learning (Striedter and Vu, 

1998). No other projections between the two hemispheres have been 

identified. 

Anatomy of the Budgerigar Vocal Control System 

Historically, the pathways controlling vocalizations in psittacine 

birds have been studied much less than the vocal control pathways in 

osdne songbirds. Even for budgerigars, the most commonly studied 

psittadd, relatively few published studies exist, and until recently the 
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neuroanatomy of the vocal control pathway was poorly understood. A 

potential reason for the lack of investigations is that researchers may 

have initially assumed that the psittadne vocal control system was 

homologous to that of osdnes. Thus, rather than describing psittadne 

neuroanatomy, early research on budgerigars seemed simply to describe 

yet "another" songbird system. With Nottebohm's 1976 study as a model, 

for example, Paton et al. (1981) began tracing the budgerigar vocal control 

pathway retrogradely from the syrinx. They reported that "the vocal 

pathway in the budgerigar contains a nvimber of nudei which are similar 

or even homologous to nudei in the canary pathway but that these nudei 

are displaced relative to their positions in the canary brain." In their 

study, they assign several nudei names that are identical to those of 

passerine nudei, although at the time preliminary evidence suggested 

that some of the passerine nudei had been misnamed with respect to 

their actual anatomical positions (e.g., HVc; Katz and Gumey, 1981). Also 

using Nottebohm's 1976 study as a model, Brauth et al. (1987), Brauth and 

McHale (1988), and Hall et al. (1993) traced the budgerigar vocal pathway 

in an anterograde direction, beginning in the auditory system. These 

studies failed to identify an anatomical interface between the auditory and 

motor regions of the budgerigar vocal control system. Such an interface is 

obviously essential for animals that are capable of exhibiting vocal 

learning. 

In 1994, a study by Striedter presented a new and detailed 

description of a major portion of the psittadne vocal control system. In 

the budgerigar, the primary incoming auditory information reaches the 
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vocal motor pathway by way of the hindbrain (not by the mesencephalic 

MLD—thalamic Ov projection as in songbirds). Auditory information is 

sent from the cochlear nucleus to the hindbrain LLi (Fig. 1-2; Striedter, 

1994). From LLi, auditory information travels rostrally and bilaterally to 

the telencephalic MB (Striedter, 1994). It is thought that the lateral 

portion of MB is specific for processing auditory information, and that the 

medial portion of MB is involved with processing somatosensory 

information (WUd et al., 1985; Wild et al., 1997). 

NB is the nucleus that serves to relay auditory information to the 

remainder of the telencephalic vocal control pathway. Interestingly, 

however, NB has reciprocal connections with Field 'L', the primary 

auditory processing area in songbirds (Farabaugh and Wild, 1997; 

budgerigar Field 'L' receives projections from thalamic Ov, as it does in 

songbirds; Paton et al., 1981; Brauth and McHale, 1988; Hall et al. 1993). 

Field 'L' in budgerigars, however, does not project directly to any nuclei 

involved in the motor aspects of vocal production as it does in songbirds 

(i.e., the Field 'L' to NLc projection). Instead, lateral NB sends projections 

directly dorsal to NFl (Striedter, 1994). NFl also receives projections from 

the overlying ventral hyperstriatum, as well as from medial NF (not 

shown in Fig. 1-2; Striedter, 1994). NFl projects ipsilaterally to areas 

surrounding NLc (the putative HVc homologue; named "HVc" by Paton 

et al., 1981), including NLs, and the NLv (ventral lateral neostriatimi 

found ventral to NLc; structure and projection not shown in Fig. 1-2). 

NLs in turn sends projections into NLc. NLc projects topographically to 

the medially adjacent archistriatal nucleus AAc (dorsal NLc to dorsal 
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AAc, ventral NLc to ventral AAc; named "RA" by Paton et al., 1981). This 

NLc to AAc pathway may, by analogy, be considered the motor pathway 

in budgerigars, similar to the HVc to RA motor pathway described for 

songbirds (although the HVc to RA projection has no identified 

topography). The descending projections of AAc will be discussed after a 

second set of nuclei, and their interconnections, have been presented. 

A second, anterior forebrain-like pathway in the budgerigar was 

described preliminarily by Striedter (1994), and in greater detail by Durand 

et al. (1997). This pathway involves a series of complex interconnections 

between NLc, AAc, three forebrain nuclei found in the more anterior 

regions of the telencephalon, and the thalamic nucleus DMm. In general, 

information from AAc travels anteriorly to both the neostriatal nucleus 

NAom, and the hyperstriatal nucleus HVo. These connections are 

reminiscent of the HVc to IMAN projection in the songbird. NAom has 

projections to HVo, but neurons from both HVo and NAom project to a 

nucleus in the parolfactory lobe known as LPOm (Durand et al., 1997). 

These connections are similar to the IMAN to Area X projection in the 

songbird. LPOm then sends projections to the thalamic nucleus DMm, 

similar to the Area X to DLM songbird projection. DMm then returns a 

projection to NAom, just as songbird DLM returns a projection to IMAN. 

In budgerigars, DMm also projects forward to AAc and NLc, a connection 

that is not mirrored in the songbird system (Striedter, 1994; Durand et al., 

1997). However, as in the songbird, NAom and HVo project back to NLc 

and AAc (where the pathway began), just as IMAN projects back to RA 

(Striedter, 1994; Durand et al., 1997). Thus, although there are more 
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nuclei (or nuclear regions), and more connections in the budgerigar 

anterior forebrain pathway, it is in many ways very similar to that of the 

songbird (Dvirand et al., 1997). 

To return to the final descending motor pathway, NLc projects 

topographically to AAc (Striedter, 1994). Axons from AAc course caudally 

through the ocdpitomesencephalic tract (OM; Paton et al., 1981; Striedter, 

1994) and then project bilaterally to both the lingual and tracheosjmngeal 

portions of the hypoglossal nucleus (nXn and nXnts; Manogue and 

Nottebohm, 1982; Striedter, 1994), as well as to Am (Striedter, 1994) and 

presumably to RAm. Two important differences exist in this portion of 

the motor pathway between songbirds and budgerigars: (1) The 

projections to nXIIts are only ipsilateral in songbirds (Nottebohm et al., 

1976); and (2) RA in songbirds does not project to the lingual portion of 

the hypoglossal nucleus as it does in budgerigars. 

Manogue and Nottebohm (1981) studied the irmervation of the 

syrinx in the budgerigar. As in songbirds, the syrinx of the budgerigar is 

innervated by the tracheosyringeal branch of the twelfth craiual nerve, 

which originates in the posterior two-thirds of nXII. Interestingly, 

however, as the nerves descend from the nXIIts, each side decussates and 

a portion of the fibers join the opposite nerve bundle, thus enabling each 

hemisphere to iimervate both the contralateral as well as the ipsilateral 

half of the syrinx. This bilateral projection is unique to the budgerigar 

and is not found in songbirds (i.e., the songbird syrinx is entirely 

ipsilaterally innervated). 
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Dual Evolution or a Common Ancestor? 

As described by Striedter (1994), two fundamental differences exist 

between the passerine and budgerigar vocal control systems: (1) 

anatomical and hodological differences; and (2) histochemical and 

cytoarchitectural differences. First, as described above, even though many 

inter-nuclear connections in the budgerigar are similar to those in 

songbirds, the nuclei in the budgerigar and songbird brains are not 

identical in number, in relative position, nor in their intercormections 

within the brain. For example, NLc and AAc are located in relatively 

different positions in the telencephalon, and in different positions 

relative to one another, than are HVc and RA in the songbird. In the 

budgerigar, two separate nuclei, HVo and NAom, are similar to the single 

songbird nucleus IMAN. In the budgerigar and songbird, information 

reaching the putative anterior forebrain pathways is sent from different 

nuclei (from AAc in the budgerigar, and from HVc in the songbird) and 

arrives at different levels (at NAom and HVo in the budgerigar, and at 

Area X in the songbird). In the budgerigar, the primary auditory 

projection to the motor pathway is from LLi to MB. In contrast, in 

songbirds, the primary auditory projection to the motor pathway is 

through the Ov to Field 'L' pathway. Finally, many contralateral 

projections exist within the budgerigar vocal control system, and in its 

innervation of the syriiix (Paton et al., 1981; Manogue and Nottebohm, 

1982; Brauth and McHale, 1988; Striedter, 1994; Durand et al., 1997); in 

contrast, few contralateral projections have been identified in the 



46 

songbird vocal control system (Striedter and Vu, 1998), and none have 

been identified in the innervation of the songbird syrinx. 

Cytoarchitectural and histochemical differences also exist between 

the songbird and budgerigar vocal control systems. The nuclei of the 

songbird vocal control system are cytoarchitecturally distinct, and can be 

easily identiBed in Nissl-stained sections by their dense neuropils and 

neurons that are larger than those of the surroimding areas. The nuclei 

of the budgerigar vocal control system, in contrast, are not easily 

distinguished even in Nissl-stained sections. Many songbird nuclei have 

receptors for steroid hormones and label differentially with markers that 

bind to these receptors (Gahr et al., 1993); budgerigar nuclei completely 

lack these receptors. Furthermore, the nuclei of the songbird vocal 

control system, especially HVc and RA, label differentially, as compared to 

the surroimding brain regions, for a number of additional markers 

including: alpha-adrenergic receptors, methionine-enkephalin (ENK) and 

vasoadtve intestinal peptide (VIP) reactive fibers, and muscarinic 

acetylcholine receptors (Ball, 1994). In contrast, budgerigar NLc and AAc 

do not label selectively with any of these markers (Ball, 1994). 

Thus, although there are many striking similarities between the songbird 

and budgerigar vocal control pathways, significant differences exist. The 

unresolved phylogenetic questions stemming from the substantial 

similarities and differences between the songbird and parrot vocal control 

systems have led to the hypothesis that their evolution may have 

involved the "independent elaboration of circuits already present in a 

rudimentary form in ancestral birds" (Brenowitz, 1997, p. 526). 
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In contrast to the many anatomical, hodological and histochemical 

differences between budgerigars and songbirds, preliminary functional 

investigations of immediate early gene expression suggest that 

"analogous" vocal control nuclei, although displaced in their absolute 

locations, may be active at the same time. Jarvis and Nottebohm (1997) 

and Jarvis et al. (1997) has shown that budgerigars and songbirds only 

listening to song of a conspedfic (but not singing themselves) have 

increased ZENK induction in the auditory areas of Field 'L'. In contrast, 

for both singing budgerigars and songbirds, levels of ZENK induction 

were increased in the following budgerigar/songbird nuclei, respectively: 

NLc/HVc, AAc/RA, HVo, NAom/MAN, LPOm/Area X. However, two 

other previously undescribed budgerigar nuclei also showed increased 

ZENK expression. These results prompted Jarvis et al. (1997) to conclude 

that whether or not the budgerigar and songbird vocal systems had 

evolved separately, some of the molecular mechanisms underlying vocal 

commimication in these two orders were likely conserved. 

Investigations of Budgerigar Vocal System Function are Noticeably 

Lacking 

Given the considerable interest in comparative studies between 

songbirds and parrots, surprisingly few studies have compared the 

function of the various vocal control nuclei in songbirds and psittacids. 

Lesion studies have been instrumental in researchers' attempts to define 

the contribution of specific vocal control nuclei in the production of 

learned vocalizations in songbirds (Nottebohm et al., 1976; Bottjer et al.. 
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1984; Simpson and Vicario, 1990; Scharff and Nottebohm, 1991; Williams 

and Vicario, 1993). The anterior forebrain loop, for example, is thought to 

have a primary role during song acquisition and vocal learning. Lesions 

within the anterior forebrain loop, especially nucleus IMAN, disrupt the 

development of song, but do not have much effect on the song of adult 

birds (Bottjer et al., 1984). Based on the results of Nottebohm's pioneering 

lesion studies, the songbird HVc has historically been viewed as an area 

primarily responsible for storing the motor programs, or motor 

templates, for song elements and for initiating motor patterns of song 

(Nottebohm et al., 1976). New studies using stimulating (Vu et al., 1994) 

and chronic recording techniques (Yu and Margoliash, 1996) have 

provided further evidence that HVc is involved with the processing of 

instructions for the production of specific units (syllables) of a bird's song. 

In contrast, few lesion or electrophysiological studies have investigated 

the functional role of psittadne vocal control nuclei (but see Hall et al., 

1994 and Heaton, 1997). 

This study was designed to investigate the role of the budgerigar 

vocal control nucleus, NLc, in vocal production. NLc is of interest 

because of its many anatomical and hodological similarities to songbird 

HVc. Given the interesting anatomical similarities between HVc and 

NLc, specific evidence regarding the functional role of NLc may help to 

define further the role of this part of the neostriatimi in budgerigars 

specifically, and will provide critical comparative evidence for the debate 

on whether the songbird and budgerigar vocal control systems are 

independently evolved, or conserved. Thus, if lesions in NLc and HVc 
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have identical functional roles (i.e., if NLc lesions similarly affect 

budgerigar vocalizations at the syllable template level), such evidence 

would provide support for the hypothesis that budgerigar and songbird 

systems are evolved from a common ancestor. A difference in the effects 

between NLc and HVc functions may argue for more independently 

evolved vocal control systems. 

An assessment of the effects of NLc lesions on botJi budgerigar song 

and contact calls is necessary so that direct comparisons of the budgerigar 

and songbird vocal control systems may be made. Descriptions of the 

effects of NLc lesions on either budgerigar contact calls or warble song, 

however, are noticeably absent in the literature. The lack of published 

studies may be a consequence of one or a combination of factors: (1) The 

"ballistic" and stereotj^ed nature of the budgerigar contact call may make 

it insensitive as a behavioral assay for pre- and post-lesion comparisons. 

The motor circuits imderlying many behaviors that are considered rote or 

gross motor tasks are often widely distributed, thus making the behavior 

itself immune to the effects of small, localized lesions affecting only one 

of a series of regions contributing to the production of that behavior. 

Contact calls, which are both produced and used in a stereotypic manner, 

may be included in this class of behaviors; (2) The complex and variable 

nature of budgerigar warble song (Farabaugh et al., 1992), may make pre-

and post-lesion comparisons difficult; (3) The tracheosyringeal and 

acoustic mechanisms used by budgerigars for vocal production of both 

warble song and contact calls, were, prior to the present studies, poorly 

imderstood. Consequently, experimenters may have overlooked or 
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misinterpreted post-lesion changes in vocalizations; and (4) NLc lies 

immediately adjacent to the archistriatal nucleus AAc to which it 

projects. Producing NLc lesions that do not affect the immediately 

adjacent AAc is thus technically challenging. Evaluating the effects of 

NLc lesions that have invaded AAc, is, perhaps, impossible. 

Consequently, any investigation of the role of nucleus NLc in budgerigar 

vocal production requires both (1) an alternative to studying the highly 

variable budgerigar warble song or the highly stereotyped budgerigar 

contact call, and (2) an extremely precise method of producing NLc 

lesions. 

The Present Study 

Findings regarding budgerigars' production and use of learned 

English vocalizations (described in brief above, and in detail in Chapter n) 

suggested that such vocalizations might be ideal as an assay for the effects 

of vocal control system lesions. Specifically, my investigations revealed 

two important findings regarding budgerigar allospecific vocal learning 

and production; (1) In addition to learning English vocalizations 

seemingly "at random", budgerigars can be trained to produce specific 

words and phrases; and (2) Budgerigars produce these learned words in 

two main behavioral contexts: (a) as elements enmeshed in their natural 

warble song; and (b) as elicited vocalizations produced in response to a 

presented object or action. Given these findings, using trained English 

words appeared to be a viable strategy for studying the role of NLc in 
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vocal production. Thus, for this study, analyses compare pre- and post-

lesion productions of English vocalizations. 

As described above, my analyses of pre-lesion word productions 

determined that budgerigar vowel sounds are not typical harmonic 

vocalizations as they are in htmians and two other species of mimetic 

birds (mynahs, Klatt and Stefanski, 1974; and Grey parrots, Patterson and 

Pepperberg, 1994). Instead, as previously described, budgerigar spectral 

features are produced by a nonlinear mechanism known as amplitude 

modulation. Furthermore, non-linear amplitude modulation is also a 

key feature of budgerigar contact calls. Given this recent insight into 

budgerigar vocal production mechanisms, the effects of lesions in NLc 

may provide further evidence for exactly how budgerigars produce these 

amplitude modulated vocalizations. 

Summary  

Chapter IV presents results from investigations of the effects of 

lesions in budgerigar NLc on the production of natural contact calls and 

learned English vocalizations. Five birds received ibotenic acid lesions in 

NLc. NLc lesions did not aHect the birds' memory of their vocalizations, 

and seimples of all pre-lesion vocalizations were identified post-lesion. 

NLc lesions affected specifically the amplitude at which the carrier signal 

is produced in budgerigar vocalizations. These deficits were manifest in 

three different ways: (1) As impairments in the control of the fine 

amplitude fluctuations of the carrier signal seen in pre-lesion 

vocalizations; (2) As large and abnormal increases in the amplitude of the 
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carrier signal; and (3) As abnormal decreases in the amplitude of the 

carrier signal. NLc lesions affected budgerigar contact calls and English 

vocalizations in an identical maimer, and for all birds, the severity of 

effects is correlated with the amount of NLc lesioned. One bird lesioned 

in NF did not exhibit any of these effects. 

In Chapter V, I discuss my findings regarding the effects of NLc 

lesions in conjunction with a proposed working model of budgerigar 

syringeal function. The implications of the present findings for past and 

future investigations of the acoustic, structural and neural bases of 

budgerigar vocal behavior are discussed. Finally the roles of songbird 

HVc and budgerigar NLc in vocal production are compared, and 

questions raised regarding the role of NLc in other parrot species. 
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Chapter II. Vocal and Cognitive Capacities of the Budgerigar 

INTRODUCnON 

The cognitive capacities of one parrot species, the Grey parrot have 

been extensively studied, and it is well-known that these birds can use 

acquired English vocalizations in a referential manner to label objects, 

colors and shapes, as well as to perform a wide variety of cognitive tasks. 

Although other parrot species, such as the budgerigar, also possess many 

of the attributes indicative of advanced cognitive capacities, their 

cognitive abilities have yet to be studied. 

In the current study, budgerigars were trained to reproduce English 

labels via the Model/Rival technique previously used with Grey parrots 

(Todt, 1975; Pepperberg, 1981) and a variant developed for budgerigars 

(Banta and Pepperberg, 1995; Banta, this study). Budgerigars learned to 

mimic trained English vocalizations, and the results presented here 

indicate some effects of social environment on the extent and clarity with 

which budgerigars produce their vocalizations. Birds reared in isolation 

from other birds during quarantine, and housed in contact with birds and 

other humans after quarantine, produced English vocalizations more 

prolifically and more clearly. Budgerigars also produced their learned 

English vocalizations in three different contexts: (a) as elements 

enmeshed in warble song; Cb) as elicited vocalizations in response to 

presented objects; and (c) alone, neither enmeshed in warble song nor in 

response to presented objects. Furthermore, budgerigars demonstrated 

the ability to use these vocalizations in both functional and context-
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dependent manners, and one budgerigar was able to transfer this 

functional usage to novel situations. 
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MEraODS 

Subjects 

Subjects were fifteen male budgerigars that were removed from a 

breeding aviary at fledging (4-5 wks). Birds were divided into three 

cohorts (Table 2-1) based on their initial housing conditions during 

quarantine (i.e., prior to their introduction to the laboratory). 

Two male siblings (Cohort 1, Oedipus and Rex) were removed 

from the aviary and housed together during both their quarantine and 

after their move to the laboratory. I was interested in determining 

whether two budgerigars could be housed together, remain tame enough 

to be trained separately, and be taught to produce English vocalizations. 

Further, I wondered whether the birds would practice their English 

vocalizations with one another, and if such practice existed, whether it 

might facilitate acquisition. 

Seven males (Cohort 2) were housed together for 6 weeks. Birds 

were handled for 10-15 min/d, 5-7 d/wk during this period. Three birds 

were eliminated from the study because they never became tame enough 

to be handled by trainers, thus making it impossible to train them on 

English vocalizations. The four remaining birds were Frans, Hans, 

Mosaic and Peeper. 
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Table 2-1. Experimental Subjects, Conditioiis and Performance. Table 2-1 

summarizes the different subjects that were involved in this study, the 

cohort to which they were assigned, the housing and social interactions 

that they received, whether or not they learned to produce acquired 

English vocalizations and a relative ranking of how well each subject 

produced English vocalizations (from 1 to 10, with 1 being best), the 

maximal number of English vocalizations that each bird produced/min 

(for all birds except Frans, the maximal rate occurred during warble song; 

for Frans, his maximal rate occurred during an elicited session), and the 

conditions imder which they produced English vocalizations. In general, 

birds from Cohort 3 that received only human contact during quarantine, 

and that were housed in contact with humans and other birds in the 

laboratory, produced the clearest and most frequent English vocalizations 

(i.e., birds with ranks 1,2,3/4). 
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Table 2-1. Expcnmenul Sabjects, Cooditiaas and fefomuDce 

Coboit Subject 

Social tatenctioo 
Onring Qaanniine: 

With Humans / 
With Bodgerigais 

Hoaxing in (be 
Labocatoty 

Eaglisb Vocalizatiaas 
Max Number VocxAnin 

Coalext in Which English 
Vocalizations Woe Used Rank 

1 

Oedipus 4S min/day 
Unlimited with Sibling 

Itolatioo then 
Contact 

Doubtful 
Removed from Study N/A -

Rex 45 min/day 
(Jnlimiled Sibling 

Isolation dien 
Coatact 

Doubtful 
Removed firom Study N/A -

Mosaic 15 min/day 
Unlimited IsolatioD Yes 

10.7/min 
Waible Song 

Prolifically when Elicited 516 

Wane 15 min/day 
Unlimited Isolatioa Yes 

8.9/min 
Warble Soag 

Moderately when Elicited 7 

Fnuts 15 min/day 
Unlimited bolatioa Yes 

4.6/min 
Waible Song 

Occasionally when Elicited 8 

2 Peeper 15 min/day 
Unlimited 

Isolation dien 
Coatact 

Yes 
8.6/min 

Waible Song 10 

Keebler 15 min / day 
Unlimited Isolatioa Did noc Tame 

Removed frOQ Study N/A -

Tweety 15 min/day 
Unlimited bobtioa Did not Tame 

Removed from Study WA -

Wild 15 min/day 
Unlimiled 

Isolation Did not Tame 
Removed (ram Study N/A -

Buddy l-2hrs/day Coatact Yes 
12.6/min 

Waible Song 
PioliOcally when Qicited 1 

Oliver 45 min / day Coatact Yes 
36J/min 

Waible Song 2 

1 
Forest 45 min/day Contact Yes 

23.1/min 
Waible Song 

Moderately when Elicited 3M 

O 
Grayson 45 mm / day Coatact Yes 17.8 

/min 
Waible Song 

Prolifically when Elicited 3J4 

Puck 45 mm / day Isolatioa Yes 
6.4/min 

Waible Song 
Moderately when Elicited 516 

Mocbni 45 min / day Isolation Yes 
8.0/min 

Waible Song 9 
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Six males (Cohort 3) were removed at staggered intervals from the 

aviary. While in quarantine, these budgerigars (Buddy, Forest, Grayson, 

Mochni, Oliver and Puck) were caged individually in isolation from 

other birds. They were, in confrast to birds in Cohort 1, given 

considerable interaction (1-2 hr/day) during their quarantine. 

Once in the laboratory, birds from Cohorts 2 and 3 were randomly 

housed either (1) individually caged in sound-proof isolation boxes with 

little auditory or visual contact with other birds (Frans, Hans, Mochni, 

Mosaic, Peeper and Puck); or (2) individually caged in auditory and visual 

contact with other birds and many humans (Buddy, Forest, Grayson and 

Oliver). Birds were originally housed in isolation as it was commonly 

believed that housing them in auditory contact with other budgerigars 

would decrease their chances of taming, bonding to human frainers, and 

learning to produce English vocalizations. The findings described in this 

paper, however, do not support this hypothesis. One bird initially housed 

in isolation. Peeper, was relocated to a cage in auditory and visual contact 

with other birds and humans after he appeared to be reacting adversely to 

the isolation box (he became less social and more aggressive, and 

developed a fear of many of the humans and objects with which he was 

working). Although he did become less aggressive after being moved, he 

was never as tame or sociable as the other birds in the study. Those birds 

housed in social isolation (Frans, Hans, Mochni, Mosaic, Peeper and 

Puck) had at least one hour of human interaction 5-6 d/wk (including 

fraining), and were exposed to auditory tapes (of humans reading 

children's books and of soft music) for 6-8 hr/d. Birds were fed either 
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Harrison's Bird Diet or a budgerigar seed mix, with fresh fruits, 

vegetables, and water ad libitum. 

Training Procedures 

Budgerigars were exposed to English words and phrases using the 

model/rival (M/R) technique (Pepperberg, 1981), or a modified version of 

that technique (Banta and Pepperberg, 1995). The standard M/R 

procedure, adapted from the work of Todt (1975) and based on social 

modeling procedures developed for humans (Bandura, 1971,1977), 

involves three-way interactions between two competent himian speakers 

and the avian student. One human acts as a frainer of the second himian 

(the model/rival). The trainer presents and asks questions about the item 

("What's here?", "What toy?"), giving praise and the object to reward 

correct answers. The technique thus demonsfrates referential and 

contextual use of labels with respect to observable objects. A trainer 

shows disapproval for incorrect responses (errors similar to those made 

by a bird, such as partial identifications, unclear speech) by scolding the 

trainee and temporarily removing the object from sight Thus, the 

second human not only acts as a model for the bird's responses and a 

rival for the frainer's attention, but also illusfrates the aversive 

consequences of errors. The model/rival is asked to speak more clearly or 

try again when responses are garbled or incorrect, thereby allowing the 

parrot to observe "corrective feedback" (see Goldstein, 1984; Vanayan et 

al., 1985). The parrot is also included in the interactions. Because a bird is 

rewarded for successive approximations to a correct response, the protocol 
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adjusts the level of training to the level of the bird, and trainers are free to 

change the focus of training in response to novel behaviors exhibited by 

the birds (e.g., see section on Referential Mapping, below). Additional 

details concerning the standard M/R procedure can be found in 

Pepperberg (1981,1994b). In the modified version, a single trainer served 

as both questioner and model for the budgerigar. 

Birds were trained for approximately 1 hr/d, 5-6 d/wk. Target 

vocalizations were single words (i.e., English labels) relating to objects: 

"paper", "cork", "wood", "bear", "truck", "ball", "copper", "bell", "jack" 

and "hat". Birds also consistently heard queries that accompanied the 

presentation of each object, such as "What's here?" or "What toy?"; 

training-associated phrases, such as 'Tou're right!", "Good boy!", "Good 

birdie!", "No!", "look", "say better" and "okay"; various commands 

related to taming, such as "climb", "tickle", "come here"; and words and 

phrases related to social interactions, such as "kiss", "you be good", and 

the bird's own name. These vocalizations represent a subset of the 

vocalizations that birds might hear on a daily basis during training 

sessions, but not all vocalizations were heard by every bird during every 

session. 

In contrast to the studies with Alex and other Grey parrots (e.g., 

Pepperberg, 1981, 1994b) in which training sessions generally concentrated 

on single labels or small numbers of labels in a single category (e.g., two 

colors), budgerigars received simultaneous training on 6-8 labels. Thus, 

queries and training-associated phrases such as "What toy?", "come on", 

"You're right!", "no" and "say better" were produced by trainers in the 
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budgerigar sessions far more frequently than the label of any one targeted 

object (data presented below). With the exception of the training received 

by Buddy (described below), I did not attempt to replicate the methods 

used with Greys (e.g., always using two people for M/R sessions) because 

my primary goal was not to train referential labeling, but rather to induce 

reproduction of English speech as quickly and efficiently as possible 

(Banta and Pepperberg, 1995; see Chapter IV). Buddy was not part of the 

other experiments for which budgerigars were trained, and he received 

additional M/R training so that his capacity for object labeling could be 

evaluated. He was trained until he was 19 months old. 

Referential Mapping 

An additional training procedure, called "referential mapping" 

(Pepperberg, 1990b), was used after birds had begun to make their first 

attempts at targeted vocalizations. During the first several months of 

training, when shown an object, budgerigars would either remain silent 

or produce soft squeaks, chirps or calls. Around 6 months of age, 

however, all budgerigars that would eventually produce elicited words 

began to attempt to vocalize in an elicited context. Usually these words 

were of low amplitude and very poor quality. At this point, trainers used 

mapping techniques (Pepperberg, 1990b) to reinforce the birds' 

vocalizations: Trainers responded as if the bird had produced the correct 

response to the presented object, and rewarded the bird with the object, 

verbal and social praise, and repeated the correct response (e.g., "Cork! 

You're right, good boy! Cork! Good birdie! Cork!"). 
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Audio Recordings of Vocalizations 

To obtain samples of allospedfic vocalizations for analysis, birds 

were recorded for an average of 10 hrs each. Budgerigars were recorded 

both during training sessions and while vocalizing freely on a perch or in 

their cages. Audio recordings were made with a Sony TCM 5000 voice-

activated tape recorder, Maxell XL-II tapes, and one of three imidirectional 

microphones: (1) an AKG C CK8, (2) a Sennheiser ME 66 or (3) a 

Sennheiser ME 67. 

Analyses of Recorded Vocalizations 

To facilitate analyses, the vocalizations of interest were excised 

using a Kay Elemetrics Sona-Graph (Model DSP 5500). The Kay allows the 

user to "capture" small intervals of sound in real-time and save them in 

a time buffer. The user can then view (e.g., in spectrogram form) the 

saved vocalization(s), and repeatedly play back the entire sound or select 

portions of the sound. Recordings of budgerigar vocalizations were 

transcribed in this manner. 

Each transcribed allospedfic vocalization was assigned to one of 

four different categories: (1) "object labels" referred to target vocalizations 

such as "paper", "cork", etc. (note: it was not necessary for the label to be 

the correct response to the specific object presented); (2) "queries" were 

phrases that accompanied the presentation of an object and were used to 

elicit responses from birds such as "What's here?" and "What toy?"); (3) 

"training-associated vocalizations" were utterances that were part of the 

training procedure such as "look", "You're right!" and "Good boy!"); and 
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(4) "other vocalizations" referred to the remainder of the vocalizations 

(i.e., neither a label, query or training-associated vocalizations), such as 

"tickle", "kiss", "climb" and the bird's name. The vocalizations that 

trainers produced during the training sessions were similarly assigned to 

these same categories. Four different trainers were scored during three 

different training sessions with three different birds. 

Testing Proceduies for Object Labeling 

One bird. Buddy, had achieved a level of reference greater than the 

other birds. Buddy's ability to label objects referentially was thus tested by 

administering object identification tests. To ensure that Buddy had not 

simply formed an association between a particular training object and its 

label, tests used novel exemplars of all objects (e.g., thick construction 

paper and index cards whereas training involved pieces of white and 

colored copy paper; tiny bottle corks from a craft store whereas training 

involved pieces of flat cork sheets; and new toy trucks of different shapes 

and colors). Trainers questioned Buddy on the three different types of 

objects 30 times each, and randomly ordered the 90 test questions. Two 

trainers were chosen for testing: a primary trainer who had worked 

extensively with Buddy and who was thus familiar with and could easily 

identify his vocalizations, and a secondary trainer who had never trained 

him but with whom Buddy had interacted in the laboratory. 

Test procedures were adapted from those of Pepperberg (1981). 

During testing, the secondary trainer would present Buddy with an object 

and query "What toy?" or "What's here?", while the primary trainer 
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would sit with her back towards Buddy. After Buddy produced a response 

to the presented object, the primary trainer, who could not see the object 

and thus could not be cued by knowing what item had been presented, 

repeated Buddy's exact response to the secondary trainer. The secondary 

trainer would then either reward Buddy for a correct response or say "no" 

and repeat the query. Buddy's responses had to be complete and clear 

productions of the target label to be considered correct (e.g., partial 

answers such as "pap" were considered incorrect). Only Buddy's first 

responses were scored. 
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RESULTS 

The results indicate that budgerigars leam to reproduce specific 

English vocalizations. Differences were found among the birds in terms 

of the amoimt and clarity of their allospedfic vocalizations, and in how 

they used their vocalizations during warbled and elicited contexts. These 

differences can be related to the differential housing conditions that the 

birds experienced both during quarantine and in the lab, and thus the 

amoimt and types of social interaction that they received with other birds 

and with himians. These findings are described in turn. 

Effects of Housing Conditions 

An attempt was made to quantify the vocal propensity of each 

budgerigar, and to estimate the quality of each bird's English productions. 

For each bird, the maximal number of English vocalizations 

produced/min during warble song was determined (at least 2 samples of 7 

to 10 minutes of prolific warble song were scored for each bird). A 

relative rank was also assigned that estimated the overall quality of each 

bird's vocalizations (Table 2-1; a rank of 1 is best). A combination of 

factors was considered in determining which rank to assign a bird, 

including (1) whether the bird produced words under elicited conditions, 

warble conditions or both, (2) my judgment of overall clarity (i.e., the 

number of labels that could be easily and repeatedly identified in warbled 

and elicited conditions), and (3) the propensity of the bird to use English 

vocalizations during training and non-training interactions with 
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humans. Birds assigned two rankings were considered to perform 

identically across the combination of metrics (e.g.. Forest vocalized more 

prolifically and clearly when warbling, but Grayson produced many more 

vocalizations imder elicited conditions and in his interactions with 

humans). 

During the transcription of warble song, an attempt was made to 

identify every allospedfic vocalization produced by each bird (no matter 

how intelligible or imintelligible the vocalization may have been). Given 

that each bird produced many different vocalizations (e.g., 25-50) it was 

difficult to arrive at an empirical number that accxirately quantified the 

number of English vocalizations in each bird's repertoire, and thus this 

measure is not used to quantify budgerigar's vocal propensity. I feel, 

however, that the combination of number of words/min and relative 

rankings assigned to each bird provide an accurate estimation of the vocal 

propensity exhibited by each bird. 

The specific combination of housing conditions experienced during 

quarantine (alone or with other birds for the first month after fledging) 

and in the laboratory (alone in isolation, or alone in auditory and visual 

contact with other birds), was most predictive of whether a bird learned 

the targeted labels, the clarity of its speech, and thus the relative ranking 

that it received. The two siblings, Oedipus and Rex (Cohort 1), that had 

been housed together before quarantine, and together in a sound-proof 

isolation box in the lab, failed to produce vocalizations that could reliably 

identified as English words or phrases. They were removed ft-om the 

study. With the exception of Mosaic, the English vocalizations of birds 
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housed as a group during quarantine with limited human interaction 

(i.e.. Cohort 2), and in isolation in the lab, were the least dear (i.e., hardest 

to identify) and were produced least frequently (e.g.. Mosaic [5/6], Hans [7], 

Frans [8] and Peeper [10]; note that the maximal number of English 

vocalizations produced/min for Frans was under elicited conditions; his 

maximal rate during warble song was 2/min). Birds of Cohort 3 that were 

quarantined in isolation and subsequently housed in isolation boxes in 

the laboratory also produced fewer and poorer quality vocalizations (Puck 

[5/61 and Mochni [9]). In contrast Cohort 3 birds that were subsequently 

housed in auditory and visual contact with other birds and himians 

produced the most frequent and dear English vocalizations (Buddy [1], 

Oliver [2], Forest [3/4] and Grayson [3/4]). 

Production of Learned English Vocalizations 

Birds that produced learned English vocalizations acquired four 

different dasses of vocalizations—labels, queries, training-assodated, and 

"other" vocalizations. Birds produced vocalizations from these four 

different dasses in both similar and different ways: (a) Elements 

enmeshed in warble song induded all dasses; (b) elements used alone, 

but not as an attempted label, also induded all dasses; but (c) 

vocalizations that trainers elidted, and that birds used in an attempt to 

identify an object, were predominantly labels. 
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English Vocalizations Enmeshed in Warble Song 

Although budgerigars were being trained via the M/R technique to 

produce elicited vocalizations, every budgerigar in this study produced 

their first allospedfic utterances as elements enmeshed in their warble 

song; these vocalizations came from all four classes noted above. After 

birds had received approximately 3 months of training (and were 

approximately 4 months old), I detected speech-like sounds while the 

birds were producing warble song, when they were either alone in their 

cages, or with a trainer (in and out of training sessions). These soimds 

were initially produced at low amplitude and with low clarity, often for 

several months. As training progressed, the clarity of many allospedfic 

utterances produced in the warble song improved. 

During warbling, allospedfic vocalizations were interspersed with 

conspedfic song elements. Birds produced 2-36 allospedfic 

vocalizations/min (average = 13.4/min) eruneshed among as many as 100 

conspedfic elements (Banta and Pepperberg, 1995). Figure 2-1 is a 

representation of one minute of warble song from Peeper. Many 

allospedfic vocalizations produced in warble song could be identified just 

by listening to the bird, or a recording of the bird, in real time. Given the 

rapid rate of production of all elements and the frequent production of 

poorly enundated allospedfic utterances, the majority of vocalizations 

were, however, best identified by repeatedly listening to exdsed samples 

on the Sona-Graph. Even birds with the greatest clarity produced many 

vocalizations that could not be definitively identified. 
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Figure 2-1. 60 Seconds of Budgerigar Warble Song. A schematic time line 

of 60 seconds of warble song from the subject Peeper, illustrating how 

English vocalizations are enmeshed in warble song. Each shaded or 

white block represents 10 seconds. Peeper's song was transcribed for 1 

minute, and the relative positions (within 10 s blocks) of every warble 

song element (w.e.), contact call (call) and English word or phrase (w/p) 

recorded. Peeper was ranked 10th out of 10 birds with respect to the 

overall quality of his English vocalizations. 
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One Minute 
of Warble Song 

w.e. warble element 
w/p word or phrase 

144 w.e. 
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English Vocalizations Produced Alone 

Sometimes birds produced words spontaneously (neither 

enmeshed in warble song, nor under elidted conditions), either 

randomly or under what appeared to be contextually relevant conditions. 

A bird in its cage might loudly produce an object label such as "paper" or a 

phrase such as "come here" in the presence of a trainer. At other times, a 

bird might produce a word in a context similar to that used by a trainer, 

e.g., use its own name when someone entered the room who often used 

this name in greeting. Interestingly, birds produced their own names 

considerably more often than the name of any other bird or human in the 

lab, even though such names were frequentiy heard. Buddy and Grayson 

frequently uttered "climb" as they climbed to a trainer's hand or other 

perch-like objects. Several birds responded to the approach of a familiar 

human by uttering "come here", and Buddy often uttered this phrase 

when trainers were trying to capture another bird. Most of the birds 

spontaneously produced the word "kiss", frequently in conjimction with 

the human kiss soimd when touching their beaks in a kiss-like manner 

to httmans and a variety of objects. All of these utterances, including 

names, were, however, also frequently produced in warble song. I thus 

could not determine if labels used in apparently contextually applicable 

ways were being used in this manner intentionally. 
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English Vocalizations Produced Under Elicited Conditions 

Of the 10 birds that were trained to produce, and did produce, 

English vocalizations, seven (Buddy, Forest, Frans, Grayson, Hans, 

Mosaic, and Puck; see Table 2-1) produced what were termed "elicited 

vocalizations". These were target vocalizations (i.e., object labels) 

produced by a bird when he was queried about the identity of a specific 

object. Four of the seven birds (Buddy, Forest, Grayson and Puck) that 

produced elicited vocalizations belonged to Cohort 3 (those birds 

quarantined in isolation). I present evidence for the functional use of 

learned English vocalizations from four birds (Buddy, Grayson, Mosaic 

and Puck) that produced elicited vocalizations most prolifically. Buddy 

achieved a level of reference greater than any other budgerigar trained. I 

thus also present limited evidence for his ability to label objects 

referentially. 

Evidence For The Functional Categorization Of Learned English 

Vocalizations 

An analysis of the frequency with which budgerigars produce 

vocalizations from the "object labels" and "queries" categories under 

elicited conditions reveals that budgerigars do not treat words from these 

two different categories equally. Word frequency rates (Table 2-2) of 

human trainers show that, as a group, object labels are used most 

frequently (38.9% of the time), and queries and training-associated 

vocalizations are used second most frequentiy (26.5% and 25.7%, 

respectively; note that only the vocalizations used in these three 
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Table 2-2. Frequencies of Trainer-Produced Vocalizations. Table 2 shows 

the sununed raw values, and proportions of the number of vocalizations 

produced by 4 human trainers in 3 different training sessions with 3 

different birds. Human trainers produced a total of 404 vocalizations. 

Vocalizations were separated into one of four categories: (1) object labels 

such as "paper", "cork", "wood", "bear", "truck", "bell", "copper" and 

"jack" (two other vocalizations, "hide" and "nail", are included in this 

cotmt, but were used with a bird not presented in this study); (2) queries, 

either "What's here?" or "What toy?"; (3) training-associated 

vocalizations such as "You're right!", "Good boy!", "Good birdie!", "No!", 

"look", "say better" and "okay"; and (4) other vocalizations and 

commands related to taming, such as "climb", "tickle", "come here"; and 

words and phrases related to social interactions, such as "kiss", "you be 

good", and the bird's own name. 



Table 2-2. Frequencies of Trainer-Produced Vocalizations 

Object Labels 

Queries 

Training-associated 

Other 

Total 

Frequency Proportion 

157 38.90% 

107 26.50% 

104 25.70% 

36 8.90% 

404 100% 

Average Rate of 
# Vocalizations in Production of Each 

Category Vocalization per 
Session 

10 15.7 

2 53.5 

6 17.33 

4 9 
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individual sessions were scored, although trainers use other 

vocalizations, e.g., other training-associated vocalizations, that were not 

produced during these three sessions specifically). If, however, 

eachcategory is analyzed according to the number of vocalizations that are 

in that group, word frequency rates change drastically. For example, 10 

different object labels contribute to the total number of object labels 

produced by the different trainers during these three sessions, thus 

making the average frequency of production of each object label just 15.7 

times/session. In contrast, only two different queries are used by trainers 

("What's here? and "What toy?"), making the average frequency of 

production of each query 53.5 times/session. Thus, during training 

sessions, budgerigars hear queries far more often than they hear any 

single object label. 

Budgerigar responses imder elicited conditions, however, do not 

mirror these trainer-produced word frequencies. Under elicited 

conditions, budgerigars produce object labels far more frequently than 

queries (Table 2-3). Chi-square tests show that all four budgerigars 

produce significantly more object labels than queries than would be 

predicted based on trainer-produced frequencies of these two categories of 

vocalizations (the numbers in parentheses). Indeed, two of the four 

budgerigars (Buddy and Mosaic) almost never produce object queries. 

The differential production of the vocalizations in these two classes 

strongly suggest that budgerigars can acquire the concept of the categorical 

nature of the trained English vocalizations, and then produce those 

English vocalizations in a categorical manner. 
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Table 2-3. Productions Under Elicited Conditions. Contingency table for 

the number of vocalizations observed for each bird for each of the two 

classes (object labels and queries). Numbers in parentheses represent the 

number of times vocalizations from each vocal class are predicted to be 

produced based on the frequency of trainer productions. Thus, if Mosaic 

produced object labels and queries with the same frequency that trainers 

produced vocalizations in these classes (i.e., 59.5% and 40.5% of the time, 

respectively), he would be expected to produce 32.725 object labels and 

22.275 queries for the same number of vocalizations sampled. Chi-square 

and probability values are shown below. 



Table 2-3. Productions Under Elicited Conditions 

Object Labels 

Queries 

X2 = 

P 

Trainers Buddy 

157 (59.5%) 365 (217.77) 

107 (40.5%) 1 (148.23) 

245.78 

<0.005 

Grayson 

159 (102.935) 

14 (70.065) 

Mosaic 

52 (32.725) 

3 (22.275 

Puck 

102 (75.565) 

25(51.435) 

75.399 

<0.005 

28.032 

<0.005 

22.834 

<0.005 
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Evidence for the Context-Dependent Use of Learned English 

Vocalizations 

Further evidence for the functional use of budgerigar English 

vocalizations is that budgerigars use these vocalizations differently in a 

context-dependent manner. It could be the case, for example, that 

budgerigars simply produce object labels much of the time, and refrain 

from producing any other vocalization. Comparisons of budgerigar word 

frequencies imderelidted and warble conditions, however, show that this 

is not the case. Table 2-4 presents Chi-square analyses for budgerigar 

vocalizations produced under elicited and warbled conditions, and 

compares the observed frequencies with those predicted based on a 

random distribution of the vocalizations as determined by the number of 

observed vocalizations in each category and production context (the 

numbers in the parentheses). Indeed, for the three birds analyzed (NB: 

Buddy is not included in this analysis because sufficient 

samples of his warble song were not collected before his unexpected 

death), there is a significant interaction between the category of 

vocalization and the context of production. 

To determine which specific interactions were primarily 

responsible for the overall interactions shown in Table 2-4, Chi-square 

interaction analyses were performed on only the object labels and 

training-associated vocalizations. Compared to predicted values (based 

on a random distribution of the vocalizations as determined by the 

number of observed vocalizations in each category and production 

context; the numbers in the parentheses) both Mosaic (x^ = 20.32, df = 1, 



79 

Table 2-4. Interaction between Elicited and Warble Contexts. Contingency 

table for the number of vocalizations observed for each bird for each of 

the three vocalization classes (object labels, queries and training-

associated). Expected values (in parentheses) are determined by randomly 

distributing the number of responses according the frequency of 

vocalizations represented by the vocal class and the production context. 

Thus, row sums were multiplied by column simis and divided by the 

vocalization total (e.g., for Mosaic's elicited object labels, (98 x 56)/135 = 

40.56). Chi-square and probability values are given below. 



Table 2-4. Interaction between Elicited and Warble Contexts 

EUdted 

Grayson 

Warbled Elicited 

Mosaic 

Warbled Elidted 

Puck 

Warbled 

Object Labels 159 (150.9) 45 (53.91) 204 52 (40.56) 46 (57.34) 98 102 (92.25) 21 (30.75) 123 

Queries 14 (17.66) 10 (6.34) 24 3 (4.56) 8 (6.43) 11 25(225) 5(7.5) 30 

Training-associated in (116.25) 47(41.75) 158 1 (10.78) 25 (15.21) 26 44 (56.25) 31 (18.75) 75 

284 102 386 56 79 135 171 57 228 

X2 = 5.75 p < 0.025 X2 = 21.48 p < 0.005 X2= 15.88 p < 0.005 

Expected values in parentheses equal (row value x column value)/total number of vocalizations 
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p< 0.005) and Puck (x^ = 14.49, df = 1, p < 0.005), demonstrate a significant 

interaction with condition, while Grayson just fails to reach significance 

(x2 = 2.75, df = 2, p < 0.10). For Mosaic and Puck, the frequency at which 

object labels were produced was higher than predicted under elicited 

conditions, but lower than predicted under warbled conditions. In 

contrast, the number of training-associated vocalizations produced by 

both birds was lower than predicted under elicited conditions, but higher 

than predicted imder warbled conditions. The same inverse relationship 

is true for Grayson's object labels and training-associated vocalizations, 

but his differences between observed and predicted values were smaller 

in magnitude. Because the number of queries produced by the birds was 

so low, small changes in frequencies between the different contexts could 

produce statistically significant results. Therefore, no further analyses on 

queries are presented. These data, however, suggest that budgerigars are 

capable of producing their learned English vocalizations differentially, in 

a context-dependent manner. The production of the vocalizations in 

these two classes in a context-dependent manner further supports the 

hypothesis that budgerigars have functional knowledge of the English 

vocalizations that they have acquired and produce. 

Limited Evidence for Budgerigars' Abilities to Label Objects Refeientially 

Buddy's ability to use acquired English vocalizations to label objects 

referentially was investigated. Buddy was trained intensively with the 

M/R technique, as described above, for more than 1 year. At 19 months of 
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age, he frequently produced the labels for "paper" and "cork" when 

presented with those objects during training sessions. I thus began testing 

his ability to label three objects referentially. Labels for two of these 

objects (paper and cork) had been trained for 12 months; the third (truck) 

had been trained for only 1 month. Testing, as described above in the 

Methods, involved two human trainers, one experienced in training 

Buddy, the other not. The experienced trainer sat with her back to Buddy, 

while the novel trainer queried Buddy about the objects. 

Buddy's first responses on "cork" were correct in 19 of 30 trials 

(63%; binomial test p<0.003; see below). His first responses on "paper" 

were correct in 17 of 30 trials (57%; binomial test p<0.02). His first 

responses on truck were correct on 5 of 30 trials (17%; binomial test 

p=0.10). Because Buddy did not produce these labels with equal 

probability during training, a chance level of 33% was not used. Instead 

the appropriate value for chance was determined by tallying his elicited 

responses in 8 training sessions (sampled over the two months prior to 

testing) and calculating his relative probability of producing each label as 

compared with only the other two labels; these probabilities were: paper = 

37%, cork = 38% and truck = 25%. 

The rate at which Buddy produced "paper" and "cork" during 

training sessions was compared to all other vocalizations; these two 

vocalizations accounted for 31% and 32% of his responses, respectively, 

with all other vocalizations (including "truck" [16/78 responses], training-

associated and other vocalizations) accoimting for 37% of the responses. 

Thus, if under test conditions Buddy were simply answering at random. 
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then "paper" and "cork" should each account for approximately 1/3 of all 

responses, and "other" vocalizations for 1/3 of all responses, putting the 

level of chance correct responding for each object at approximately 10/30 

(i-e., 33%). During testing, however. Buddy's performance on "paper" 

(17/30) and "cork" (19/30) was clearly much better than chance (binomial 

tests, p<0.003 and p<0-0004, respectively). 

Phonological Variants of Acquired English Vocalizations 

Several budgerigars produced novel vocalizations constructed 

from fragments of acquired English words; i.e., English syllables that 

clearly originated from two different words. All of the phonological 

variants described below were produced as a regular part of the birds' 

repertoires (i.e., they were not just single productions). Recombinations 

usually occurred at or between syllables with similar phonological 

characteristics. Thus, Buddy produced "paperdie" from "paper" and 

"birdie", in which the "per" ending of the first word substituted for the 

similar sotmding "bir" of the second, and "shoter" ("shower" + "water"). 

Later, Puck also produced the "shoter" recombination. It is imclear 

whether Puck also spontaneously combined these two words, or whether 

he learned this production from Buddy. Similarly, Forest produced two 

recombinations involving "okay" and "paper" = "okayper" ("kay" + 

"pa"), "kayper" ("kay" + "pa"), and one involving "okay" and "bird" = 

"kaybird" (perhaps a variant of "kayper", possibly "per" + "bir"). 
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BRIEF DISCUSSION 

The present study of budgerigar behavior with respect to learned 

English vocalizations yielded the following two observations regarding 

these birds' vocal and cognitive capacities: First, budgerigars produce 

learned English vocalizations in three distinctly different manners: (a) as 

elements enmeshed in warble song, (b) as elicited vocalizations in 

response to presented objects, and (c) alone, neither enmeshed in warble 

song nor as an elicited vocalization. Second, budgerigars have the ability 

to form functional categories of their learned English vocalizations, and 

use them in a context-dependent manner. 

These findings confirm the results of Eda-Fujiwara and Okumura 

(1992) on the production of learned, nonspedes-specific vocalizations by 

budgerigars. In the study by Eda-Fujiwara and Okumura (1992), 

budgerigars were tutored on only three Japanese vocalizations. Their 

birds produced these three mimicries in their warble song at a rate of 5 

vocs/10 min. The present study similarly demonstrates that budgerigars 

enmeshed acquired (English) vocalizations in warble song, but at a 

considerably greater rate ranging from 2-36 vocs/min. The observed rate 

difference between the two studies may be due to the differences in the 

number of words that birds had acquired. Interestingly, budgerigars' early 

use of labels enmeshed in warble song resembles that of Grey parrots, 

who produce approximations to targeted vocalizations during solitary 

sound play, often for several weeks before the targeted vocalization itself 

emerges (see Pepperberg et al., 1991). 
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Similar to Eda-Fujiwara's and Okumura's (1992) birds who formed 

"compounds" of trained Japanese vocalizations, my birds (and Grey 

parrots, Pepperberg et al., 1991) also produced novel phonological variants 

of acquired English vocalizations. The observed pattern of recombination 

suggests that budgerigars are sensitive to the temporal boundaries formed 

by the syllables of English speech, as well as the phonological similarities 

of some vowel sotmds. It is possible that one recombination, "shoter" 

("shower" + "water"), may have been based on semantics (i.e., the joint 

presence of these two words and their referents during Buddy's showers), 

although the possibility that the combination was based solely on 

similarity of phonological properties cannot be excluded. 

Gramza (1970) noted that budgerigars produced mimicked 

synthesized soimd patterns and human whistles alone, as isolated 

vocalizations not eruneshed in warble song. This study demonstrates 

similar use of English vocalizations. The birds' use of labels and other 

English vocalizations alone, neither enmeshed in warble song nor 

elicited, might be interpreted pragmatically, although, again, such use 

carmot proven. Buddy and Grayson's use of the word "climb", for 

example, when climbing to a trainer's hand or another object on which to 

rest (e.g., a chair, a cage top, a table) appeared to be pragmatic. However, 

such use is very difficult to prove because (1) both birds produced "climb" 

while warbling and at other times when not climbing; (2) neither bird 

produced "climb" on every occasion (nor even the majority of occasions) 

when they climbed; and (3) both birds produced other vocalizations when 

climbing (such as "good boy" or their name). Nevertheless, the birds 
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produced "climb" when climbing more frequently than they produced 

any other single vocalization. Furthermore, the other vocalizations that 

they produced when climbing may also have had pragmatic value. For 

example, birds often received verbal praise such as "good boy" after 

climbing upon command (commands can be verbal, e.g., "climb", or non

verbal, e.g., placing the bird in front of a perch in a specific manner). Such 

usage, while only anecdotal, strongly suggests that these birds can produce 

pragmatic vocalizations even under non-elicited conditions. 

The present findings regarding budgerigars' abilities to produce 

elicited vocalizations not only support studies showing that budgerigars 

vary their vocalizations according to operant conditions (Manabe et al., 

1995,1997; Manabe and Dooling, 1997), but also suggest additional 

cognitive capacities. Specifically, this study describes the functional 

categorization and use of learned English vocalizations by budgerigars. 

Birds trained to produce words via the M/R technique responded 

predominantly with object labels when asked to produce an elicited 

vocalization, even though object labels comprise only a fraction of their 

total vocal repertoire and are heard less frequently during training than 

are queries. Four budgerigars in this study (Buddy, Grayson, Mosaic and 

Puck) used acquired English labels in a categorical manner in an attempt 

to label presented objects (Table 2-3). Similarly, the production ratio for 

the most frequently produced vocalizations (labels and training-associated 

vocalizations) was compared between elicited and warble contexts for 

Grayson, Mosaic and Puck. For all three birds, analyses show that the 

frequency of use of the words in these two categories is context-
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dependent. Indeed, for Mosaic and Puck, object labels are produced more 

frequently than expected under elicited conditions, and less frequently 

than expected tmder warble conditions. The exact opposite is true for 

training-associated vocalizations: These vocalizations are produced less 

frequently than expected under elicited conditions, and more frequently 

than expected under warble conditions. Finally, the fourth budgerigar. 

Buddy, transferred the categorical specificity of these vocalizations to a 

task involving novel objects. 

The budgerigars' formation of functional categories of learned 

English vocalizations implies that they learned something about the use 

and fimction of these vocalizations from the human farainers, and thus 

that budgerigars can be trained to acquire specific knowledge. This 

capacity is critical because the ability simply to produce trained English 

vocalizations does not prove that budgerigars, or any other species, 

possess anything more than the capacity to mimic randomly. That 

budgerigars possess the ability to acquire functional aspects of learned 

vocalizations, however, may have important implications regarding the 

communicative and cognitive abilities of budgerigars in the wild (see 

Chapter V). 

Although Buddy clearly demonstrated the ability to transfer the 

functional specificity of his learned vocalizations to novel objects, the 

results of my investigations of whether he could use elicited 

vocalizations to label objects referentially were inconclusive. Buddy 

correctly produced "paper" and "cork", at a level significantly above 

chance, in response to queries about the two objects. He did not. 
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however, acquire enough labels that he would produce reliably under 

elicited conditions to enable us to test this capacity fully. Buddy's results 

may be interpreted in two ways: (1) Buddy may have indeed acquired the 

ability to label cork and paper. His improved performance in using 

"cork" and "paper" as labels during testing (as compared to training) may 

be attributed to increased motivation based on the new "paper" and 

"cork" exemplars and a new examiner. Introduction of new exemplars 

during testing positively affected the accuracy of the Grey parrot Alex 

(Pepperberg, 1987); (2) Buddy may simply have attempted to label all 

objects with either "paper" or "cork" (i.e., produced each label 

approximately 50% of the time). This argument is not supported, 

however, if one considers the frequency with which Buddy produced 

"paper" and "cork" during training (i.e., only 31% and 32% of the time, 

respectively, not 50% of the time), and that during testing he correctly 

produced the labels for "cork" and "paper" significantly above chance. 
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Chapter III. Vocal Production Mechanisms in the Budgerigar: The 

Presence and Implications of Amplitude Modulation 

INTRODUCTION 

Acoustic evidence for the presence of amplitude modulation in 

budgerigar contact calls and learned English vocalizations is presented in 

this chapter. Previously, spectral features of budgerigar vocalizations 

have been analyzed solely by visual inspection of spectrograms or power 

spectra (derived from Fourier transformation). Such analyses have led 

researchers to conclude that budgerigar vocalizations are primarily 

frequency-modulated, harmonic vocalizations. Although researchers 

have noted that budgerigar calls contain regions that are modulated in 

amplitude, the impUcations of this fact have been largely ignored. 

Amplitude modulation, the nonlinear interaction between two separate 

signals that results in the creation of new, heterodyne (sim\ and 

difference) frequencies, can produce a very complex Fourier spectnmi that 

may resemble that produced by a harmonic vocalization. First, I present a 

brief outline of acoustic principles necessary for identifying amplitude 

modulation in signals. Results from acoustic analyses are then presented 

that demonstrate that amplitude modulation is a prominent feature not 

only of natural budgerigar contact calls (Fig. 1-1), but also of their learned 

English vocalizations. Examples demonstrate how analyzing a 

vocalization that contains amplitude modulation as if it were harmonic 

can result in misinterpretations of the acoustic and physical nature of the 



90 

sound and sound source. The implications of amplitude modulation for 

studies of the ontogenetic, physical and neural basis of budgerigar 

vocalizations are discussed. Finally, a potential model is proposed for 

how the budgerigar syrinx may function to produce amplitude 

modulation. 

Acoustic Characteristics of Signals Containing Harmonics, Amplitude 

Modulation, and Beating 

The relationship between the amplitude waveform (a.k.a. time 

waveform) and its Fourier spectrum is critical for understanding the 

physical nature of any sound. The amplitude waveform is the raw 

representation of the signal in the time domain: This waveform displays 

how frequency, amplitude and phase of a signal vary with time, and is 

free of mathematical transformation. A Fourier transformation, by 

definition, transforms the signal into the frequency domain. A Fourier 

analysis decomposes each user-specified time window of an amplitude 

waveform into a series of pure sinusoids that, when added, produce the 

observed waveform. For any signal, researchers must verify that 

interpretations based on independent analyses of the time and frequency 

domains concur. A description of the relationship between the time and 

frequency domains for signals that contain harmonics, amplitude 

modulation, and beating is thus presented. 
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1. Harmonics 

A harmonic signal or vocalization is any in which the amplitude 

waveform repeats itself regularly or periodically. A pure tone or sinusoid 

(a signal composed of only one frequency) is the simplest form of 

harmonic soimd, and is represented in a Fourier spectrum (i.e., either a 

spectrogram or a power spectrum) by a single component at the frequency 

at which the waveform repeats; this frequency is known as the 

fundamental frequency. 

More complex, non-sinusoidal harmonic waveforms (repeating 

signals composed of more than one frequency; subsequently termed 

multi-frequency harmonic signals) are represented in a Fourier spectrum 

by a harmonic stack. The fundamental frequency of the vocalization (also 

known as the first harmonic) then is, usually, the lowest frequency 

component, and successive frequency components are located at integer 

multiples of the fundamental. Thus, a multi-frequency harmonic 

vocalization with a waveform that repeats every 0.005 s will have a 

fundamental frequency of 200 Hz and component frequencies at 200 Hz, 

400 Hz, 600 Hz,... n x 200 Hz; the fundamental may also be determined by 

calculating the lowest common denominator of the component 

frequencies. Note that a sound is classified as "harmonic" because, and 

only because, it repeats in the time domain. Perfectiy harmonic biological 

signals (i.e., where repetition is exact from one period to the next), 

however, are rare, and some fluctuation usually exists in their periodicity. 

This fluctuation, or quasi-periodicity (Titze, 1994), can cause higher 

harmonics in natural signals to be at near- rather than exact-integer 
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Figure 3-1. Electronically Generated Amplitude Waveforms. Amplitude 

X time waveforms were generated with SIGNAL soimd analysis software 

(Beeman, 1996). (A) The harmonic signal generated by adding four 

sinusoidal signals (200 Hz, 400 Hz, 600 Hz and 800 Hz). Each successive 

sinusoid (harmonic) was decreased in amplitude approximately 30%, and 

the final output signal contains a 0.1 mV DC component. Note how the 

waveform repeats itself every 5 ms or 200 Hz. (B) The amplitude-

modulated signal generated by multiplying two sinusoidal signals (200 Hz 

and 2000 Hz), each with a 0.1 mV DC component and an initial amplitude 

of 1.0 V. Note, again, how the waveform repeats itself every 5 ms or 200, 

a phenomenon due only to the fact that the 2000 Hz frequency is a whole 

integer multiple of the 200 Hz frequency. (C) The amplitude-modulated 

signal generated by multiplying two multi-frequency harmonic signals 

(200 Hz with 4 harmonics and 2000 Hz with 3 harmonics), each with a 0.1 

mV DC component. Each successive sinusoid (harmonic) was decreased 

in amplitude approximately 30%. (D) The beat signal generated by adding 

together two sinusoidal signals (1800 Hz and 2000 Hz), each with a 0.1 mV 

DC component and an initial amplitude of 1.0 V. 
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Figure 3-2. Schematic Fourier Power Spectra. Hypothetical amplitude x 

frequency power spectra corresponding to the signals in Fig. 3-1. (A) 

Power spectrvun of the multi-frequency harmonic signal of Fig. 3-lA. The 

fimdamental repeating unit, or fundamental frequency, is designated by 

the fi component at 200 Hz. The spacing between each of the components 

in the spectrum is also 200 Hz, placing each component at an integral 

multiple of 200 Hz (e.g., 400 Hz, 600 Hz, and 800 Hz). (B) Power spectrum 

of the amplitude-modulated signal of Fig. 3-lB. The presence of DC 

components in both original input signals is signified by the component 

frequencies in the spectrum that represent their fundamental frequencies 

(fiandfz). Sidebands are also displayed at/2-/1 and/2+/i. (C) Power 

spectrum of the amplitude-modulated signal of Fig. 3-lC. Again, EX! 

components in both original signals are signified by component 

frequencies in the spectnim at /i and fz (200 Hz and 2000 Hz, respectively). 

The multi-frequency harmonic nattire of both input signals is illustrated 

by the numerous component frequencies at integral multiples above the 

modulating frequency, fi (i.e., harmonics of the modulating frequency), 

and multiple sidebands above and below the carrier frequency, f2- A 

second harmonic of the carrier frequency is found at 2/2 (4000 Hz), also 

with numerous sidebands above and below it (and a third would be 

found at 3/2 [6000 Hz], with its full compliment of sidebands, but is 

omitted for the sake of clarity). (D) Power spectrum of the beat signal of 

Fig. 3-1D. Beat signals are generated from the linear addition of two input 

signals: The only two components in the spectrum are those of the 

original input signals,/] and/2 (1800 and 2000 Hz, respectively). 
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multiples of the fundamental frequency (e.g., if a vocalization's 

fundamental frequency ranges from 198-202 Hz, the first several 

harmonics would appear to occur at exact multiples of 200, but the 10th 

harmonic may be located up to 20 Hz above or below 2000 Hz). 

Figure 3-lA shows the amplitude waveform of a multi-frequency 

harmonic signal with a fundamental frequency of 200 Hz, and Fig. 3-2A 

the power spectrum generated by this signal. Note both the pattern that 

repeats identically every 0.005 s in the amplitude waveform and the 

harmonics of the fundamental frequency at 400 Hz, 600 Hz and 800 Hz in 

the power spectrum. 

2, Amplitude Modulation 

An amplitude-modulated vocalization is produced when one 

signal, known as the carrier signal, is modulated in amplitude by a 

second, known as the modulating signal. These separate signals interact 

nonlinearly to create new component frequencies. When analyzed via 

Fourier techniques, the new components are represented as heterodyne 

(sum and difference) frequencies in the spectrum. Because there are two 

harmonic or quasi-periodic signals produced simultaneously, no single 

fimdamental repeating unit exists, the resultant vocalization is not 

harmonic, and is thus not represented in the spectrum by a harmonic 

stack of frequencies. Nevertheless, the Fourier spectrum still contains a 

set of component frequencies that, when summed, produce the observed 

waveform (from user-specified window to window); those components. 
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however, are not integer multiples of any realistic ftmdamental 

frequency. 

The process of amplitude modulation is not synonymous or 

analogous to the simple modulation of the amplitude of one signal (i.e., 

an increase or decrease in the amplitude). Amplitude modulation occurs 

specifically when two signals interact in a nonlinear manner and as a 

result produce a waveform that increases and decreases in amplitude. 

Some linear interactions, such as beating, can also produce a waveform 

that is modulated in amplitude (see below), but do not produce the 

acoustic phenomenon known as amplitude modulation. Thus, although 

a modulated amplitude waveform may indicate an amplitude-modulated 

signal, the presence of a modulated waveform is not conclusive evidence 

for the acoustic phenomenon of amplitude modulation. 

Mathematically, the frequencies that result from the nonlinear 

interaction of amplitude modulation can be predicted by multiplying two 

original input signals together (see below). The exact spectral 

composition of the final output signal, however, depends on two critical 

features: (1) whether the carrier and/or modulating signals are single 

frequency (i.e., pure tone) or multi-frequency harmonic signals; and (2) 

whether a direct ciurent (DC) component exists in the signal. {MB: DC 

components are generated by the unidirectional flow of air past a sound-

generating organ. All voiced vocalizations, such as those discussed here, 

thus have a DC component that is manifest in the spectrum as an energy 

component at zero Hz; Bradbiury and Vehrencamp, 1998). Consider a 

sound constructed from single-frequency harmonic carrier and 
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modulating signals, each with a E)C component, described by two sine 

waves with the formulae: 

Modulating Signal = Signal I :  v j  ( t )  =  A  +  B  cos litftt 

Carrier Signal = Signal 2: V2(t) = C + D cos Infzt 

A and C represent the DC components of each signal, B and D are the 

amplitudes, and fi and f2 are the modulating and carrier signals, 

respectively. For simplicity, the 2% symbol has been omitted from all 

subsequent equations. Multiplication of these two formulae yields 

vi(t) X V2(t) = AC + BC cos fit + AD cos fzt + BD cos fit cos f2t (1) 

Because multiplication of two cosine terms may be represented as 

cos X * cos y = 1/2 cos (x + y) +1/2 cos ix - y) (2) 

the final equation is: 

vi(t) X V2(t) = AC + BC cos fit + AD cos f2t + 

1/2 B D  cos ( f 2  + f i ) t  +  1/2 B D  cos (/2 - f l ) t  (3) 

Equation 3 contains terms for the four defining features of this 

specific type of amplitude-modulated signal: First, both the carrier signal 

(/2) and the modulating signal {fi) are present in their original form in the 

output signal, and are thus represented by distinct component frequencies 

in the spectrum. Second, two new sum and difference frequencies are 

generated that were not present in either input signal, and are foimd in 

the spectnun equidistant above and below the carrier signal, at /2 + fi and 

fl-fl. These frequencies, commonly known as sidebands, create a 

spectrum characteristic of amplitude-modulated signals with energy 

distributed symmetrically on either side of the carrier signal (Nowicki and 
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Capranica, 1986a, b; Bradbury and Vehrencamp, 1998). The presence of 

the original input signals, fj and ^, in the output signal depends upon 

the existence of DC components associated with each input signal. If 

neither input signal has a DC component (e.g., if A and C are zero), then 

only the sxmi and difference frequencies (fz+fl and/2 -fl) are produced. 

Similarly, if fi has a EXZ component, but fi has none, then only fi will be 

in the output signal, etc. Determining the amplitudes of each output 

component is theoretically possible from the mathematical equations; 

practically, however, the exact amplitude of each independent input 

signal is difficult to determine for a biological system. Absolute 

amplitudes for spectral components will therefore not be discussed. 

Figure 3-lB shows the hypothetical amplitude waveform and Fig. 

3-13 the spectral frequencies generated by multiplying two single-

frequency harmonic signals, one at 2000 Hz and one at 200 Hz, each with a 

0.1 mV DC component. Both signals are represented in the output signal 

waveform, and direct measure of the waveform yields fimdamental 

frequencies of the carrier and modulating signals: In Fig. 3-lB, the 2000 

Hz frequency is clearly identifiable, and is modulated in amplitude at a 

rate of 200 Hz, producing the characteristic amplitude-modulated 

waveform envelope. Note how the modulated waveform repeats itself 

every 5 ms or 200 Hz. Although this signal may appear in the waveform 

(Fig. 3-lB) to be harmonic (because 2000 Hz is an integral multiple of 200 

Hz), the specfra (Fig. 3-2B) reveals that it clearly is not. In the power 

spectrum (Fig. 3-2B), the 2000 Hz frequency is represented by a centrally 

located component that is surrounded on either side by sideband 
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components at 200 Hz intervals. In the power spectrum, note also that 

the four spectral components occur at each of the four frequencies 

p r e d i c t e d  i n  t h e  m a t h e m a t i c a l  m o d e l  a b o v e :  f i , f 2 , f 2  - f l  a n d / 2  +  f l -

Consider now two multi-frequency harmonic signals, each with a 

DC component: 

Modulating Signal = 
Signal 1: v j  ( t )  =  A  +  B i  c o s  f j t  + B 2  cos Z f j t  +...+ B m  cos m/if 

Carrier Signal = 
Signal 2: vz (t) = C + Dj cos fzt + D2 cos Ifzt +...+ Dn cos nfzt 

The terms m and n are integers (1, 2, 3,...) representing the harmonics of 

each multi-frequency harmonic signal, A and C the DC components, and 

B and D the amplitudes. Multiplication of these two signals yields: 

t>2 (t) X V2 (t) = AC + BjC cos/if + ADi cos fzt 

+  \ l 2 B i D \  c o s ( / 2  + f i ) t  

+  l / l B j D j  c o s ( f 2 - f i ) t  

+ CB2 cos 2f2t + \ITB2D1 cos(/2 + 2/i)f 

+ I/2B2D1 C0S(/2 - 2/l)t 

+ A D 2  c o s  +  l f 2 B i D 2  c o s ( 2 / 2  + f l ) t  

+ 1 /2Bi D2 cos(2/2 + (4) 

Equation 4 contains terms for three defining features of this type of 

amplitude-modulated signal: First, because tX2 components are 

associated with each input signal, fundamental frequencies of both the 

carrier (/2) and modulating (fj) signals are present in the output signal, 

and are represented by component frequencies in the spectrvim, as in the 
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previous example. Second, frequencies representing harmonics of each 

input signal are manifest in the output signal (i.e., CBm cosmfit and ADn 

cosnfzt). Third, sum and difference frequencies corresponding to each 

cross-product, l/2BmDn cos(n/2 + mfi)t and l/2BmDn cosinfz - rtifiH, 

produce multiple sidebands in the spectrum, each spaced m/i Hz above 

and below each harmonic of the carrier signal. These sidebands are again 

generated as by-products of the nonlinear process of amplitude 

modulation, and are not components of the original input signals-

Figures 3-lC and 3-2C, respectively, show the amplitude waveform 

and spectral frequencies generated by multiplying two multi-frequency 

harmonic signals of 2000 Hz and 200 Hz, each with a 0.1 mV DC 

component (using equation 4). Note the imusual appearance of the 

amplitude waveform (Fig. 3-lC). In the spectrum (Fig. 3-2C), note the 

presence of components representing the fundamental frequencies and 

h a r m o n i c s  o f  t h e  o r i g i n a l  i n p u t  s i g n a l s  ( f i  a n d  f z ,  a n d  m f i  a n d  n f z ,  

respectively), and the multiple sidebands above and below each harmonic 

of/2. 

When discussing amplitude-modulated signals, terms such as 

"fundamental frequency" and "harmonic(s)" are neither appropriate nor 

correct An amplitude modulated signal is not a harmonic signal: It has 

no single periodically repeating unit, and thus no fimdamental frequency. 

However, when an amplitude-modulated signal is generated by the 

nonlinear interaction of two separate multi-frequency harmonic signals, 

some use of the terms "fundamental frequency" and "harmonic" may 

provide clarity. These terms have been used in this manner only to 
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describe how the specific components of an amplitude-modulated 

spectrum arise. 

3. Beating 

Beating occurs when two independent signals interact linearly. 

Beating (e.g., between signals of 2000 and 1800 Hz), produces a waveform 

that waxes and wanes in amplitude periodically, thus resembling an 

amplitude-modulated signal (compare Figs. 3-lB and 3-lD). The rate at 

which the waveform "beats" (or waxes and wanes) is equal to the 

difference between the two independent signals (200 Hz in this example). 

Fourier spectra of signals produced by beating and amplitude modulation, 

however, are very different (compare Figs. 3-2B and 3-2D). The Fourier 

spectrum of a beat signal contains components at the exact frequencies of 

the two original signals, and only at these two frequencies, in contrast to 

the sum and difference frequencies produced by amplitude modulation. 

Although beating between two signals is also responsible for creating 

what are known as difference or combination tones (e.g., the perception of 

a 200 Hz signal), these tones are produced solely by nonlinearities in 

auditory or neural systems of the receiver, and are not part of the original 

output waveform (Roederer, 1995), and thus not visible in the Fourier 

spectrimi. 
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METHODS 

Subjects 

The vocalizations from four male budgerigars are examined. 

Three birds. Buddy, Forest and Frans, were removed from a breeding 

aviary at fledging (4-5 weeks). Buddy and Forest were housed alone in 

cages, but in auditory and visual contact with humans and other birds. 

Frans was housed in a soimd-proof isolation box, with little auditory or 

visual contact with other birds. Frans had at least one hr of human 

interaction 5-6 d/wk, and was exposed to auditory tapes (of either a 

human reading or soft music) for 6-8 hrs/d. These three birds were fed 

either Harrison's Bird Diet or a budgerigar seed mix, with fresh fruits, 

vegetables, and water ad libitum. A fourth male, M03, neither hand-

raised nor trained on English vocalizations, was obtained from a 

commercial breeding flock. Once removed from the flock, he was housed 

with 11 other budgerigars in various combinations (2-5 birds at a time). 

M03 had seed, fresh fruits or vegetables, and water ad libitum. M03's 

conspecific vocalizations allow comparisor\s between flock-reared and 

himian-reared birds (i.e.. Buddy, Forest and Frans). 

Training Of English Vocalizations 

Budgerigars were exposed to and trained to produce English words 

and phrases via the Model/Rival (M/R) technique (Pepperberg, 1981; see 

also Todt, 1975), or a modified version (Banta and Pepperberg, 1995). 

Briefly, as described in greater detail in Chapter n, the M/R technique 
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involves two human trainers and one bird. The first human trainer asks 

the second to label a particular object, e.g., a piece of paper. The second 

trainer responds with the appropriate label "paper", acting both as a 

model for the targeted response and as the parrot's rival for the attention 

of the first trainer. Trainers frequently exchange roles of questioner and 

respondent, eventually including the bird in the dialogue. The modified 

version uses one human as both questioner and model. Birds are 

rewarded for producing the correct label, or an approximation, with the 

target object and vocal praise. For budgerigars, acquisition occurs rapidly; 

They can leam 15-20 words and phrases in 6-8 months of training. 

Birds were trained for ~1 hr/d, 5-6 d/wk, from about 6 wks of age. 

Vocalizations were collected when birds were fully adult (at least 6 mos 

old), and when a target vocalization was regtilarly produced in a clear and 

stable maimer. Target vocalizations were single words and phrases such 

as: "paper", "cork", "wood", "bear", and "truck". Birds also acquired 

vocalizations used during training and social interactions, e.g., "kiss", 

"climb", "tickle", "you're right", "good boy", "okay", and "come here". 

Audio Recordings 

Buddy, Frans and Forest were recorded during training and while 

vocalizing freely on a perch or in their cage. They were recorded on 

Maxell XLn audio tapes with a Sony TCM 5000 tape recorder and AKG 

C541 EB, Sennheiser ME 66, or Sennheiser ME 67 microphones. M03 was 

recorded while isolated in his cage. M03's and human (PB's) 

vocalizations were recorded with Fuji DR-II audio tapes on a Marantz 
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PMD221 portable cassette recorder, and with an Audio-Technica AT835b 

condenser microphone. 

Acoustic Analyses 

Frans' and Forest's recorded vocalizations were filtered at <400 Hz 

and at >10,000 Hz with a Hewlett Packard band pass filter, and acquired on 

a Kay Elemetrics DSP Sona-Graph (Model 5500) with a 20,480 Hz sampling 

rate, and an 8 kHz frequency range. M03's and PB's vocalizations were 

alias filtered above 10,000 Hz and acquired directly with SIGNAL sound 

analysis software (Beeman, 1996), with a 25,000 Hz sampling rate, and an 8 

kHz frequency range. Buddy's vocalizations were also acquired directly 

with SIGNAL (25,000 Hz sampling rate and 8 kHz frequency range), but 

were not alias filtered. Spectral and amplitude waveform analyses were 

performed on the Kay and with SIGNAL sound analysis software. For 

English words, 40 ms slices of vowels were isolated and analyzed; for 

contact calls, entire vocalizations and slices of various lengths (see 

Results) were analyzed. Power spectra were calculated with a 1024 point 

transform length that resulted in 20 Hz resolution for the vocalizations of 

Frans and Forest, and 24.4 Hz resolution for the vocalizations of M03, PB 

and Buddy (differences in frequency resolution are due to difference in 

the sampling rate described above). The frequencies displayed above the 

peaks in the power spectra were determined by using the function in 

SIGNAL that automatically measures the maximal frequency between the 

cursors ("me/c f 1"). Specfrograms were calculated with various 

fransform lengths (see Results). 
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RESULTS 

Budgerigar Contact Calls Exhibit Extensive Modulation in Amplitude 

Figures 3-3A-D show wide- and narrowband spectrograms, a power 

spectnmi and an amplitude waveform, respectively, from the contact call 

of flock-reared M03. Note the harmonic-like stack of component 

frequencies in the spectrograms included in the regions demarcated by the 

time cursors (Figs. 3-3A, B). A 1024 point power spectnmi of only the last 

10 ms of this region (i.e., from 82 to 92 ms, where the stack of component 

frequencies occurs; Fig. 3-3C) also reveals a spectrum similar to that of a 

harmonic vocalization, with energy components occurring at apparentiy 

regular intervals from 723 Hz to 6973 Hz. In the spectrum, however, the 

maximal energy occurs at 3106 Hz rather than 723 Hz (as would be 

expected in a harmonic vocalization). Furthermore, although the first 

and second component frequencies at 723 Hz and 1484 Hz are integer or 

near-integer multiples of 742 Hz (0.97 and 2.0, respectively), none of the 

other 7 identifiable specfral components are integer multiples of 742 Hz 

(e.g., 3094/742 = 4.160), a pattern inconsistent with a harmonic signal. 

Instead, energy components are evenly spaced at 742 Hz on either side of 

the 3106 Hz component, a pattern consistent with an amplitude-

modulated signal. Also, a second harmonic of the dominant (i.e., the 

component with greatest energy) or carrier signal occurs at 6211 Hz 

(6211/3106=2.000), and energy components are located nearly 

symmetrically 723 Hz below and 762 Hz above this second harmonic. If 

3106 Hz was the fundamental frequency of a harmonic signal, no other 
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Figure 3-3. M03's Contact Call. (A) A wideband spectrogram (500 Hz 

analysis filter). Time cursors demarcate the 20 ms slice displayed below in 

the amplitude waveform (Fig. 4D). (B) A narrowband spectrogram (150 

Hz analysis filter). Time cursors demarcate the same region as in A. (C) 

A 1024 point power spectrum of the 10 ms region of the waveform with 

periodic modulation in amplitude (82 to 92 ms). Note the dominant 

component at 3106 Hz, and components evenly spaced 742 Hz above and 

below the dominant component (the frequencies displayed above the 

peaks in the power spectra were determined by using the function in 

SIGNAL that automatically measiures the maximal frequency between the 

cursors ["me/c f 1"]). Also note the components at 723 Hz and 1484 Hz 

that represent harmonics of the modulating signal. (D) Amplitude 

waveform of the 20 ms period demarcated by cursors in A and B, and 

from which the 10 ms period (82 ms to 92 ms) for the power spectrum in 

C was taken. The dominant (carrier) signal measured from the 82 ms to 

92 ms portion of this waveform is 3349 (±94) Hz, and the modulating 

signal is 717 (±67) Hz. 
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frequency components of significant energy could occur below this 

frequency or between this frequency and its second harmonic. At this 

point in M03's call, however, nvunerous components lie below the 

dominant component, and between the dominant component and its 

second harmonic, a pattern inconsistent with a harmonic signal. 

Direct inspection of the amplitude waveform (Fig. 3-3D), reveals a 

high frequency signal that is modulated in amplitude at a much slower 

rate. The 20 ms of signal that precedes the stack of frequencies (only last 

10 ms shown) is characterized by relatively coi\stant frequency (~3850 Hz). 

At ~78 ms, the amplitude of the oscillation decreases rapidly, but 

frequency remains constant. At -83 ms, the frequency of the signal drops 

slightly to 3349 (± 94) Hz, and its amplitude begins to increase and 

decrease periodically, at a frequency of 717 (± 67) Hz. Both the dominant 

frequency and rate of modulation in the waveform correspond well with 

the dominant frequency component and the intervals between 

components in the spectrum (3106 Hz and 742 Hz, respectively), thus 

providing supporting evidence that the spectnmi is generated by an 

amplitude-modulated signal. 

Of particular interest is the upper sideband at 3848 Hz (Fig. 3-3C), 

which coincides identically with the dominant frequency of the portion of 

the signal that immediately preceded this amplitude-modulated segment 

(at ~3850 Hz). Indeed, in the narrowband specfrogram (Fig. 3-3B) the two 

frequencies appear to be nearly continuous. This example demonsfrates 

particularly well how an incorrect inference regarding the behavior of the 
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source (e.g., the frequencies produced) can arise when only the Fourier 

spectrum is analyzed. 

Forest's contact calls (as well as those of all budgerigars analyzed to 

date) exhibit amplitude modulation patterns similar to those of M03. 

Figure 1-lA shows the entire amplitude waveform of one of Forest's 

contact calls, and Fig. 1-lB an expanded slice of time from that call. Note 

the extensive modulation of the amplitude throughout the call. Figures 

3-4A-D, respectively, show wide- and narrowband spectrograms, the 

power spectrum, and another portion of the amplitude waveform from 

the call presented in Fig. 1-1. From 147 to 166 ms, the amplitude of the 

waveform (Fig. 3-4D) is modtilated in a regular or periodic manner. 

Inspection of the wideband spectrogram at this point (Fig. 3-4A, between 

the time cursors) reveals an apparent drop in frequency of the dominant 

component, accompanied by a smear of energy that extends across a large 

span of frequencies (from ~500 to 5500 Hz). Further inspection of the 

narrowband spectrogram (Fig. 3-4B) reveals what appears to be several 

closely apposed component frequencies at relatively evenly spaced 

distances. Indeed, a 1024 point power spectrimi (of the 19 ms between the 

vertical lines) identifies the spectrum's dominant component to be 2600 

Hz, with components evenly distributed at 480 Hz above and below this 

frequency, a pattern consistent with that of an amplitude-modulated 

signal. Although components also exist at 480 Hz and 960 Hz, the 

dominant frequency, 2600 Hz, is not an integer multiple of 480 Hz 

(2600/480 = 5.4167), thus negating the possibility that this component is 

simply a harmonic of a 480 Hz fundamental whose energy has been 
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Figure 3-4. Forest's Contact Call. Same call as presented in Fig. 1-1. (A) A 

wideband spectrogram (300 Hz analysis filter). Time cursors demarcate 

the 20 ms slice displayed in the amplitude waveform below (D) and 

analyzed in the power spectrimi (C). (B) A narrowband spectrogram (150 

Hz analysis filter). Time cursors demarcate the same region as in A. (C) 

A 1024 point power spectrum of the 20 ms region demarcated by cursors 

in A and B. Note the dominant component at 2600 Hz, and components 

evenly spaced 480 Hz above and below. Note harmonics of the 

modulating firequency at 480 Hz and 960 Hz. (D) The amplitude 

waveform for the 20 ms period demarcated by airsors in A and B, and on 

which the power spectrum was performed. The dominant (carrier) 

frequency measured directly from this waveform is 2798 (±40) Hz, and the 

modulating frequency is 473 (±49) Hz. 
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enhanced by suprasyringeal filtering. Energy components at 480 Hz and 

960 Hz are consistent with components that arise in the spectrum of an 

amplitude-modulated signal from the fundamental frequency of the 

modulating signal and its first harmonic. Note again the many spectral 

components that fall between the carrier signal and its first harmonic (at 

5220 Hz), a pattern inconsistent with that of a harmonic vocalization. 

Inspection of the amplitude waveform of this call (Fig. 3-4D) again 

confirms that this spectrum is generated by an amplitude-modulated 

signal. Direct measure of the waveform reveals a 473 (±49) Hz 

modulation superimposed upon the dominant 2798 (±40) Hz signal. Both 

the dominant frequency and the rate of m.odulation in the waveform 

correspond well with the dominant frequency component and the 

intervals between components in the spectrxmi (2600 Hz and 480 Hz, 

respectively). 

Hiunan and Budgerigar Vowel Spectra Differ in Their Properties 

When subject to Fourier analysis, most htiman vowels produce a 

typical harmonic spectrum consisting of a fundamental frequency and a 

stack of component or harmonic frequencies, with every component 

located at an integer multiple (or near-integer multiple) of the 

fimdamental ft^equency (the fundamental of a human vowel soimd is the 

frequency at which the vocal folds, or larynx, vibrate open and closed). 

Figure 3-5A-B show wide- and narrowband spectrograms of a typical 

harmonic human vocalization, PB's production of "bear". A power 

spectnmi (Fig. 3-5C) of the /er/ vowel soimd reveals a fundamental 
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Figure 3-5. A Human's (PB's) Production of "bear". (A) A wideband 

spectrogram (300 Hz analysis filter). Time cursors demarcate a 40 ms slice 

(450 to 490 ms). (B) A narrowband spectrogram (45 Hz analysis filter). 

Time cursors demarcate the same region as in A. (C) A 1024 point power 

spectnmi of the 40 ms slice demarcated in A and B. Note the integrally 

spaced harmonics. The fundamental frequency as determined from the 

power spectnmi is 220 Hz. In this vocalization the component with the 

greatest energy is the second harmonic. (D) The amplitude waveform of a 

20 ms portion of the 40 ms slice demarcated by cursors in A and B. The 

fimdamental frequency determined from direct measure of the waveform 

is 222 (±2) Hz. 
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frequency of 220 Hz, and harmonics at integer multiples (or near-integer 

multiples) of the fundamental (i.e., 440 Hz, 659 Hz, etc.). Direct measure 

of the amplitude waveform (Fig. 3-5D) jdelds a fundamental frequency of 

222 (±2) Hz (i.e., the waveform repeats every 4.5 to 4.6 ms). 

Budgerigar vowel specfra, in contrast, possess features of 

amplitude-modulated signals (Figs. 3-6A-C) rather than harmonic signals. 

When represented in a Fourier spectrum, budgerigar vowel sounds 

possess a complex array of frequency components. The greatest spectral 

energy occurs in the middle of a group of components, with significant 

energy symmetrically distributed on either side of the component with 

the greatest energy. 

For Frans' "bear" production, a 1024 point power spectnmi (Fig. 3-

6C) of a 40 ms slice of the /er/ vowel (from 155 to 195 ms) revealed that 

the spectral frequency containing the most energy was 1840 Hz, with 

component frequencies spaced 100 Hz below and 40 Hz above the 1840 Hz 

frequency. Direct measure of frequencies in the amplitude waveform 

(from the peak of one high frequency period to the next, or from the first 

peak of one slow frequency period to the first peak of the next slow 

frequency period) yielded a dominant frequency of 1866 (±12) Hz, and a 

modulating frequency of 100 Hz (±2) Hz (see arrowheads beneath 

waveform). Returning to the spectrum, the lower sideband at 1740 Hz 

occurs exactly where predicted (i.e., 100 Hz below 1840 Hz), but the upper 

sideband at 1880 Hz is not 100 Hz above the carrier frequency. Note, 

however, that there is still significant energy at 1940 Hz (e.g., 100 Hz above 

1840 Hz; see Fig. 3-6C). An upper sideband may indeed exist at 1940 Hz, 
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Figure 3-6. Frans' Production of "bear". (A) A wideband spectrogram 

(300 Hz analysis filter). Time cursors demarcate a 40 ms slice (450 to 490 

ms). Note the second and third harmonics of the carrier frequency. (B) A 

narrowband spectrogram (45 Hz analysis filter). Time cursors demarcate 

the same region as A. (C) A 1024 point power spectnim of the 40 ms slice 

demarcated in A and B. The dominant frequency identified in the power 

spectrum is 1840 Hz. Component frequencies are 100 Hz below and 40 Hz 

above the dominant frequency (at 1740 Hz and 1880 Hz, respectively); 

note, however, the significant energy in the spectrum at 1940 Hz (100 Hz 

above the carrier signal). (D) The amplitude waveform of the 40 ms slice 

demarcated by cursors in A and B. Direct measure of the amplitude 

waveform jdelded a carrier signal of 1866 (±12) Hz, and a modulating 

frequency of 100 (±2) Hz. The beginning of each modulated period is 

demarcated by an arrowhead beneath the amplitude waveform. 
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but another energy component (e.g., at 1880 Hz) between the two 

components could obscure the upper sideband. This possibility is 

discussed in greater detail below. 

Thus, numerous pieces of acoustic evidence suggest that Frans' 

/er/ vowel sound is produced by amplitude modulation. The dominant 

frequency identified in the waveform (Fig. 3-6D) contains the greatest 

energy of all component frequencies in the vocalization spectrum (Fig. 3-

6C), and is surrounded on either side by energy components (Fig. 3-6C), 

two of the defining characteristics of an amplitude-modulated signal. The 

fast 1840 to 1866 Hz signal is the carrier signal; the slow 100 Hz signal is 

the modulating signal. Note also the second and third harmonics of the 

carrier signal near 3680 Hz and 5520 Hz, respectively, and the many 

components interspersed between these harmonics. These higher-order 

harmonics indicate that the carrier is a multi-frequency harmonic signal. 

The presence of the carrier signal in the spectrum indicates that a DC 

component is associated with the modulating signal. Although the 

fundamental and second and third harmonics of the modulating 

frequency are not visible at 100 Hz, 200 Hz and 300 Hz, respectively 

(because the signal was filtered below 400 Hz during acquisition), the first 

identifiable component is the fourth harmonic of the modulating 

frequency at 400 Hz (Fig. 3-6C), and another harmonic of the modulating 

signal exists at 500 Hz, again indicating a DC component associated with 

the carrier signal. 

Finally, note how the amplitude waveform envelope (Fig. 3-6D) 

resembles that of a classically amplitude-modulated waveform (Fig. 3-lB). 
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Such an appearance, although suggestive, is not definitive evidence for 

amplitude modulation. As described above, signals that arise from the 

linear process of beating can produce a similarly appearing waveform 

(one that periodically waxes and wanes in amplitude), but a very different 

Fourier spectnun. For budgerigar vowel spectra, component frequencies 

occur sjonmetrically aroimd the frequency with the greatest energy, an 

attribute consistent with a specfrum generated by an amplitude-

modulated signal, not with one generated by beating (compare Figs. 3-lB-

C with Fig. 3-lD). 

Buddy's production of /er/ in "bear" (Fig. 3-7) produces a similar 

spectrum. A 1024 point power spectrum (Fig. 3-7C) identifies the 

component frequency with maximal energy as 2656 Hz. Direct measure of 

the amplitude waveform yields a carrier signal of 2676 (±21) Hz and a 

modulating signal of 255 (±9) Hz. Throughout the spectrum, frequency 

differences between adjacent components vary from 78 to 352 Hz, but 

numerous spectral component are separated by either 254 Hz or 273 Hz, 

values close to the rate of the modulating signal derived from the 

amplitude waveform. The component two bands below the 2656 Hz 

component is separated from it by 273 Hz; the component two bands 

above the 2656 Hz component is separated by 254 Hz. At lower 

frequencies, a harmonic-looking series of components are also all 

separated by either 254 or 273 Hz. These components appear to be 

harmonics of the fundamental frequency of the modulating signal and 

thus indicate a DC component in the carrier signal, and a multi-frequency 

harmonic modulating signal. The second harmonic of the carrier signal 
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Figure 3-7. Buddy's Production of "bear". (A) A wideband spectrogram 

(300 Hz analysis filter). Time cursors demarcate a 40 ms slice (220 to 260 

ms). Note the second and third harmonics of the carrier frequency. (B) A 

narrowband spectrogram (45 Hz analysis filter). Time cursors demarcate 

the same region as in A. (C) A 1024 point power spectrum of the 40 ms 

slice demarcated in A and B. The dominant frequency identified in the 

power spectrum is 2656 Hz. Component frequencies are 273 Hz below and 

254 Hz above the dominant frequency (at 2383 Hz and 2910 Hz, 

respectively), although other components are juxtaposed between those 

components (at 2481 and 2754, respectively). (D) The amplitude 

waveform of 18 ms of the 40 ms slice demarcated by the cursors in A and 

B. Direct measure of the amplitude waveform yielded a carrier frequency 

of 2676 (±21) Hz, and a modulating frequency of 254 (±5) Hz. 
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is visible at 5195 Hz (5195/2656=1.96), indicating the multi-frequency 

harmonic nature of the carrier signal. Note also the sidebands at 235 Hz 

below and 273 Hz above the 5195 Hz component. Again, nimierous 

frequency components exist between the first and second harmonics of 

the carrier signal, a pattern inconsistent with a harmonic vocalization. 

Figure 3-8 shows Forest's production of "o" from "okay". Spectral 

components of this vowel soimd are consistent with the properties of an 

amplitude-modulated signal: (1) the fundamental of the carrier signal 

(3980 Hz) and harmonics of the modulating signal are present (the 

fundamental of the modulating signal is 260 Hz, but the first visible 

component of the modulating signal is 520 Hz because of filtering below 

400 Hz); (2) multiple harmonics of the modulating signal indicate that it 

is a multi-frequency harmonic signal (NB: because of the 8,000 Hz 

sampling range, a second harmonic of the carrier signal is not visible); 

and (3) nimierous bands of energy on both sides of the carrier signal are 

visible, many of which are separated by either 260 Hz or 280 Hz. 

Measurements from the amplitude waveform concur with 

frequencies present in the specfrum. The modulating signal, 279 (±21) Hz, 

corresponds closely to the 260 to 280 Hz modulating signal identified in 

the spectrum. The carrier signal in the amplitude waveform, 4617 (±295) 

Hz, differs more from the 3980 Hz derived from the power spectrum than 

did these estimations in other birds (although it varies only by 14%). 

When, however, the amplitude waveform is as drastically modulated in 

amplitude as in this bird's vocalization, difficulties arise during 
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Figure 3-8. Forest's Production of "okay". (A) A wideband spectrogram 

(300 Hz analysis filter). Time cursors demarcate a 40 ms slice (40 to 80 ms) 

of the /o/. Note how the low frequency components extend in time 

beyond the part of the sound with the majority of energy. (B) A 

narrowband spectrogram (45 Hz analysis filter). Time cursors demarcate 

the same region as in A. (C) A 1024 point power spectnmi of the 40 ms 

slice demarcated in A and B. The dominant frequency identified in the 

power spectrum is 3980 Hz. Numerous components are separated by 

either 260 Hz or 280 Hz, including the components that are two below (at 

3700 Hz) and two above (at 4240 Hz) the carrier signal. (D) The amplitude 

waveform of 8 ms of the 40 ms slice demarcated by the cursors in A and B. 

Direct measure of the amplitude waveform yielded a carrier signal of 4617 

(±295) Hz, and a modulating signal of 279 (±21) Hz. 
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waveform analysis in distinguishing peaks of the carrier signal from what 

may be small energy peaks generated by harmonics or vocal tract 

resonances of the carrier or modulating signals, or even by background 

noise. 

Two other features are of particular interest in this Jo /  sound. 

First, note the striking similarity of the shape and behavior of the 

amplitude waveform of this vocalization (Fig. 3-8D) and that of the 

synthesized amplitude-modulated signal (Fig. 3-lC). Second, several low 

frequency components in the spectrograms (Figs. 3-8A, B) extend in time 

beyond the main body of the soimd contaiiung the broad spectrum of 

frequencies. A 1024 point power spectrum of this region of the 

vocalization (from 200 to 240 ms) reveals a dominant component at 610 

Hz. Direct measure of the amplitude waveform yields a dominant 

frequency of 628 Hz. At this region of the vocalization, the carrier signal 

apparently ceases, and only the signal that was previously the modulating 

signal continues to be produced. The actual fundamental frequency in 

this region may be 305 Hz, but pre-analysis filtering below 400 Hz may 

have filtered out the fundamental. This hypothesis is supported by the 

presence of four other apparently harmonic energy components that 

extend up to 2167 Hz, and that are spaced at integer or near integer 

multiples of 305 Hz (in Fig. 3-8B, components at 610 Hz, 915 Hz, 1267 Hz, 

1909 Hz and 2165 Hz). The phenomenon was observed in samples of 

other budgerigar vocalizations, and provides further evidence for the 

presence of two separate and independent input frequencies. 
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Finally, for numerous budgerigar vowel sounds (and for all 

budgerigar vocalizations described above), the carrier and modulating 

signal period-to-period frequency were calculated. First, the frequency of 

the modulating signal was calculated by taking the inverse of the time 

difference between the peak of the first spike and the peak of the last well-

defined spike of the period. The frequency of the carrier signal was then 

determined by taking the inverse of the duration of each carrier signal 

period. Finally, the frequency of each carrier signal period was divided by 

the by the frequency of the modulating signal period. This analysis is also 

known as a Pitch Synchronous Spectnmi (ESS). PSS analyses are shown 

for three modulating periods from three different vowel sounds from 

three different birds (Table 3-1). It is clear from the table that none of the 

high frequency periods are whole integer multiples of the modulating 

period (Fast Freq./Slow Freq. is not a whole integer multiple), nor are 

they even the same multiple of the modulating period. For these three 

vocalizations, and all others analyzed (Table 3-2), PSS analyses verified 

that the carrier signal is not an integer multiple (i.e., a harmonic) of the 

modulating signal. These results further support the conclusion that the 

carrier and the modulating signals are not harmonically related. 



128 

Table 3-1. Pitch Synchronous Spectrum Analyses. The Pitch 

Synchronous Spectnmi Analyses for three different vowel sounds (Frans' 

/er/ from "bear". Buddy's /e/ from "paper", and Forest's /o/ from 

"okay") are shown. The frequency of the modulating signal was 

calculated by taking the inverse of the time difference between the peak of 

the first spike and the peak of the last well-defined spike of the period. 

The frequency of the carrier signal was determined by taking the inverse 

of the duration of each carrier signal period. By dividing the frequency of 

each carrier signal period by the frequency of the modulating signal 

period ("carrier signal/modulating signal"), it is possible to determine 

whether the two signals are harmonically related (e.g., 1773.0496/97.5324 = 

18.1791). None of the carrier signal periods are whole integer multiples of 

the modulating signal, nor are they all the same multiple of the 

modulating signal. These analyses confirm that the carrier and 

modulating signals are not harmonically related. 



Table 3-1. Pitch Synchronous Spectrum Analyses 

Frans /er/ from "bear" Buddy /e/ from "paper" Forest /o/ from "okay" 

Frequency of 
M(^ulating 
Signal (Hz) 

Frequency of 
Carrier Signal 

(Hz) 

Qurier 
Signal/ 

Modulating 
Signal 

Frequency of 
Modulating 
Signal (Hz) 

Frequency of 
Carrier Signal 

(Hz) 

Carrier 
Signal/ 

Modulating 
Signal 

Frequency of 
Modulating 
Signal (Hz) 

Frequency of 
Carrier Signal 

(Hz) 

Carrier 
Signal/ 

Modulating 
Signal 

97.5324 1773.0496 18.1791 294.4641 3401.3605 11.5510 270.0513 4098.3607 15.1967 

1773.0496 18.1791 3300.3300 11.2079 5128.2051 19.0154 

1908.3969 19.5668 2873.5632 9.7586 3389.8305 12.5695 

1841.6206 18.8821 2808.9888 9.5393 4651.1628 17.2465 

1838.2353 18.8474 2873.5632 9.7586 4484.3049 16.6278 

1908.3969 19.5668 4000.0000 13.5840 4081.6327 15.1347 

1838.2353 18.8474 3300.3300 11.2079 3389.8305 12.5695 

1712.3288 17.5565 2801.1204 9.5126 5154.6392 19.1134 

1984.1270 20.3433 2873.5632 9.7586 4629.6296 17.1667 

1908.3969 19.5668 4016.0643 13.6386 3663.0037 13.5824 

1841.6206 18.8821 4081.6327 15.1347 

1908.3969 19.5668 5154.6392 19.1134 

1984.1270 20.3433 4950.4950 18.3564 

1912.0459 19.6042 5291.0053 19.6190 

1838.2353 18.8474 6622.5166 24.5563 

1838.2353 18.8474 

1984.1270 20.3433 

1552.7950 15.9208 
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Table 3-2. Vowel Sounds Analyzed for Haimonicity. Five different 

vowel sounds (/e/, /er/, /u/, /U/ and /o/) from 6 different words 

produced by 7 different birds were subject to PSS analyses. None of the 

vowel sounds analyzed had carrier signals that were harmonically related 

to the modulating signal. 



Table 3-2. Vowel Sounds Analyzed for Harmonicity 

Bird 
Vowel Sound(s) 

Analyzed 
Harmonic? 

Buddy /e/ from "paper" No 
/er/ from "bear" No 

Forest /o/ from "okay" No 
/e/ from "okay" No 

Frans /er/ from "bear" No 

Mosaic /e/ from "paper" No 

Oliver /U/ from "good" No 

Peeper /U/ from "wood" No 

Puck Ai/ from "truck" No 
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BRIEF DISCUSSION 

Budgerigar Vocalizations Contain Amplitude Modulation 

Evidence presented here supports the conclusion that some 

acoustic spectra generated by budgerigar vocalizations arise from the 

nonlinear process of amplitude modulation. Note, however, that not all 

budgerigar vocalizations exhibit the nonlinear phenomenon of 

amplitude modulation responsible for creating sideband frequencies (e.g., 

budgerigar productions of English consonants, some vowels sounds, and 

perhaps some warble song elements). And for those vocalizations that 

exhibit amplitude modulation, such modulation is not necessarily 

present throughout the entire vocalization (e.g., within contact calls, as 

demonstrated in this paper, regions exist where the amplitude remains 

relatively constant, does not vary periodically, or varies chaotically, for 

extended time periods; Figs. 1-1 and 3-3). Nevertheless, the presence of 

amplitude modulation even within a portion of a vocalization 

imdoubtedly affects the classification of the entire vocalization (i.e., 

whether the vocalization is referred to and treated as harmonic or 

amplitude-modulated). Thus, although entire budgerigar vocalizations 

may not exhibit amplitude modulation, key features of amplitude-

modulated signals are exhibited in contact calls and in many learned 

English vowel soimds produced by budgerigars. These key features 

include: 

(1) Acoustic spectra that do not conform to those produced by 

harmonic vocalizations. Budgerigar vocalizations do not have a 
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dominant component at what should be the predicted fundamental 

frequency, and calculations fail to yield either a common or a plausible 

fundamental frequency. Furthermore, the component in the spectnun 

with greatest energy is not an integer or near-integer multiple of any 

plausible fundamental. 

(2) A centrally located dominant component that contains most of 

the energy of the spectra, and that is surrounded on either side by a 

relatively symmetric broad band of energy produced by sideband 

components. 

(3) Two separate periodic, or quasi-periodic, signals that are 

identifiable in the waveform and that accurately reflect the frequencies of 

the carrier and modulating signals, as determined from the spectrum. 

(4) These two apparently separate frequencies are not integrally 

related (i.e., the carrier signal is not an integer multiple of the modulating 

signal). 

(5) A component whose amplitude is emphasized (compared to 

surrounding regions) occurs at a frequency twice that of the component 

with the greatest amplitude (i.e., a second harmonic of the fundamental 

frequency of the carrier signal). If, however, the carrier signal is 

incorrectly assumed to be the ftmdamental of a harmonic vocalization, 

then the second harmonic shotild be the next energy component in the 

spectnmi with significant energy, and no components should fall below 

the fundamental frequency, or between the fundamental and the second 

harmonic. For regions in budgerigar calls and vowels where amplitude 

modulation is apparent, many components are present below the 
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dominant (carrier) signal, and between the dominant (carrier) signal and 

its second harmonic. 

For budgerigar calls, the presence of a time waveform modulated 

in amplitude is obvious (see Figs. 1-2). At some points in budgerigar calls, 

however, the amplitude may become modulated in a periodic manner 

(Figs. 3-3D, 3-4D). At these points, the vocalization spectnmi changes 

drastically, and sideband components become detectable. Thus, evidence 

from both the amplitude waveform and the Fourier spectrum provides a 

consistent picture implicating the presence of a nonlinear interaction that 

either produces, or is produced by, amplitude modulation in budgerigar 

contact calls. 

Amplitude modulation is also evident for budgerigar productions 

of English vowel sounds. For Frans' and Buddy's /er/ in "bear", the 

waveform (Figs. 3-6D and 3-7D) closely resembles the synthesized 

amplitude-modulated waveform shown in Fig. 3-lB. Note especially 

how the waveform envelope changes in shape from one amplitude-

modulated period to the next, further evidence that the signal is not 

harmonic. Budgerigar vowel specfra also contain the critical features of 

an amplitude-modulated signal, outlined above. Specifically, they 

contain a cenfrally located dominant frequency component that is 

surrounded symmetrically by other frequency components, many of 

which are separated by a frequency similar to the modulating frequency 

(as determined from the waveform). At times, however, it may be 

difficult to identify every sideband component above and below the 
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carrier frequency, because component frequencies may be separated by 

intervals larger or smaller than the modulating frequency (see below). 

Budgerigar vocalization spectra are not the product of beating. 

Recall that the process of beating can also produce a waveform that is 

modulated in amplitude with time. Beating, however, produces a very 

simple spectrum that contains only the two original input frequencies. 

Even if beating occurred between two multi-frequency harmonic signals, 

the spectrum would not contain a centrally located dominant component 

that is symmetrically surrounded by energy components. Thus, the 

modulated amplitude waveform of budgerigar vowels is not produced by 

beating. 

Budgerigar vocalization specfra also are not the product of periodic 

frequency modulation. Periodic frequency modulation can produce 

sidebands in a manner similar to that of amplitude modulation (Marler, 

1969). My analyses show that the period-to-period frequency variations of 

the carrier signal that occur within the modulated periods of budgerigar 

vowel sounds, and in the investigated regions of contact calls, are 

specifically frequency fluctuations rather than frequency modulations. 

Thus, the carrier signals of budgerigar vocalizations do not systematically 

increase, decrease, or increase and decrease in frequency within a period, 

but rather fluctuate arotmd the carrier signal "target" frequency. 

Furthermore, the period-to-period frequency of the carrier signal is not 

correlated with the peak-to-frough amplitude in any consistent manner 

(data not shown). 
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As mentioned above, however, budgerigar vowel spectra also 

deviate somewhat from what would be predicted by a simple model of 

amplitude modulation. Three possible explanations exist for such 

deviations. 

First, spectral components arising from harmonics of the 

modulating signal, and those generated as sidebands (i.e., those 

components surroimding both the fundamental and the second 

harmonic of the carrier signal) may overlap in the spectrum. Consider an 

amplitude-modulated signal with a multi-frequency harmonic carrier 

signal (with a fundamental frequency of 2000 Hz) and a multi-frequency 

harmonic modulating signal (with a fundamental frequency of 300 Hz). 

Harmonics of the 300 Hz modulating signal would be found at 300 Hz, 600 

Hz, 900 Hz, 1200 Hz, 1500 Hz, 1800 Hz, 2100 Hz, etc. The carrier signal 

would produce a component at 2000 Hz, and sidebands would surround 

the carrier signal at 300 Hz intervals below (at 1700 Hz, 1400 Piz, 1100 Hz, 

etc.) and above (at 2300 Hz, 2600 Hz, 2900 Hz, etc.) the carrier signal. 

Where the harmonic and sideband components overlap, however, there 

would be components at 900 Hz, 1100 Hz, 1200 Hz, 1400 Hz, 1500 Hz, 1700 

Hz, 1800 Hz and 2000 Hz. (This exact phenomenon may also occur where 

the sidebands from the carrier signal and the second harmonic of the 

carrier signal overlap.) This region in the spectrum would be very 

difficult to interpret, because it would consist of numerous closely-

apposed components separated by 100 Hz and 200 Hz intervals, but not 

necessarily by the 300 Hz interval predicted by the fimdamental frequency 

of the modulating signal. (Note that such an array of frequencies might 



137 

even be incorrectly interpreted to be a harmonic stack, with a 

fundamental of 100 Hz, but with various harmonics missing from the 

spectrum). The described array of components resembles that of many 

budgerigar vowel spectra. By deriving specific information regarding 

both the carrier and modulating fundamentals from the spectriom and 

the amplitude waveform, however, the array can be identified as being 

generated by the nonlinear process of amplitude modulation. Finally, 

depending on the window size of the Fourier transform, overlapping 

components that are very closely apposed may not be distinguishable as 

separate components, but may rather be represented as one single 

wideband component, thus further complicating the analysis. 

Second, the contribution of suprasyringeal filtering must also be 

considered. Although the present analyses can not assess the role that the 

vocal tract plays to emphasize or de-emphasize frequencies created by the 

syrinx and other sound sources (if existent), such filtering most certainly 

exists. It is likely that the budgerigar vocal tract emphasizes frequencies 

between 2000 and 4000 Hz (the dominant frequency range of contact calls; 

Dooling, 1986), thus emphasizing harmonics of the modulating signal 

that occur near the carrier signal, but not those at other frequencies. 

Analyses of other budgerigar vowel productions (Banta, pers. obs.), for 

example, suggest that budgerigars may also selectively emphasize 

components that occur above the carrier signal, while de-emphasizing or 

filtering out those that occur below it. 

Third, components generated as harmonics of the modulating 

signal and those generated as sidebands (surroimding both the 
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fundamental and second harmonic of the carrier signal) may interact 

noniinearly to create additional new frequencies that are not predicted 

even in the standard nonlinear model of amplitude modulation. 
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Chapter IV. Lesions in the Budgerigar Vocal Control System AHect 

Production of English Words and Natural Vocalizations: A Motor Role 

for an HVc Correlate. 

INTRODUCTION 

This study investigates the role of the psittacid (parrot) central 

nucleus of the lateral neostriatum (NLc; Table 4-1; Fig. 4-1) in the 

production of natural and learned English vocalizations. Based on 

anatomical findings, NLc has been described alternately as the parrot 

homologue (Paton et al., 1981) or analogue (Striedter, 1994) of the 

songbird high vocal center (HVc). Fxmctional studies of HVc (lesion, 

microstimulation and chronic recording studies) have led to the 

conclusion that HVc functions as a syllable template. Similar functional 

studies have not been performed in parrots. In this study, both novel 

behavioral techniques and precise neurochemical lesions have been used 

to investigate a specific vocal control region of the parrot brain known as 

NLc. The results indicate that NLc is involved in the production of, but 

not memory for, learned English and natural vocalizations. Specifically, 

NLc lesions disrupted the fine amplitude control exhibited in amplitude-

modulated vocalizations. These results provide critical evidence for 

evaluating the evolution of vocal learning in birds, and provide an 

unparalleled opportunity to compare neural substrates underlying 

production of human speech-like vocalizations in a nonhuman animal. 



Table 4-1. Anatomical Abbreviations. A list of the anatomical 

abbreviations that are used both in the figures and the text, and the 

structtures that they represent. This table is identical to Table 1-1, and 

repeated here to aid the reader. 
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Table 4-1. Anatomical Abbreviations 

AAa anterior nucleus of the anterior archistriatum 
AAc central nucleus of the anterior archistriatum 
AAcd central nucleus of the anterior archistriatum, dorsal 
AAcv central nucleus of the anterior archistriatum, ventral 
Am nucleus ambiguus 
AreaX Area X of the LPO 
Bas nucleus basalis 
CoN cochlear nucleus 
DLM medial nucleus of the dorsolateral thalamus 
DMm magnicellular nucleus of the dorsomedial thalamus 
HA accessory hyperstriatum 
HV ventral hyperstriatum 
HVc/HVC caudal nucleus of the ventral hyperstriatum/high vocal center 
HVo oval nucleus of the ventral hyperstriatum 
LH hyperstriatal lamina 
LU intermediate lateral lemniscal nucleus 
IMAN lateral magnicellular nucleus of the anterior neostriatum 
LMD dorsal medullary lamina 
LPO parolfactory lobe 
LPOm magnicellular nucleus of the LPO 
MLD laterodorsal mesencephalic nucleus 
N neostriatum 
NAom medial region of the oval nucleus of the anterior neostriatum 
NF frontal neostriatum 
NFl lateral region of the frontal neostriatum 
NIf nucleus interface 
NLc central nucleus of the lateral neostriatum 
NLs supracentral nucleus of the lateral neostriatum 
NLv ventral nucleus of the lateral neostriatum 
nxn hypoglossal nucleus 
nXnts tracheosyringeal portion of the hypoglossal nucleus 
OM occipitomesencephalic tract 
Ov nucleus ovoidalis 
PA augmented paleostriatum 
RA robust nucleus of the archistriatum 
RAm nucleus retroambigualis 
Uva uvaeform nucleus 
V ventricle 
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Figure 4-1. The Songbird and Budgerigar Vocal Control Systems. The 

major vocal control nuclei and their various connections are 

diagrammed for both the songbird and the budgerigar. The songbird 

figure shows a sagittal section through the brain, and schematic 

placement ci the major auditory and vocal nuclei of the vocal control 

system (figure modified from Brenowitz et al., 1997, reprinted with 

permission of Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.). 

The budgerigar figiire shows two coronal sections, an anterior section 

(top) and a more posterior section (bottom) at the level of NLc and AAc 

(figure modified from Durand et al., 1997, reprinted with permission of 

Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.). This figure is 

identical to Fig. 1-2, but is repeated here to facilitate analysis of the lesion 

locations presented in this chapter. 
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METHODS 

Subjects 

Subjects were six male budgerigars removed from a breeding aviary 

at fledging (4-5 wks). Two birds (Mosaic and Puck) were housed alone in 

sound-proof isolation boxes, with little auditory or visual contact with 

other birds; four birds (Forest, Grayson, Oliver and Peeper) were house 

alone in cages, in auditory and visual contact with other birds and many 

humans. Those birds housed in social isolation had at least one hour of 

human interaction 5-6 d/wk, and were exposed to auditory tapes (of 

either a human reading or soft music) for 6-8 hrs/d. Birds were fed either 

Harrison's Bird Diet or a budgerigar seed mix, with fresh frmts, 

vegetables, and water ad libitum. 

Training of Budgerigars 

Budgerigars were exposed to and trained to produce English words 

and phrases using the Model/Rival (M/R) technique (Pepperberg, 1981; 

see also Todt, 1975), or a modified version of that technique (Banta and 

Pepperberg, 1995). The M/R technique, as described in greater detail in 

Chapter 2, involves two human trainers and one budgerigar. The first 

human trainer asks the second about the label of a particular object, e.g., a 

piece of paper. The 2nd trainer responds with the appropriate label 

"paper", acting as both a model for the targeted response of the parrot and 

as the birds' rival for the attention of the first trainer. The two trainers 

frequently exchange roles of questioner and respondent, eventually 
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including the budgerigar in the dialogue. Budgerigars are rewarded for 

the production of a correct object label, or an approximation of an object 

label, by receiving the target object and vocal praise. For budgerigars, 

acquisition of English words occurs rapidly and they can leam 15-20 words 

and phrases with 6-8 months of training. 

Birds were trained for approximately 1 hr/d, 5-6 d/wk, from 

approximately 6 weeks of age until the time of lesioning (see Results for 

specific ages). Target vocalizations were single words and phrases such as: 

"paper", "cork", "wood", "bear", and "truck". Other vocalizations 

acquired by the birds were those used during training and social 

interactions such as; "kiss", "climb", "tickle", "you're right", "good boy", 

"you be good" and "come here" and "okay". 

After lesioning, trainers conducted mock training sessions. All the 

conditions of these sessions were the same as those held before the 

lesions, except that trainers no longer produced the object labels. Thus, 

trainers continued to present and query the budgerigars about objects, as 

prior to the lesions, and would reward elicited vocalizations with the 

object and vocal praise ('Tou're right!", "Good boy!"), but would not 

produce the object label. These mock training sessions allowed the 

budgerigars' vocalizations to be recorded imder similar behavioral 

conditions before and after the lesions, but did not give birds the 

opportimity to leam or re-leam the object labels. 
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Audio Recordings of Vocalizations 

Budgerigars were recorded at widely separated intervals during the 

months prior to the lesions (~ once every 45 d), and then intensively (30-

60 min/d, 4-6 d/wk) for three weeks immediately prior to and following 

lesioning. Birds were recorded before and after the lesions under each of 

two different conditions: (1) during training G^efore lesions) and mock 

training sessions (after lesions); and (2) while vocalizing freely on a perch 

or in their cage. Vocalizations were recorded on Maxell XLII tapes with a 

Sony TCM 5000 voice-activated tape recorder and with one of three 

unidirectional microphones: (1) an AKG C541 EB, (2) a Seimheiser ME 66 

or (3) a Seimheiser ME 67. 

Choice of Vocalizations for Acoustic Analyses 

My analyses focused on two different types of budgerigar 

vocalizations: contact calls and English words (especially vowels). 

Vowels, specifically, were analyzed for several reasons: Preliminary 

analyses revealed that budgerigars sustaining lesions in NLc produced 

both abnormal vowels and consonants, although vowels were affected 

more frequently emd severely. This observation is consistent with the fact 

that vowels constitute the majority of the duration of most English 

words. In human speech, however, many consonants are "voiced 

consonants", in which the majority of the consonant sound is actually a 

vowel sound produced by the larynx (compare the vibration of your 

laryi\x when producing the /p/ sound from "puck" and the /b/ sound 

from "buck", and notice that /b/ is a voiced consonant involving 
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coordinated activity of both the lips and the larynx, while /p/ is produced 

only by releasing air pressure that has built-up behind the lips). 

Interestingly, these types of voiced consonants were also affected in 

budgerigars with NLc lesions. 

Human production of consonant sounds has been described in 

some detail (e.g., with the lips for /p/ and /b/ sounds, or with the glottis 

for /k/ and /g/ sotmds), but little empirical evidence exists to specify 

which anatomical structures parrots use to produce specific consonant 

sounds (e.g., parrots have no lips, no teeth, and a very different tongue; 

but see Patterson and Pepperberg, 1998, for some hypotheses). Data exists, 

in contrast, to show that parrots generate vowels and voiced portions of 

voiced consonants with their syrinx (Patterson and Pepperberg, 1994; 

Banta, this study). Thus, for both scientific and practical reasons, analyses 

focused on vowel sounds. 

For three reasons, acoustic analyses were not restricted to the same 

word or even the same vowel sound across different birds: (1) Birds did 

not all have the same vocal repertoire, nor did they produce vocalizations 

that they shared with equal frequency. Analyzing the same word across 

all birds was thus not possible; (2) Findings regarding the acoustic nature 

of vowel sounds, and the presence of amplitude modulation in both 

vowel soimds and contact calls, suggested that budgerigars posses a 

general mechanism of vocal production that is neither specific to 

vocalization type (i.e., contact calls or English words), or vowel type; (3) 

Preliminary analyses and the results presented here show that, indeed, 

many different vowel types were affected by the lesions in the same 
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manner (e.g., exhibiting abnormal amplitude fluctuations), thus further 

supporting the hypothesis that, in general, different budgerigar 

vocalizations are generated by the same production mechanism. Thus, 

restricting acoustic analyses to either word or vowel types was neither 

necessary nor particularly useful in defining the effects of NLc lesions on 

budgerigar vocal productions. 

I determined which words to analyze for each bird after extensive 

transcriptions of that bird's post-lesion recordings (and, in effect, 

auditorally analyzing, classifjdng and categorizing hundreds of words 

from that bird). The goal was not to determine "how much of an effect" 

NLc lesions have on budgerigar vocalizations, but rather "what effect" 

NLc lesions have. Thus, for budgerigar productions of English words, 

sampling methods were intentionally biased: After determining whether 

I could detect any abnormal vocalizations, I chose to analyze and describe 

words that were representative of the overall deficits observed in that 

bird. That subjective analyses (auditory detection) were used to 

determine whether birds' English vocalizations were abnormal does not 

impact the validity of the observed effects. The acoustic analysis 

capabilities of the vertebrate auditory system are far better than any sound 

analysis computer or algorithm. Furthermore, once words had been 

chosen for analyses, all transcribed samples of that word (or sometimes a 

production type of a word, for example "paper" versus "paaaperrrr") were 

then subjected to objective analyses to describe quantitatively the nature 

of the deficits that I observed, regardless of whether I could detect that a 

specific word was produced abnormally. Although the generalizability of 
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these findings may be limited given such an analysis regime, the 

observed effects nonetheless exist For example, some words may have 

been much more severely disrupted than those described here. Because I 

had first to identify a word definitively before it could be analyzed, such 

severely disrupted productions would not be included in these analyses, 

thus potentially biasing me to conclude that the effects of NLc lesions are 

less severe than they are in actuality. Nevertheless, the described deficits 

indeed exist. Furthermore, because the types of deficits described here are 

consistent across five different birds with five different lesions, many 

different word and vowel types, and two different types of vocalizations 

(allospedfic English words and natural contact calls), the generalizability 

of these findings is greatly increased. 

Contact call samples chosen for analyses were selected from single 

and multiple call productions. Because I could detect post-lesion changes 

in the calls of only one bird (Forest), I did not, nor could not, specifically 

chose abnormal contact call productions for analysis from the other birds. 

Because every single contact call that Forest produced was abnormal, I 

chose samples from the pre- and post-lesion transcriptions in the same 

manner as for the other birds. 

Acoustic Analyses 

Although birds typically resumed prolific vocal behavior within 

12-24 hours following surgery, analyses were performed on only those 

vocalizations produced at least 6 days after lesioning to avoid ascribing 

aspecific effects of surgical trauma to NLc lesions. All vocalizations were 
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filtered <400 Hz and >10,000 Hz with a Hewlett Packard band pass filter. 

Spectral and amplitude waveform analyses were performed on a Kay 

Elemetrics DSP Sona-graph (Model 5500) and with SIGNAL sound 

analysis software (Beeman, 1996). Vocalizations were collected on the Kay 

using a 20,480 Hz sampling rate, and an 8 kHz frequency range. 

For each analysis presented, each pre- or post-lesion vocalization 

was measured only once, with the exception of spectrogram and 

waveform cross-correlations (see below). For English words, entire 

vowels, or 40 ms slices from relatively steady-state portions of the vowels, 

were isolated and analyzed (specifics are given in the results); for contact 

calls, entire vocalizations were analyzed. The "measure" function of 

SIGNAL was used to determine the maximal voltage (maxV) and the root 

mean square (RMS; the average amplitude) of vocalizations, or slices 

taken from those vocalizations. 

The spectrograms and amplitude waveforms of pre- and post-

lesion contact calls for each bird were cross-correlated to determine their 

similarity. The "CORMAT" program in SIGNAL performs pairwise 

comparisons on one of several possible different parameters (e.g., a 

spectrogram or an amplitude waveform comparison) for a defined set of 

vocalizations (e.g., pre- and post-lesion contact calls). The program 

essentially overlays two different signals until the maximal amoimt of 

overlap between them is achieved. The program then computes a 

unitless index that represents the extent of similarity between these two 

signals (identical vocalizations have a similarity index of 1.0; 

vocalizations with no overlapping attributes have a similarity index of 0). 
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For all cross-correlations presented, the pre-lesion samples of a given 

vocalization were first cross-correlated with each other, and their values 

averaged to obtain an overall similarity index for pre-lesion exemplars 

("pre X pre"). Next, all pre- and post-lesion samples were cross-correlated 

with each other, and their values averaged to obtain an overall similarity 

index ("pre x post"). Finally, all post-lesion samples were cross-correlated 

with each other, and their values averaged to obtain an overall similarity 

index ("post x post"). For spectrogram cross-correlations, a 1024 point 

transform length (20 Hz analysis filter) was used, with 100 transform 

steps, and the spectrogram was not frequency- or time-shifted. For 

waveform cross-correlations, the signal was not time-shifted. Because 

cross-correlational analyses involve comparing each vocalization in a 

sample with all other vocalizations in the sample, measures on an 

individual vocalization are taken more than once. 

Cross-correlational analyses, although useful for obtaining an 

objective measure of the similarity of two vocalizations, are limited in 

which vocalizations they can successfully correlate. Cross-correlations, 

for example, do not yield accurate similarity scores for vocalizations that 

have complex spectra (i.e., many frequencies), because the overlay 

technique gives more weight to comparing the frequencies present than 

the overall shape of the vocalization. Thus, spectrogram and waveform 

cross-correlations were not performed on budgerigar word or vowel 

samples. 
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Statistics 

All statistical comparisons of pre- and post-lesion vocalization 

measures were made using two-tailed t-tests for independent samples. 

The number of degrees of freedom for each comparison is shown in 

brackets [ J. For t-tests comparing the pre- and post-lesion spectrogram 

and waveform cross-correlations, Levene's Test for Equality of Variances 

was used to determine the degrees of freedom and thus the probability 

value for the comparison. 

Lesions 

Birds were anaesthetized with ketamine and xylazine (34 mg/kg 

and 17 mg/kg, respectively). After being anaesthetized, they received a 0.1 

ml subcutaneous injection of a 2% lidocaine solution imder the scalp, and 

5 min later feathers were plucked from the scalp midline. The bird's head 

was positioned between the ear bars of a standard rat stereotaxic device, its 

scalp opened with one sagittal indsion, and the skull positioned so that 

interaural zero was exactiy 5 mm anterior to the bifurcation of the 

middorsal head sinus. A small screw was attached in an inverted 

position to the front of the skull using dental acrylic; this screw was used 

to immobilize the head so it could not pitch forward or backward. A 

dental drill was used to remove a small piece of skull overlying the brain 

region of interest. 

Five of the six birds received ibotenic add lesions. Preliminary 

investigations confirmed ibotenic add could produce lesions in the 

budgerigar brain (Banta, impub. obs). Ibotenic add is specific to cells with 
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NMDA receptors in manunals (Jarrard and Meldrum, 1993). Neurons in 

NLc has been shown to bind antibodies to NMDA receptors (Ball, 1994). 

In both preliminary experiments and those presented here, ibotenic add 

infusions resulted in the death of all neurons in the proximity of the 

injection carmula, and presumably wherever the chemical spread. Only 

glial cells remained in the lesioned region. Preliminary investigations 

also confirmed that small (nl) injections of ibotenic add could produce 

lesions that were confined to NLc. 

For ibotenic add infusions, a 33 ga. Injector Cannula (Plastics One, 

Roanoke, VA) with a 25 cm piece of rubber tubing (Protech Intl., San 

Antonio, TX) attached to one end was filled with ibotenic add (10 mg/ml; 

7.7 pH; Sigma Chem. Co.). The needle of a 10|iL syringe (Hamilton), also 

filled with ibotenic add, was attached to the free end of the tubing, and 

the syringe inserted into a microsyringe injection pump. The injection 

carmula was then positioned in a micromanipulator and advanced to 

previously determined stereotaxic coordinates in the budgerigar brain 

(Striedter, pers. comm.; Banta, pers. obs.). Once the cannula was in place, 

the injection pump infused 65-70 nl of ibotenic add at a rate of 100 

nl/min into the brain. Two minutes elapsed after the infusion before the 

cannula was removed from the brain. The scalp was dosed using 

CoUodian (Fisher Chem. Co.), and the birds were allowed to recover from 

the anaesthesia in a warm, humidified infant incubator. Birds were 

awake, eating, and vocalizing 2-4 hours following the surgery. 

A sixth bird (Peeper) received a bilateral electrolytic lesion in the 

lateral and central frontal neostriatum (NF). I chose Peeper as a control 
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subject, and to compare the effects of his NF lesions with those of NLc 

lesioned birds, for four reasons: (1) Because Peeper underwent an 

invasive surgery, he could be used to assess the non-specific effects of 

surgery on budgerigar vocal productions; (2) Because Peeper received two 

bilateral lesions comparable in size to the lesions of the other birds in this 

study, he could be used to assess the effects of non-specific brain damage 

on budgerigar vocal productions; (3) Because electrolytic lesions should, 

in theory, produce more damage than ibotenic add, comparing the two 

different lesion methods is valid; and (4) Because many of other nuclei of 

the vocal control system are located directly dorsal to NLc, and because 

projections to NLc enter through the dorsally positioned NLs, control 

lesions were not made directly dorsal to NLc. NF, in contrast, is located 

anterior and lateral to other vocal control nuclei, and thus can be lesioned 

without affecting other vocal control nuclei with direct projections to 

NLc, or their projections to NLc. For Peeper's lesion, all procedures were 

identical to those described above except that rather than an infusion of 

ibotenic add, an epoxylite coated insect pin was used to make the lesion. 

Bilateral lesions were made with a current generator with 70 pA of DC 

current for 55 ms. 

Histology 

Three to 4 weeks after lesions were performed, the five 

experimental birds were given a lethal injection of ketamine and 

xylazine, and transcardially perfused with a 0.9% NaCl solution followed 

by 4% formal saline. The control bird. Peeper, survived for 8 months 
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following the lesions. Brains were removed, post-fixed in 4% formal 

saline overnight, and then brought to equilibrium in a 30% sucrose 

solution for cryoprotection. Coronal sections (40 ^un) were cut on a 

freezing/sliding microtome, mounted onto slides and stained with cresyl 

violet. 

Estimation of Lesion Volumes 

The outline of the lesions and NLc nuclei for each bird were drawn 

at 80x magnification with the aid of a drawing tube. The Cavalieri 

method of volume estimation (Gundersen and Jensen, 1987) was then 

used to calculate the voliunes of each NLc nucleus, each lesion, and the 

total volume of the lesion within NLc. 
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RESULTS 

General Summary of Lesions and Effects 

Five budgerigars received lesions targeted at NLc bilaterally, and 

one budgerigar (Peeper) received large bilateral control lesions in NF. 

Across the five experimental animals, variation existed in the amount of 

NLc lesioned, whether NLc was lesioned imilaterally or bilaterally, and 

whether or not the lesion was confined to NLc (Table 4-2; Figs. 4-2A-B). 

In no subject was there evidence of the lesion spreading into the medially 

adjacent archistriatal nucleus, AAc. 

The main effect of lesions in NLc was to disrupt amplitude control 

in amplitude-modulated vocalizations. Three general categories of 

deficits were observed: (1) large and abnormal increases in the amplitude 

of the amplitude of the carrier signal; (2) large and abnormal decreases in 

the amplitude of the carrier and/or modulating signals (termed 

"failures"); and (3) abnormal control of the fine amplitude modulations 

normally seen in each amplitude-modulated period of a vocalization. 

The post-lesion vocal behavior of each bird is described below. 
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Table 4-2. Siunmary of Lesions. Lesion outlines and NLc nuclei for each 

bird were drawn at 80x magnification with the aid of a drawing tube. The 

Cavalieri method of volume estimation was then used to calculate the 

volimies of each NLc nucleus, each lesion, and the total volume of the 

lesion within NLc. "% of NLc Lesioned" was calculated by dividing the 

volume of the lesion within NLc by the volume of NLc. "% of Lesion in 

NLc" was calculated by dividing the volume of the lesion in NLc by the 

total volume of the lesion. Other areas outside of NLc that were affected 

by the lesions are listed. In no case did lesions affect the medially adjacent 

archistriatal nucleus, AAc. 



Table 4-2. Summary of Lesions 

Bird Lesion Method Type of Lesion 
Volume of 

Lesion (nun^) 
%ofNLc 
Lesioned 

% of Lesion 
inNLc Other Areas Affected 

Forest Ibotenic acid Bilateral Right 
Left 

0.899 
0.551 

49 
34 

75 
75 

Ant N, NLs, NLv 
Ant Neo, NLs 

Mosaic Ibotenic acid Bilateral Right 
Left 

0.337 
0.273 

1 
6 

3 
40 

Dorsal N 
NLs 

Puck Ibotenic acid Bilateral Right 
Uft 

0.201 
0.150 

5 
4 

43 
42 

Ant N, NLs 
Ant Neo, NLs 

Grayson Ibotenic acid Bilateral Right 
Left 

0.438 
0.390 

25 
11 

67 
36 

Ant N, NLv 
NLv 

Oliver Ibotenic acid Unilateral Left 0.255 1 8 Ant N, NLs 

Peeper Electrolytic Bilateral Right 
Left 

0.560 
0.505 

-

-

NF.NFl 
NF, NFl 
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Figtire 4-Z Lesion Reconstructions. (A) Reconstruction of the lesions 

sustained by three experimental birds. Forest, Puck and Mosaic, and by the 

control bird. Peeper. (B) Reconstruction of the lesions sustained by two 

experimental birds, Grayson and Oliver. Lesion volumes are given in 

Table 4-2. The section at the bottom of the page is most anterior; the 

section at the top of the page most posterior. Sections are coronal, and are 

spaced approximately 240 |im. 
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Forest 

This 11 month old budgerigar sustained the largest bilateral lesions 

affecting a large extent of NLc, and spreading slightly into immediately 

surrounding areas of the neostriatum (Table 4-2; Figs. 4-2A and 4-3A-B). 

Forest's lesion spread to the border between NLc and the medially 

adjacent pre-motor archistriatal nucleus AAc, but did not spread into 

AAc. 

Forest's pre-lesion vocal repertoire consisted of a large number of 

English words and phrases produced primarily as elements enmeshed in 

warble song, although at times he would also produce words as elicited 

vocalizations, as well as long, uninterrupted strings of words and phrases 

(20-30 words long). 

Immediately following recovery from surgery nearly every 

production of both Forest's words and contact calls was severely 

disrupted, although he still vocalized proUfically. Qualitatively, Forest 

sounded as if he was "gurgling" or talking underwater when he produced 

words and warble song. Otherwise, he exhibited no abnormal behavior, 

and had no observable problems breathing or eating. Forest did not 

appear to exhibit any diminished drive to produce vocalizations, but pre-

versus post-lesion word frequency tabulations showed that his average 

rate of word production while warbling decreased post-lesion (pre: 17.5 

words/min, post 11.7 words/min). Nonetheless, he warbled prolifically, 

and any decrease in the rate of word production was likely produced by 

one or all of the following; (1) a non-specific reaction to the surgery; (2) a 

decrease in my ability to identify severely affected vocalizations; or (3) an 
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Figure 4-3. Photomicrographs of Forest's Lesions. (A) Coronal section at 

the level of NLc, and the largest medial/lateral extent of Forest's lesions 

(for all photomicrographs, the right hemisphere is on the left). (B) High 

magnification image of the section in A showing only the two lesions and 

surroimding brain regions. Neither lesion spread into the medially 

adjacent AAc. 
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indirect effect of the lesion (i.e., longer and more stereotyped amplitude-

modialated periods) as described in detail below. 

I use Forest's productions of the disyllabic word "okay" to 

demonstrate the effects of the lesions (40 ms slices of the vowel sounds 

/o/ and /e/ were analyzed). The nature and severity of the effects 

presented are representative of all words analyzed from Forest's 

repertoire. General inspection of wide- and narrowband spectrograms of 

Forest's words (vowel soimds specifically), revealed what appeared to be 

frequent and highly abnormal amplitude fluctuations in, and an 

accentuation of the vertically striated nature of, nearly every post-lesion 

word (compare Fig. 4-4A with 4-4C, and 4-4B with 4-4D). Comparison of 

the amplitude waveforms of Forest's pre- and post-lesion /e/ vowels 

(compare Figs. 4-4E-F with 4-4G-H) revealed amplitude-modulated 

periods that were abnormally regular in appearance post-lesion, and in 

which the alternating large and small amplitude regions of the carrier 

signal appeared to be more distinct and stereotyped than pre-lesion (Fig. 4-

4G-H). 

Vowel Sample Analyses 

Frequenq/. Comparison of pre- and post-lesion samples of /o/ 

from "okay" revealed no post-lesion differences in the mean frequency of 

either the modulating signal (pre: 335 ±168 Hz, post: 299 ± 55 Hz; t[16]=.636, 

p=0.54) or the carrier signal (pre: 4209 ± 419 Hz, post: 3884 ± 934 Hz; 

t[18]=.917, p=0.37). Figure 4-4F and H have arrowheads designating 

amplitude-modulated periods in each of the vocalizations (the inverse of 

the time difference between any two arrowheads yields the frequency of 
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Figure 4-4. Spectrograms and Amplitude Waveforms of Forest's Pre- and 

Post-Lesion Productions of "okay". For all spectrogram figures, pre- and 

post-lesion wideband spectrograms (128 pts/234 Hz; better time 

resolution) are shown on the left, and pre- and post-lesion narrowband 

spectrograms (512 pts/59 Hz; better frequency resolution) on the right. For 

all spectrogram and waveform pairs, the vocalizations in the 

spectrograms are the same as those shown in the waveforms. For all 

waveforms, the first and third waveforms are of the entire signal (either a 

word or a syllable of a word), and the second and fourth are the excerpts 

demarcated by the vertical time cursors (durations are denoted below each 

as "DT: X ms"). (A) and (B) Forest's pre-lesion production of "okay" 

(vocalization #16). (C) and (D) Forest's post-lesion production of "okay" 

(#52). In the post-lesion wideband spectrogram (C), note the increased 

intensity of the vertical striations and the points where large gaps in the 

sovmd production are apparent (arrowheads). (E) and (F) Amplitude 

waveforms of the pre-lesion "kay" (/ke/) syllable (#16) shown in A and B. 

The three arrowheads below the waveform in F demarcate the beginning 

of three periods of the modulating signal. The thirteen tick marks above 

the waveform demarcate the high frequency oscillations of the carrier 

signal. (G) and (H) Amplitude waveforms of the post-lesion "kay" 

syllable (#52). Note in G the gaps in sound (at -25 ms and -110 ms) that 

were visible in the spectrograms, C and D, although the high frequency 

signal still appears to be present. In H, note the large maximal voltage to 

average voltage ratio that is responsible for both the striated appearance of 

the spectrograms, and for the increased maxVrRMS ratios. 
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the modulating signal). The small ticks above the sharp peaks in the 

signal in Fig. 4-4F mark each oscillation of the carrier frequency (the 

inverse of the time difference between any two marks yields the 

frequency of the carrier signal). For Forest's post-lesion "okay" 

vocalizations, two of twelve (2/12) samples had poor or indefinable 

amplitude-modulated periods (i.e., only a few [0-5] modulated periods 

could be identified), compared with 0/9 pre-lesion samples. The 

substantially smaller standard deviation for the post-lesion modulating 

signal frequency is responsible for the abnormally regular appearance of 

the amplitude-modulated periods mentioned above. 

Comparison of pre- and post-lesion samples of /e/ from "okay" 

revealed that Forest's post-lesion samples had a significantly slower 

modulating signal (pre: 500 ± 123 Hz, post 313 ± 107 Hz; t[24]=4.011, 

p=0.0005), and a significantly faster carrier signal (pre: 3294 ± 307 Hz, post: 

3895 ± 424 Hz; t[25]=-4.118, p=0.0004). Five of 15 post-lesion /e/ samples 

had poorly defined slow periods as compared to 1/12 pre-lesion /e/ 

samples. 

Amplitude. Amplitude differences were observed between Forest's 

pre- and post-lesion vocalizations. Raw values from two different 

measures used to quantify amplitude characteristics (maxV, the maximal 

voltage observed in the entire vowel sample, and RMS, the average 

voltage of the entire vowel sample) and their ratio (maxV:RMS) for all 

birds' vocalizations are summarized in Table 4-3. For example, the mean 

maximal voltage (maxV) of Forest's /o/ samples from "okay" (the entire 

vowel) was not significantly different pre- and post-lesion (t[19]=.107. 
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Table 4-3. Pie- and Post-Lesion Acoustic Analyses. For each subject, the 

mean and standard deviation for all pre-lesion ("pre") and post-lesion 

("post") amplitude measures are presented. The maximal voltage (maxV) 

and root mean square (RMS; the average voltage) are measured in Volts. 

The maxV:RMS is a unitless value representing the ratio of the maximal 

voltage (maxV) to the average voltage (RMS). Significance values were 

determined by two-tailed t-tests for independent samples. The degrees of 

freedom (in brackets [ ]), and the value for t, are given in the text. The 

"Yes" or "No" responses under the column entitled "Abnormal 

Amplitude Fluctuations Detected" were determinations made by the 

author following auditory and visual analyses of the budgerigars 

vocalizations (with the aid of the Kay Sona-Graph or with SIGNAL 

Soimd Analysis Software; Beeman, 1996). The vowel sounds presented 

are the /o/ from "okay", the long "a" sound /e/ from "okay", the long "a" 

sound /e/ from "paper", the short "u" sound /u/ from truck, the "ear" 

soimd /er/ from "bear", and the "oo" sound /U/ from "wood". Puck's 

/u/ partial sample compares pre-lesion samples with only the subset of 

Puck's post-lesion "truck" samples that had amplitude failures. Note that 

for vowel productions, detectable amplitude fluctuations and post-lesion 

changes in maxV, RMS, or the maxV:RMS ratio are good predictors of 

birds that have received NLc lesions. For contact calls, in contrast, these 

measures are not good predictors of birds that have received NLc lesions. 



Table 4-3, Pre- aod Pk>st-Lesjon Acoustic Analyses 

Bird 

Productioa pre 

max V 

post pre 

RMS 

post pre 

max V; RMS 

post 

Abnonnal Amplitude 
Fluctuations Detected 

Forest 
lol 1.996 

±0.484 
1.938 

±1.549 
ns 0.342 

±0.104 
0.239 
±0.069 

p<.a2 6.050 
±1.583 

7.632 
±3.689 

ns Yes 

M 1.204 
±0.266 

1.765 
±1.191 

OS 0J72 
±0.072 

0.463 
±0.297 

ns 3.231 
±0.303 

3.786 
±0.373 

p<.0003 Yes 

ccotact calls 2.197 
±0.191 

2.413 
±1.077 

ns 0.623 
±ai28 

0.470 
±0.234 

p<.03 3.639 
±0.649 

5.298 
±1.089 

p<.0001 Yes 

Mosaic 
M 2.112 

±1.100 
3.239 

±2.271 
ns 0.637 

±0.320 
0.910 
±0.340 

OS 3.203 
±0.432 

3.446 
±0.622 

ns Yes 

contact calls 1.64S 
±0.719 

2.718 
±0.347 

p<.0001 0.437 
±0.137 

0.371 
±0.130 

p<.004 3.685 
±0.618 

4.899 
±0.764 

p<.0001 Yes 

Puck 
M 3.082 

±1.000 
2.414 

±1.090 
ns 0JS20 

±0.141 
0.446 
±ai83 

ns 3.911 
±0.842 

5.381 
±0.722 

p<.05 Yes 

M partial sample 3.082 
±1.000 

1.422 
±0.382 

pc.002 0.520 
±0.141 

0.278 
±0.090 

p<.002 5.911 
±0.842 

5.212 
±0.448 

ns Yes 

cODtact calls 2.633 
±0.431 

2.211 
±0.471 

p<.004 0.692 
±0.093 

0J74 
±0.106 

p<.0006 3.850 
±0.479 

3.861 
±0.430 

ns ? 

Orî son 
contact calls 2.595 

±1.150 
2.140 
±0J78 

ns 0.653 
±0.198 

0.538 
±0.219 

ns 3.868 
±0.729 

4.286 
±0.907 

ns Yes 

Oliver 
contact calls 2.599 

±1.124 
3.496 
±1.294 

p<.03 0.642 
±0.274 

0.718 
±0.242 

ns 4.048 
±0.559 

4.842 
±0.359 

p<.000l 7 

Peeper 
M 1.792 

±0.944 
2.525 
±2.277 

ns 0.297 
±0.096 

0.333 
±0.213 

ni 5.753 
±1.253 

6.732 
±1.951 

OS No 

Ml 1.620 
±0.596 

1.159 
±0.328 

ns 0.273 
±0.078 

0.174 
±0.081 

p<.03 5.827 
±0.912 

6.576 
±1.066 

ns No 

contact calls 2.379 
±0.584 

3.384 
±0.597 

p<.0001 0.557 
±0.123 

0.722 
±0.119 

p<.0001 4.278 
±0.580 

4.699 
±0.429 

p<.02 No 
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p=0.92), signifjdng that, in general. Forest produced maximal amplitudes 

that were comparable before and after the lesion. In contrast, the mean 

RMS of Forest's /o/ samples was significantly smaller post-lesion 

(t[191=2.752, p<0.02), signif3dng that the average amplitude of the vowel 

samples decreased post-lesion. The maxV:RMS ratio (an indicator of how 

the maximal voltage and the average voltage vary relative to one 

another), although larger post-lesion, was not significantly different from 

pre-lesion (t[19]=-1.20, p=0.25). It is likely, however, that the maxV:RMS 

measures failed to reach significance due to the large variance in the 

standard deviation for post-lesion samples (pre: 6.05 ± 2.51; post 7.63 ± 

13.61). 

For the part of the /ke/ syllable, 40 ms slices taken from between 

110 to 190 ms were analyzed. The maxV:RMS ratio was significantly 

greater post-lesion (t[25]=-4.2, p=0.0003), but neither the maxV (t[25]=-1.6, 

p=.13), nor the RMS (t[25]=-1.0, p=.32) were significantly different after the 

lesion (Table 4-3). 

Thus, for each amplitude-modulated period of Forest's 

vocalizations, the maximal peak-to-trough voltage observed post-lesion is 

similar or slightly larger than that produced pre-lesion, clearly 

demonstrating that Forest is capable of producing comparable amplitudes 

pre- and post-lesion. After the lesion, the average voltage (or RMS) is 

either slightly smaller than pre-lesion, or unchanged. In general, then, if 

post-lesion maxV is unchanged or slightly increased, and post-lesion 

RMS slightly decreased or unchanged, the maxV:RMS ratio will be greater 

for post-lesion samples. The maxV:RMS ratio describes how amplitude 
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varies within the amplitude-modulated periods of a vocalization, and for 

Forest, the difference between the maximal and average voltages is 

greater post-lesion. This seemingly minor change, however, creates a 

severe disruption in the perceived nature of "voicing" in Forest's 

vocalizations. In fact, the disparity between the large and small 

amplitude portions of each amplitude-modulated period is so drastic in 

Forest's vocalizations that it simulates a "temporal gap". Thus, both 

auditorally and visually (in sound spectrograms), frequent and periodic 

bursts of sound app>ear to be followed by gaps in soimd production 

(increased intensity of vertical striations. Fig. 4-4C). Direct inspection of 

the amplitude waveform, however, confirms that sound is usually 

continuous, and the bursts are not interrupted by gaps (e.g., the carrier 

signal, because of its high frequency, can often be observed "riding on top" 

of background noise even though it is at very low amplitude; see the 

portion of the waveform between the high amplitude bursts in Fig. 4-4H). 

Contact Call Analyses 

Frequency. Although budgerigar contact calls are amplitude-

modulated vocalizations, they also exhibit variances in their frequency 

with time. Such frequency fluctuations created difficulties in deriving a 

representative frequency measure for an entire call. Two different 

methods were therefore used to estimate the dominant frequency in each 

call: Cepsfral analysis (the spectrum of the spectrvmi, which calculates a 

Fourier fransform on the previously Fourier-derived spectrum, thus 

accentuating periodicity in the signal) and identification of the frequency 

at which peak amplitude occurs in a 1024 Point (20 Hz analysis filter) 
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power spectrum. Figure 4-5A-B show representative wideband 

spectrograms of Forest's pre- and post-lesion contact calls. No overall 

changes in the dominant frequency of Forest's calls were identified by 

cepstral analysis (pre: 2,436 ± 302 Hz, post 2,416 ± 655 Hz; t[34]=-.41, p=0.68) 

or by identifjdng the frequency at which peak amplitude occurred in the 

power spectrum (pre: 3,138 ± 655 Hz, post 3,136 ± 777 Hz; t[34]=.01, p=0.99). 

Amplitude. Voltage measures were taken on entire contact call 

samples. Two of three amplitude measures differed pre- and post-lesion 

(Table 4-3). For Forest's post-lesion contact calls, the mean RMS was 

significantly smaller post-lesion (t[34]=2.28, p<0.03), and the post-lesion 

maxV:RMS ratio was significantly greater (t[34]=-5.25, p<0.0001). The 

average maxV was not significantly different (t[34]=-.76, p=0.44), although 

again there was an overall increase in the post-lesion samples and their 

variance was very large. 

Time-alignment of contact calls that had similar waveform shapes 

allowed direct observation of the specific effects of the lesions (Fig. 4-5C-

F). In the post-lesion contact call (E-F), it appears that the signal fails to be 

sustained in amplitude, and regions that exhibit rapid amplitude 

fluctuations have amplitude decreases that are much more severe, and 

sustained longer, than pre-lesion. These changes are responsible for the 

overall sparse appearance, smaller RMS values, and larger maxV:RMS 

ratios post-lesion, and are similar in nature to those seen in Forest's post-

lesion English vocalizations. 
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Figure 4-5. Spectrograms and Amplitude Waveforms of Forest's Pre- and 

Post-Lesion Contact Call Productions. (A) Forest's pre-lesion production 

of a contact call. For contact calls, only wideband spectrograms are shown 

(narrowband spectrograms do not offer much increased spectral 

resolution). (B) A post-lesion contact call. Note the difference in 

appearance. (C) and (D) Amplitude waveforms of the pre-lesion contact 

call shown in A. Note the smooth amplitude transitions throughout the 

waveform. (E) and (F) show the waveform of the post-lesion call. Note 

the sparse appearance of the entire signal waveform (E), and the 

abnormal modulation of the amplitude (F). 
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Spectrogram and Amplitude Waveform Cross-Correlation. Both 

Forest's post-lesion spectrograms and amplitude waveforms of contact 

calls were significantly less similar to the pre-lesion samples than were 

the pre-lesion samples to themselves (see Table 4-4; spectrogram cross-

correlation t[387]=16.76, p<0.0001; amplitude waveform cross-correlation 

t[344]=12.84, p<0.0001). Although post-lesion calls correlated with 

themselves [post x post] had decreased spectrogram and waveform 

correlation indices (increased variability) compared to pre-lesion calls 

correlated with themselves [pre x pre], this increased variability could not 

accoimt for all of the dea ease in the pre-lesion x post-lesion correlation 

[pre x post]; Table 4-4). For Forest, post-lesion calls [post x post] were less 

variable than were post-lesion calls correlated with pre-lesion calls [pre x 

post]. 
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Table 4-4. Effects of Lesions on Contact Call Cross-Conelations. Mean 

spectrogram and waveform cross-correlation similarity indices are given 

for each bird for three different comparisons ("pre" = pre-lesion, "post" = 

post-lesion): [pre x pre] vs. [pre x post]; [pre x post] vs. [post x post]; and 

[pre X pre] vs. [post x post]. All birds receiving NLc lesions had decreased 

post-lesion spectrogram correlations, and all but Mosaic had decreased 

post-lesion amplitude waveform correlations, when [pre x post] 

correlations were compared to [pre x pre] correlations. Only for Grayson 

can decreased post-lesion correlations (i.e., increased variability in the 

post-lesion calls) account for all of the decrease in the [pre x post] 

correlation. In contrast. Peeper, the bird that received NF lesions, had 

increased correlations (decreased variability) in post-lesion calls, and his 

[pre X post] correlations did not vary from [pre x pre]. 

Spectrogram and amplitude waveform cross-correlations were 

calculated with SIGNAL soimd analysis software (spectrograms were 

calculated with a 1024 point transform size [20 Hz analysis filter; 100 steps]; 

spectrograms were not frequency-shifted and neither spectrograms nor 

waveforms were time shifted). Two-tailed t-tests were performed on all 

of the similarity indices for each comparison, and a Levene's Test for 

Equality of Variances was used to determine the degrees of freedom and 

thus the probability value. The degrees of freedom (in brackets [ ]) and the 

value for t are given in the text. 



Table 4-4. Effects of Lesions on Contact Call Cross-Corrclations 

Bird Spectrogram XC Waveform XC 
Abnormal Amplitude 

Fluctuations 
Detected pre X pre pre x post post x post 

Variability 
pre vs post 

lesion 
pre X pre pre x post posi x post 

Variability 
pre vs post 

lesion 

Abnormal Amplitude 
Fluctuations 

Detected 

Forest 

0.65 0.S2 O.SS Increase 

±0.10 ±0.08 K).08 

p<.0001 p<.0001 p<.OOOI 

0.21 0.16 0,17 Increase 

±0.05 ±0.04 ±0.04 

p<.0001 p<.001 p<.0001 

Yes 

Mosaic 

0.60 0.56 0.58 

±0.09 ±0.07 ±0.08 

p<.0001 p<.001 ns 

0.17 0.17 0.20 Decrease 

±0.07 ±0.04 ±0.04 

ns p<.0001 p<.0001 

Yes 

Puck 

0.64 0.57 0.63 

±0.07 ±0.08 ±0.07 

p<.0001 p<.0001 ns 

0.25 0.20 0.22 Increase 

±0.06 ±0.05 ±0.05 

p<.0001 p<,001 p<.0001 

? 

Grayson 

0,58 0.52 0.50 Increase 

±0.12 ±0.13 ±0.17 

p<.0001 p<,05 p<.000l 

0.19 0.17 0.16 Increase 

±0.06 ±0.06 ±0.07 

p<,0001 ns p<.0001 

Yes 

Oliver 

0.62 0.57 0.61 

±0,10 ±0.08 ±0.09 

p<.0001 p<,0001 ns 

0.20 0.18 0.20 

±0.05 ±0.04 ±0.05 

p<.001 p<.0001 ns 

7 

Peeper 

0.54 0,54 0.58 Decrease 

±0.16 ±0,12 ±0.13 

ns ns p<.01 

0.20 0.21 0.24 Decrease 

±0.08 ±0.08 ±0.07 

ns ns p<.0001 

No 
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Mosaic 

This 3.5 year-old budgerigar sustained a lesion in left NLc that 

spread slightly into the left NLs (see Table 4-2; Figs. 4-2A, 4-6A). The 

lesion attempt in the right hemisphere led to the spread of ibotenic add 

up the cannula, causing shallow but extensive damage to the neostriatal 

surface and minor damage surroimding the cannula tract (Fig. 4-6B). In 

neither case did the lesion affect AAc. 

Mosaic's pre-lesion vocal repertoire consisted of a large nvimber of 

English words and phrases. He produced English vocalizations both as 

elements enmeshed in warble song and as elicited vocalizations. 

Following recovery from surgery, vocal disruptions were obvious 

in many of Mosaic's word productions, but not consistently as with 

Forest. Because Mosaic's disruptions occurred sporadically, and were not 

as global as Forest's, his vocal deficits were initially most obvious (prior to 

word-by-word transcription analyses) when he produced elicited 

vocalizations. Detailed analyses of both warble song and elicited 

vocalizations, however, showed that vocal deficits were not confined to 

either production category, and were similar in natiire and frequency 

across both categories (see below). 

Mosaic's disruptions can be summarized as severe and disruptive 

amplitude fluctuations, including (a) large and abnormal increases in the 

amplitude of the carrier signal, and (b) large and abnormal decreases in 

(or failures to increase) the amplitude of the carrier and/or modulating 

signals, otherwise termed "amplitude failures". A detailed acoustic 

analysis of amplitude failures is given for another bird's (Puck's) 
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Figure 4-6. Photomicrograph of Mosaic's Lesions. (A) Coronal section at 

the level of NLc, and at the largest medial/lateral extent of Mosaic's left 

hemisphere lesion. Note the right hemisphere lesion on the dorsal 

neostriatal and hyperstriatal surfece (caused by leakage of ibotenic add up 

the cannula). (B) Low magnification image of the right hemisphere 

showing the cannula tract entering NLc, but no lesion. 
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vocalizations in the next section. Amplitude increases are exemplified by 

Mosaic's post-lesion production of the /e/ sound from the "pa" syllable of 

the word "paper". 

Mosaic produced "paper" prolificaUy both while warbling and 

tmder elicited conditions. Of the post-lesion elicited "paper" productions, 

12/22 (54.8%) appeared, by eye (on spectrograms), and ear, to have 

abnormal amplitude fluctuations (8 with amplitude increases, and 6 with 

amplitude failures; NB: some vocalizations contained both increases and 

failures at different points); 10/18 (55.6%) of warbled "paper" productions 

had abnormal amplitude fluctuations (4 with amplitude increases, 7 with 

amplitude failures). 

Vowel Sample Analyses 

Frequency. No significant differences existed in the frequencies of 

either the modulating signal (pre: 356 ± 57 Hz, post 371 ± 121 Hz; t[28]=-

.38, p=0.69) or the carrier signal (pre: 4097 ± 1100 Hz, post: 4257 ± 880 Hz; 

t[32]=-.46, p=0.64) in Mosaic's pre- and post-lesion /e/ samples from 

"paper" (Table 4-3). Four of 22 post-lesion samples, however, had poor or 

indefinable amplitude-modulated periods. 

Amplitude. Significant amplitude fluctuations were observed in 

Mosaic's post-lesion vocalizations. Figure 4-7 shows the spectrograms (C-

D) and amplitude waveforms (G-H) of one of Mosaic's post-lesion 

"paper" productions exhibiting a large and abnormal amplitude increase. 

The increase occurs in just 5 amplitude-modulated periods of the 

vocalization, and these grossly exaggerated periods alternate with periods 

of normal, or smaller than normal, amplitude. The carrier signal of 
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Figuie 4-7. Spectrograms and Amplitude Waveforms of Mosaic's Pre-

and Post-Lesion Productions of "paper". (A) and (B) Mosaic's pre-Iesion 

production of "paper". (C) and (D) Mosaic's post-lesion production of 

"paper". Note in the post-lesion spectrograms the very dark, high 

amplitude region in the /e/ syllable of "pa", and the abnormal broad band 

of energy at the end of the "per" syllable. (E) and (F) Amplitude 

waveforms of the entire pre-lesion "pa" syllable shown in A and B. E 

shows the waveform of the entire syllable, and F a 14 ms excerpt from E. 

(G) and (H) Amplitude waveforms of the entire post-lesion "pa" syllable 

shown in C and D, and a 14 ms excerpt of that signal. Note the difference 

in the amplitude scale between E-F and G-H. The post-lesion signal 

exhibits highly abnormal increases in the amplitude of just 4 amplitude-

modulated periods. The arrows between the large amplitude increases in 

H denote the beginning of amplitude modulated periods that are either of 

normal, or slightly decreased, amplitude. The post-lesion signal also fails 

to be completed at normal amplitude (i.e., the amplitude fails at the end 

of the vocalization). 
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this vocalization is amplitude-modulated at a rate of approximately 400 

Hz. Within 3 amplitude-modulated periods, or 7.5 ms, the maximal 

peak-to-trough amplitude of the carrier signal increases from 1.966 V to 

9.427 V (a 5-fold increase in the amplitude), then decreases to 1.748 V. 

Voltage analyses on 40 ms slices of the /e/ samples (Table 4-3), did not 

reveal any significant pre- versus post-lesion differences in the maxV 

(t[32]=-1.611, p=0.11), RMS (t[32]=-1.48, p=0,1486) or tiie maxV:RMS ratio 

(t[32]=.-1.201, p=.23). The lack of significant differences in pre- and post-

lesion amplitude measures is most likely due to the fact that only a subset 

of the post-lesion /e/ samples was disrupted. 

Syllable Duration. When such severe disruptions occurred. Mosaic 

often failed to complete the vocalization (e.g., in the sample shown he 

terminates production prematurely). Syllable duration, however, did not 

differ significantly when averaged over all pre- and post-lesion samples 

(pre: 175 ± 42 ms, post: 168 ± 31 ms; t[32]=.55, p=.589). 

Contact Call Analyses 

Although I could hear no obvious disruptions in Mosaic's post-

lesion calls (Fig. 4-8A-B), visual inspection of the amplitude waveforms 

allowed me to identify abnormalities in the amplitude envelopes (Fig. 4-

8C-F). Spectrogram cross-correlations (Table 4-4) revealed that the [pre x 

post] comparison group was significantly less similar than the [pre x pre] 

group (t[521]=6.77, p<0.0001), and call variability was not significantly 

increased post-lesion as compared to pre-lesion (Table 4-4). Amplitude 

waveform cross-correlations did not reveal any significant differences 

between the [pre x pre] and [pre x post] comparison groups (t[390]=-.31. 
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p=.76), but [post X post] call waveforms were significantly less variable 

than were either the [pre x pre] or [pre x post] groups. Thus, Mosaic's 

amplitude waveform was produced in a slightly more stereotypic maimer 

post-lesion. Voltage measures taken on entire contact call samples (Table 

4-3), however, also revealed significant pre- and post-lesion differences in 

the maxV (t(38]=-5-53, p<0.0001), RMS (t[38]=-3.07, p<0.n04), and 

maxV:RMS ratio (t[38]=-5.53, p<0.0001). 
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Figiure 4-8. Spectrograms and Amplitude Waveforms of Mosaic's Pre-

and Post-Lesion Contact Call Productions. A Mosaic's pre-lesion 

production of a contact call. B A post-lesion contact call. Note that 

although the spectral shape is very similar in A and B, the amplitude 

(darkness) of the post-lesion call seems greater. C and D Amplitude 

waveforms of the pre-lesion contact call. E and F Amplitude waveforms 

of the post-lesion call. Note again the sparse appearance of the entire 

signal waveform (E), even though the call is at much greater amplitude, 

and the abnormal modulation of the amplitude (F). 
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Puck 

This 3 year-old budgerigar sustained small bilateral NLc lesions 

that spread slightly into the anterior neostriatum and the overlying NLs, 

but that did not affect AAc at any level (Table 4-2; Fig. 4-2A; Fig. 4-9). 

Puck's pre-lesion vocal repertoire consisted of a large number of 

English words and phrases. He produced English vocalizations both as 

elements enmeshed in warble song and as elicited vocalizations. 

Vowel Sample Analyses 

Puck's vocalizations exhibited intermittent disruptions similar to 

those observed in Mosaic. Although Puck's disruptions were most 

obvious to the ear during elicited productions, analyses showed that 

disruptions occurred in both elicited and warbled vocalizations. Puck, 

like Mosaic, exhibited two main types of vocal deficits: (1) large and 

abnormal increases in the amplitude of the carrier signal, and (2) 

decreases in the amplitude of the carrier and/or modulating signals. The 

increases in the amplitude of the carrier signal were similar in nature and 

severity to those described for Mosaic, and thus will not be described for 

Puck. 

Descriptively, when amplitude failures are observed, the carrier 

signal fails to increase to its normal maximal amplitude in a periodic 

manner. This lack of normal amplitude fluctuation usually results in 

one of three acoustic outcomes: (1) a "voicing" failure, (2) production of 

wide, aspedfic frequency spectra, or (3) production of abnormal harmonic 

spectra. A voicing failure is exemplified by Puck's post-lesion production 

of the word "truck" (Fig. 4-lOA-H). Of 20 post-lesion "truck" productions 



196 

Figure 4-9. Photomicrographs Puck's Lesions. Coronal section at the 

level of NLc, and at the largest medial/lateral extent of Puck's left and 

right hemisphere lesions. Neither lesion affected the medially adjacent 

AAc. 
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Figure 4-10. Spectrograms and Amplitude Waveforms of Puck's Pre- and 

Post-Lesion Productions of "truck". (A) and (B) Puck's pre-lesion 

production of "truck". (C) and (D) Puck's post-lesion production of 

"truck". Note in the post-lesion spectrograms the complete failure of the 

vocalization to attain normal amplitudes, both in the "tr" onset, and in 

the "u" vowel sound. After complete failure in the /u/ region of the 

vocalization, the signal continues for a longer than normal period of 

time, with a creaky-like quality. The entire vocalization soimds 

something like "truh-h-h-h". (E) and (F) Amplitude waveforms of the 

entire pre-lesion "truck" syllable (E), and a 14.7 ms excerpt from that 

signal (F). (G) and (H) Amplitude waveforms of the entire post-lesion 

"truck" syllable (G), and a 14.7 ms excerpt from that signal (H). The post-

lesion signal exhibits a highly abnormal decrease in the amplitude, both 

in the "tr" and the "u" regions of the vocalization. Note, however, the 

small, high frequency bursts in the post-lesion signal that extend well 

beyond the duration of the pre-lesion signal (e.g., compare the length of 

signal in E [238 ms], with that in G [277 ms]). 
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analyzed, at least 7 productions were disrupted, 9 productions did not 

appear to the ear or eye to be disrupted, and 4 productions could not be 

definitively identified as disrupted or not. Five of the 7 disrupted 

productions were vocal failures. To the ear, these vocalizations sound 

like "truh-h-h". 

Amplitude. In the /u/ vowel of the post-lesion "truck" waveform 

(4-lOG-H), note how the carrier signal never reaches its normal amplitude 

(compare with Fig. 4-lOE-F), and eventually subsides completely, hence 

receiving its designation as a "voicing failure". The carrier signal returns 

internuttently throughout the remaining duration of the vocalization, in 

this case for a period of time that is longer than normal. When the 

carrier signal returns, although it is usually at a frequency comparable to 

pre-lesion, it is significantly diminished in amplitude. Voltage measures 

taken on entire "truck" samples (Table 4-3) revealed that the maxV:RMS 

ratio was significantly smaller post-lesion (t[37]=2.11, p<.05) and the 

difference between the pre- and post-lesion maxV (t[37]=1.99, p<.06) just 

failed to reach significance. The RMS (t[37]=1.412, p=0.16) was not 

significantly different pre- and post-lesion. When only those post-lesion 

samples identified as "amplitude failures" were compared with pre-lesion 

vocalizations, however, both maxV (t[22]=3.59, p<.002) and RMS 

(t[22]=3.62, p<.002) decreased significantly. The maxV/RMS ratio did not 

vary between the pre- and post-lesion samples (t[22]=1.77, p<.10). 

Contact Call Analyses 

Auditorally, there were no obvious disruptions in Puck's post-

lesion contact calls, and visual inspection of amplitude waveforn\s did 
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not reveal any definitive abnormalities in the amplitude envelopes of 

post-lesion calls. Spectrogram and amplitude waveform cross-

correlations (Table 4-4), however, revealed that the [pre x post] 

comparison group was significantly less similar than was the [pre x pre] 

group (spectrogram correlation t[588]=10.56, p<0.0001; amplitude 

waveform correlation t[300]=8.85, p<0.0001). Increased variance in the 

post-lesion vocalizations could not account for all of the change in the 

correlation values (Table 4-4). Voltage measiares taken on entire contact 

call samples also revealed that post-lesion calls had significantly smaller 

maxV (t[38]=3.09, p<0.004), and RMS values (t[38]=3.74, p=0.0006), 

although the post-lesion maxV:RMS ratio did not differ (t[38]=-.07, p=.93) 

from the pre-lesion value (Table 4-3). 
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Grayson and Oliver. 

These two birds, 14 mo. and 2 years, respectively, each sustained 

only minor damage to NLc, and the damage was not confined to the NLc 

nucleus (Table 4-2 and Fig. 4-2B; Grayson's lesion Fig. 4-11, Oliver's lesion 

Fig. 4-12). In neither case, however, was the medially adjacent AAc 

damaged. 

Grayson's pre-lesion vocal repertoire consisted of ntimerous words 

and phrases that he produced both enmeshed in warble song and as 

elicited vocalizations. Oliver's pre-lesion vocal repertoire consisted of a 

large nimiber of words and phrases that he produced with extreme clarity, 

but that were enmeshed as elements in warble song exclusively. Oliver 

did not produce elicited vocalizations. 

Vowel Sample Analyses 

Post-lesion, both Grayson and Oliver produced disrupted 

vocalizations. Grayson's vocalizations were audibly different pre- and 

post-lesion, although the nature of the effects of his lesions were difficult 

to characterize. After the lesion, Grayson produced fewer vocalizations 

during elicited sessions, and many productions were at sustained but low 

amplitudes (i.e., not at fluctuating or failing amplitudes), which created 

difficiilties in identifying amplitude changes. Whether these low 

amplitude productions were due to a specific effect of the lesion, to non

specific effects of the surgery, or produced intentionally in an attempt to 

compensate for vocal impairment, is unclear. Nevertheless, Grayson also 

produced vocalizations that exhibited (a) fine amplitude control 

impairments (similar to Forest's vocalizations), (b) carrier and/or 
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Figuie 4-11. Photomicrograph of Grayson's Lesions. Coronal section at 

the level of NLc, and at the largest medial/lateral extent of Grayson's left 

and right hemisphere lesions. Grayson's lesions affected the ventral 

regions of NLc, and the ventrally located NLv. Neither lesion affected the 

medially adjacent AAc. 
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Figuie 4-12. Photomicrograph of Oliver's Lesion. Coronal section at the 

level where Oliver's left hemisphere lesion affects the anterior most 

region of NLc- Oliver's right hemisphere was not lesioned. The left 

hemisphere lesion did not affect the medially adjacent AAc. 
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modulating signal amplitude failures, and (c) rapid and abnormal 

increases in the amplitude of the carrier signal. 

For Oliver, the effects of the lesion were so minor that only 

extensive, word-by-word analyses allowed me to conclude that any of his 

vocalizations exhibited disruptions (i.e., listening to him vocalize in real 

time, I could not detect any disruptions). Oliver's vocalizations that were 

disrupted, however, usually exhibited failures of the carrier and/or 

modulating signal amplitude (similar to Puck's "truck" failures), but 

increases in the carrier signal amplitude were also observed. 

Becaiise the effects of lesions on Grayson's and Oliver's 

vocalizations were intermittent and minor, respectively, I was imable to 

find an analysis that reflected their disruptions in terms of global pre- and 

post-lesion differences. Only spectrograms and waveforms from one pre-

and post-lesion vocalization from each bird that are representative of 

their vocal disruptions are thus presented. Grayson's post-lesion 

production of the phrase "come here" (pronounced "comere"; Fig. 4-13A-

H) exhibits both an amplitude increase and carrier and modulating signal 

amplitude failures. Oliver's production of the word "good" (Fig. 4-14A-

H) exhibits two abnormal increases in the amplitude of the carrier signal 

amplitude in the /U/ vowel sound. 
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Figure 4-13. Spectrograms and Amplitude Waveforms of Grayson's Pre-

and Post-Lesion Productions of "come here". (A) and (B) Grayson's pre-

lesion production of "come here" (pronounced "comere"). (C) and (D) 

Grayson's post-lesion production of "come here". Note in the post-lesion 

spectrograms the high frequency amplitude burst in the vicinity the "o" 

vowel sound, and the nearly complete failure of the vocalization in the 

"here" syllable. (E) and (F) Amplitude waveforms of the entire pre-

lesion "come here" vocali2»tion (E) and an 11.1 ms excerpt from that 

signal (F). (G) and (H) Amplitude waveforms of the entire post-lesion 

"come here" vocalization (G), and a 11.1 ms excerpt from that signal (H). 

Note the highly abnormal high frequency burst at approximately 75 ms 

(the burst seen in the vicinity of the "o" in the specfrograms), and the 

failure of the high frequency signal after 175 ms. Note also the abnormal 

high frequency bursts around 180 ms and 200 ms that are also visible in 

the spectrograms. 
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Figure 4-14. Spectrograms and Amplitude Waveforms of Oliver's Pre-

and Post-Lesion Productions of "good". (A) and (B) Oliver's pre-lesion 

production of "good". (C) and (D) Oliver's post-lesion production of 

"good". Note in the post-lesion spectrograms the two high amplitude 

bursts in the vicinity of the /U/ vowel soimd. (E) and (F) Amplitude 

waveforms of the entire pre-lesion "good" vocalization (E) and an 20 ms 

excerpt from that signal (F). (G) and (H) Amplitude waveforms of the 

entire post-lesion "good" vocalization (G), and a 20 ms excerpt from that 

signal (H). Note the highly abnormal high frequency bursts at 

approximately 114 ms and 145 ms. The excerpt in H shows the evolution 

of the first high frequency burst, and how it is preceded by poorly defined 

amplitude-modulated periods, and then what appears to be a decrease in 

the signal amplitude. 
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Contact Call Analyses 

Auditorally, there were no obvious disruptions in either Grayson's 

or Oliver's contact calls post-lesion, but visual inspection of the 

amplitude waveforms revealed slight abnormalities in some amplitude 

envelopes of Grayson's post-lesion calls. Spectrogram and amplitude 

waveform cross-correlations, however, showed that for both birds the 

[pre- X post] comparison group was significantly less similar than the [pre 

X pre] group (Table 4-4). For Grayson: spectrograms correlations 

t[588]=5.43, p<.0001, and amplitude waveform correlations t[588]=4.90, 

p<0.0001. For Oliver; spectrogram correlations t[306]=6.53, p<0,0001, and 

amplitude waveform correlations t[317]=3.28, p=0.001. For Oliver, 

increased variance in the post-lesion vocalizations could not account for 

these changes in the correlation values (Table 4-4). For Grayson, increases 

in both spectrogram and waveform variability post-lesion could account 

for the increased variability in the [pre x post] comparison group. 

Direct measure of the voltages from entire contact call samples of 

Grayson (Table 4-3) showed no significant pre- and post-lesion differences 

for any of the three measures (maxV t[38]=1.584, p=0.12; RMS t[38]=1.75, 

p=.08; maxV:RMS ratio t[38]=-1.60, p=0.11). Direct measure of the voltages 

from entire contact call samples of Oliver (Table 4-3) showed that post-

lesion contact calls had a larger maxV (t[38]=-2.34, p<.03) and larger 

maxV:RMS ratio (t[38]=-4.49, p<0.0001), but that RMS itself was not 

different (t[38]=-.92, p=0.3631) from pre-lesion values. 
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Peeper 

This 2.5 year-old male budgerigar sustained large bilateral, 

electrolytic lesions to the lateral and central frontal neostriatum (NF and 

NH; Table 4-2; Fig. 4-2A). Neither nucleus NLc nor AAc were affected by 

the lesion (Fig. 4-2A; Fig. 4-15). Peeper's pre-lesion repertoire consisted of 

English words and phrases enmeshed in warble song. He did not produce 

elidted vocalizations. Peeper's lesion was placed in NFl, an auditory 

nucleus in the vocal control pathway, for the specific reason of assessing 

the effects of MR lesions on vocal production. 

Vowel Sample Analyses 

Post-lesion changes could not be detected in any of the hundreds of 

Peeper's words that I analyzed auditorally and visually. Pre- and post-

lesion amplitude measures from Peeper's productions of "bear" and 

"wood" and spectrogranis and amplitude waveforms from his 

productions of "wood" (Fig. 4-16A-H) are presented. Note that the /U/ 

vowel soimd in "wood" is the same vowel sound as in "good", the word 

sample shown for Oliver (Fig. 4-14). 

Amplitude. Direct measure of the voltages (Table 4-3) from entire 

productions of "bear" did not reveal any significant differences pre- and 

post-lesion in maxV (t[211=-1.02, p=0.31), RMS t[21]=-.53, p=0.60) or the 

maxV:RMS ratio (t[21]=-1.472, p=0.15). Direct measure of the voltages 

from entire productions of "wood" did not reveal any significant 

differences pre- and post-lesion in maxV (t[15]=1.640, p=0.12) or the 

maxV:RMS ratio (t[15]=-1.55, p=0.14), but RMS was significantly smaller 

post-lesion (t[15]=2.53, p<.03). Visual inspection of Peeper's "bear" and 
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Figure 4-15. Photomicrographs of Peeper's Uniesioned NLc Coronal 

section at the level of NLc and AAc. Peeper's lesions did not at any level 

affect NLc or AAc. 
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Figuie 4-16. Spectrograms and Amplitude Waveforms of Peeper's Pre-

and Post-lesion Productions of "wood". (A) and (B) Peeper's pre-lesion 

production of "wood". (C) and (D) Peeper's post-lesion production of 

"wood". Note the very similar appearance of the pre- and post-lesion 

spectrograms, and the lack of abnormal amplitude fluctuations (increases 

or decreases) in the post-lesion spectrograms, especially in the vicinity of 

the /U/ vowel sound (the same vowel sound as in Oliver's "good" 

production). No abnormal amplitude fluctuations were observed in any 

of the hundreds of Peeper's post-lesion words that were analyzed 

auditorally and visually. (E) and (F) Amplitude waveforms of the entire 

pre-lesion "wood" vocalization (E) and an 9.4 ms excerpt from that signal 

(F). (G) and (H) Amplitude waveforms of the entire post-lesion "wood" 

vocalization (G), and a 20 ms excerpt of that signal (H). Note the 

completely normal appearance of the post-lesion signal, and the lack of 

abnormal amplitude fluctuations (increases or decreases). 
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"wood" spectrograms and amplitude waveforms, however, did not reveal 

any abnormal amplitude fluctuations, either increases or failures, in any 

post-lesion word samples (see Fig. 4-16A-H). 

Contact Call Analyses 

I did not detect any auditory or visual (via spectrograms) 

abnormalities in Peeper's post-lesion contact calls (Fig. 4-17A-B) and 

visual inspection of the amplitude waveforms (Fig. 4-17C-F) did not 

reveal any abnormalities in the amplitude envelopes of post-lesion calls. 

Spectrogram and amplitude waveform cross-correlations (Table 4-4) also 

failed to detect any difference in the similarity of the [pre x post] group 

compared to the [pre x pre] group (spectrogram cross-correlation t[306]=-

.11, p=.91; amplitude waveform cross-correlation t[341]=-.90, p= 0.37). 

Indeed, both Peeper's spectrograms and waveform correlation indices 

increased post-lesion [post x post], thus indicating that for contact calls, 

variability decreased, and stereotypy increased, post-lesion. Direct 

measure of the voltages from entire contact call samples (Table 4-3) 

revealed that all three measures were significantly greater post-lesion 

(maxV t[38]=-5.37, p<0.0001; RMS t[381=-4.30, p=0.0001; and maxVcRMS 

ratio t[38]=-2.61, p<0.02). 
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Figure 4-17. Spectrograms and Amplitude Waveforms of Peeper's Pre-

and Post-Lesion Contact Call Productions. (A) Peeper's pre-lesion 

production of a contact call. (B) Peeper's post-lesion contact call. Note 

that the spectral shape is very similar in A and B, although not identical. 

(C) and (D) Amplitude waveforms of the pre-lesion contact call. (E) and 

(F) Amplitude waveforms of the post-lesion call. Although the 

waveforms are not identical, amplitude transitions in the post-lesion 

signal are smooth. 
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BRIEF DISCUSSION 

The effects of NLc lesions are sununarized, and various features of 

budgerigar vocalizations that are apparently unaffected by NLc lesions are 

described. I then discuss which of the various measures used to describe 

pre- and post-lesion vocalizations serve as useful indicators of the specific 

lesion effects. 

NLc lesions affected production, but not memory, of learned 

English words and natural contact calls. As far as can be determined, 

given the birds' large repertoires, lesions in NLc did not result in loss of 

any elements from any bird's repertoire. Neither did NLc lesions result 

in any significant changes in the dominant frequency that birds produced 

(Table 4-5). Instead, lesions in NLc specifically affected the physical 

production of learned English words and contact calls. Gross 

abnormalities were observed in the amplitude of the carrier signal in 

vocalizations produced by all five birds that sustained NLc lesions. In 

some cases these amplitude abnormalities were manifest as impairments 

in the birds' ability to control the characteristic fine amplitude 

fluctuations of the carrier signal; this effect was so drastic that 

vocalizations were perceived as consisting of bursts of sound, followed by 

apparent gaps of silence (when the amplitude was drastically reduced 

compared to the begiiuiing of the amplitude-modulated period and to 

pre-lesion amplitudes). In other cases, amplitude fluctuations were 

manifest as large, abnormal and often disruptive increases in the 

amplitude of the carrier signal. Finally, amplitude fluctuations were also 
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Table 4-5. Summary of Lesion Effects. A siimmary of all of the measures 

that detected statistically significant effects of lesions on words and contact 

calls for all birds. The author's auditory and visual detection of 

abnormal amplitude fluctuations in word productions was highly 

correlated with post-lesion differences in the amplitude measures of 

maxV, RMS or the maxV/RMS ratio. The effects of lesions on contact 

calls, in contrast, were more highly correlated with spectrogram and 

waveform cross-correlation indices. Both auditory detection of abnormal 

amplitude fluctuations by the author and amplitude measures were 

poorly correlated with the presence of abnormal contact calls (as identified 

by cross-correlation indices). 



Table 4-S. Summaiy of Lesion Effects 

Bird Production Abnormal Amplitude 
Fluctuations Detected 

Fm 
Frequency 

Fc 
Frequency 

Maximal 
Voltage RMS Max. Voltage: 

RMS Ratio 

Spectrogram 
Cross-

Correlation 

Waveform 
Cross-

Correlation 

Forest lol Yes ns ns ns DEC ns . -

M Yes DEC INC ns ns INC - -

contact calls Yes - ns ns DEC INC DEC DEC 

Mosaic M Yes ns ns ns ni ns - -

contact calls Yes - - INC INC INC DEC ns 

Pudc M 

/u/partial 
sample 

contact calls 

Yes 

Yes 

7 

- -

ns 

DEC 

DEC 

ns 

DEC 

DEC 

DEC 

ns 

ns DEC DEC 

Grayson words Yes - - - • - • -

contact calls Yes - - ns ns ns DEC DEC 

Oliver words Yes - • - - - - -

contact calls 7 - - INC ns INC DEC DEC 

Peeper IcxI 

/u/ 

No 

No 

• -

3
 

3
 

ns 

DEC 

ns 

ns 

- -

contact calls No - - INC INC INC ns ns 
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manifest as amplitude failures, where theamplitude of the carrier signal 

failed to be increased at regular intervals, and sometimes failed to be 

produced. 

An attempt was made to find empirical measures that are not only 

sensitive to the effects of NLc lesions, but that also describe, specifically, 

the differences between pre- and post-lesion vocalizations. Two measures 

of amplitude (maxV and RMS), and their ratio (maxV:RMS) have been 

identified that describe how the amplitude of pre- and post-lesion English 

vocalizations differs quantitatively. Thus, for Forest, who exhibited 

impairments in fine amplitude control, the main effect of his lesion was 

to alter the relationship between the maxV and RMS, with greater ratios 

occxu-ring post-lesion (Tables 4-3 and 4-5). The amplitude increases that 

were so disruptive to Mosaic's post-lesion "paper" productions occurred 

only sporadically. Thus, as might be predicted for sporadic phenomenon, 

global analyses failed to identify any significant differences between pre-

and post-lesion vocalizations with respect to any of the three amplitude 

parameters (Table 4-5). Note, however, that the standard deviation of 

maxV for Mosaic's /e/ sound was very large (Table 4-4), reflecting the 

larger than normal amplitude fluctuations. It is likely that Mosaic's 

maxV and RMS are not significantly different post-lesion because a 

number of the post-lesion vocalizations were either unaffected, or 

because as a group, they exhibited both increases and decreases in the 

amplitude that oppositely affected the overall measures. The problem 

was similar for Puck, whose "truck" productions exhibited a number of 

amplitude failures. His maxV measure was smaller than pre-lesion and 
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nearly reached significance, and thus his maxV:RMS ratio was 

significantly smaller, as would be predicted in vocalizations with 

amplitude failures (because the carrier signal amplitude 

does not increase, the maxV:RMS ratio decreases; Table 4-5). Again, 

however, the post-lesion decrease in maxV for Puck's "truck" 

vocalizations likely failed to reach significance because of the many 

"normal" measures from unaffected post-lesion vocalizations. 

In contrast to the large amplitude fluctuations observed in all five 

NLc-lesioned birds. Peeper, the control lesioned bird, had no abnormal 

amplitude fluctuations in any of the hundreds of vocalizations analyzed 

auditorally and visually. It is of particular interest that no abnormal 

productior\s were identified in Peeper's post-lesion vocalizations 

considering the placement of his lesion in NFl. NFl has been implicated 

in the budgerigar vocal control pathway: It receives auditory projections 

from Bas and projects to NLc. Thus, although lesions in NFl would be 

expected to produce deficits in budgerigar vocalizations, none were found. 

Similar studies of lesions in NF and NFl by Hall et al., (1994) also failed to 

identify effects of lesions on budgerigar contact calls. 

In addition to the extensive auditory and visual analyses of 

Peeper's post-lesion vocalizations, pre- and post-lesion amplitude 

measures were compared for two of his words, "wood" and "bear". Only 

one of six amplitude measures differed significantly post-lesion (the post-

lesion RMS for the /U/ sound in "wood" decreased; Table 4-5). Thus, for 

budgerigar vowel sounds, the combined presence of abnormal amplitude 

fluctuations and abnormal measures in one or more amplitude 
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parameters is indicative of vocalizations that have been affected by 

lesions in NLc (Table 4-5). These specific parameters, however, are not 

predictive of NLc lesion disruptions in budgerigar contact calls. 

Pre- and post-lesion contact calls were compared in a manner 

similar to English vocalizations. Auditory assessment of the affects of 

NLc lesions on calls was inaccurate, and post-lesion changes were detected 

only for Forest's, but not for any other birds' calls. Auditory analyses 

appeared to be far less sensitive to small but abnormal amplitude 

fluctuations present in post-lesion contact calls than in post-lesion vowel 

productions. From visual inspection of the amplitude waveforms, 

changes could be identified definitively in the post-lesion contact calls of 

only three birds, but were inconclusive for the other two (Table 4-5). For 

the control lesioned bird. Peeper, neither auditory nor visual 

abnormalities were detected in the amplitude waveforms of his calls. For 

contact calls, amplitude measures yielded ambiguous results. All of the 

birds, including the control bird. Peeper, had significant differences 

between pre- and post-lesion vocalizations in one or more of the 

amplitude measures. 

Contact call cross-correlation comparisons, in contrast, were highly 

predictive of which birds had received NLc lesions (Table 4-5). 

Spectrogram cross-correlations revealed that all five NLc-lesioned birds 

had significantly smaller similarity indices when pre- and post-lesion 

calls were correlated as compared to pre-lesion calls correlated with each 

other. Waveform cross-correlations yielded similar results, and four of 

five NLc-lesioned birds' correlation indices were significantly smaller 
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when comparing the pre- and post-lesion samples together (only Mosaic's 

indices were not significantly different). In contrast, for the control bird. 

Peeper, pre- and post-lesion correlations did not differ from pre-lesion 

correlations on either measure. Thus, for contact calls, spectrogram and 

waveform cross-correlations differences, and perhaps the presence of 

visually detectable abnormal amplitude fluctuations, are indicative of 

vocalizations that have been affected by NLc lesions. Amplitude 

measures of contact calls, however, are not systematically affected by NLc 

lesions. This lack of sensitivity of the amplitude measures of calls may be 

due to the relatively high amplitude at which contact calls are normally 

produced. 

Budgerigar word productions have proved to be a more sensitive 

assay for the effects of NLc lesions than budgerigar calls. Although 

differences in pre- and post-lesion contact calls were detected by 

waveform and spectrogram cross-correlations, this analysis does not 

provide any information with respect to how vocalizations differed. 

Auditorally, differences in only Forest's contact calls could be detected. In 

contrast, abnormalities in the vowels of every single budgerigar that had 

any portion of NLc lesioned could be detected auditorally. Furthermore, 

the sensitivity of English words to NLc lesions allowed me to determine 

the exact nature of the vocal deficits. Were I restricted to analyzing only 

contact calls in this study, I would be able to report only that NLc lesions 

affect vocal production, but could provide little insight into the nature of 

the deficits that they produce. 
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Two additional points regarding the spedfidty of NLc lesion effects 

must be discussed: (1) English vocalizations of all birds were tracked and 

analyzed (auditorally and visually on the Sona-Graph) for months, and 

sometimes years, prior to the lesions. In no case were the types of 

amplitude fluctuations reported here for post-lesion vocalizations ever 

observed before the lesions; and (2) A very strong correlation existed 

between the amount of NLc lesioned and the severity of the observed 

vocal deficits. Thus, Forest's vocalizations were undoubtedly the most 

disrupted, and he sustained the largest NLc lesions (Table 4-2). Mosaic, 

Puck and Grayson had intermittent disruptions in their post-lesion 

vocalizations, and they sustained small to intermediate lesions. Oliver's 

vocal deficits, in contrast, were almost undetectable, and only a very small 

number of his post-lesion words exhibited abnormalities. He sustained 

the smallest NLc lesion of all birds. Thus, both pre-lesion vocal behavior 

and a strong positive correlation between lesion size and the severity of 

effects provide further evidence for the specificity of NLc lesion effects. 

Finally, because Forest's lesions were the most extensive and 

produced the most dramatic effects, his vowels and contact calls were 

examined to determine whether NLc lesions affected the frequencies 

generated during vocal production. The frequency of the modulating 

signal generated by Forest during vowel productions was occasionally 

slower or more poorly defined post-lesion (see Fig. 4-4G), but in most 

cases it was present and maintained its periodic nature and rate of 

periodicity. It is not clear, however, whether the observed poorly defined 

modulating periods (as in Fig. 4-4G) are due to a failure of, or decrease in. 



234 

the amplitude of the modulating signal, or a decrease in the amplitude of 

the carrier signal, or both (discussed in more detail below). Nevertheless, 

it is clear that, in general, large NLc lesions may disrupt, but do not 

necessarily ablate, the modulating signal. The carrier signal generated by 

Forest during vowel productions was not decreased, and in some cases 

was significantly faster post-lesion. For contact calls, no identifiable 

differences existed between the pre- and post-lesion dominant 

frequencies. Thus, large NLc lesions do not appear to affect the frequency 

of the dominant or carrier signal of budgerigar vocalizations. Because no 

significant changes in the frequencies produced in Forest's vocalizations 

were found, and no drastic frequency changes in any other bird's post-

lesion vocalizations were detected, these analyses were not repeated for 

the other birds. 

Because budgerigar contact calls have been regarded as "frequency-

modulated" vocalizations, and little attention paid to their amplitude-

modulated nature, most researchers have tried to assess the effects of 

lesions on the dominant frequency of the contact call. The present 

experiments show, however, that damage to NLc, one of the largest and 

most centrally located vocal control nuclei that is intimately 

interconnected with many other forebrain vocal control nuclei (Fig. 4-1), 

does little or nothing to disrupt the frequency of the dominant or carrier 

signal. Indeed, coimter-intuitively, the dominant frequency may even be 

increased after NLc lesion. NLc lesions, however, affect the amplitude at 

which the dominant or carrier signal is produced. My findings can best be 

understood by envisioning a model of how the budgerigar syrinx might 
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work to produce these sounds. Based on acoustic analyses of budgerigar 

words and contact calls, results from the present experiments, and 

previously published data from the work of others, a working model for 

budgerigar syringeal function has been proposed and is presented in 

Chapter V. 
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CHAPTER V. GENERAL DISCUSSION 

In the previous three chapters, I have presented the results of my 

investigations regarding the vocal and cognitive capacities of the 

budgerigar, the acoustic and productive mechanisnis imderlying 

budgerigar vocalizations, and the effects of lesions in the vocal control 

nucleus, NLc, on budgerigar contact calls and learned English 

vocalizations. Here, a brief summary of the findings is presented, and the 

broader implications of these results discussed in detail. 

Results show that budgerigars can be taught to produce specific 

English vocalizations. The specific social environment in which 

budgerigars are housed affects how well they will leam English 

vocalizations. Budgerigars produce their learned English vocalizations in 

three different manners: (1) as elements enmeshed in warble song; (2) as 

elicited vocalizations in response to presented objects; and (3) alone, 

neither enmeshed in warble song nor as elicited vocalizations. 

Budgerigars also demonstrated that they had formed functional categories 

of the English words that they produced, and they used those 

vocalizations in a context-dependent manner. 

Acoustical analyses show that budgerigar vocalizations, both 

natural contact calls and learned English vocalizations, contain nonlinear 

amplitude modulation. Thus, during vocal production, budgerigars 

produce a high frequency carrier signal, and modulate that signal with 

another signal known as the modulating signal. Amplitude-modulated 

signals produce a complex, nonharmonic spectra. One important 
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implication of these findings is that the standard method of acoustic 

analysis used for budgerigar vocalizations, visual inspection of Fourier 

spectra, is insufficient without other more detailed acoustic analyses. 

Lesions in the budgerigar vocal control nucleus, NLc, were found 

to affect specifically the amplitude of the carrier signal in amplitude-

modulated vocalizations. Both budgerigar productions of contact calls 

and learned English vocalizations were affected in the same manner. 

Lesions did not affect the budgerigars' memory for words, nor the overall 

frequency of the carrier or modulating signals. 

Implications of Investigations of Budgerigar Vocal and Cog;iutive 

Capacities 

Social Environment Influences Budgerigars' Capacity to Acquire English 

Vocalizations 

A strong correlation was observed between the conditions under 

which budgerigars were housed, while in quarantine and in the lab, and 

the propensity and clarity with which budgerigars produced English 

vocalizations. Specifically, budgerigars that were exposed exclusively to 

humans during quarantine (i.e., isolated from other birds), and then 

housed in contact with humans (and other birds) in the lab, produced 

learned English vocalizations the most firequently and the most clearly 

(birds with ranks 1, 2, 3/4,5/6, and 9). In contrast, budgerigars housed in a 

group with other budgerigars during quarantine, and then housed in 

isolation in the lab (with primarily human interaction), produced 



238 

vocalizations the least frequently and with the least clarity (birds with 

ranks 5/6, 7, 8,10). Thus, exclusive human contact (in the absence of 

contact with other birds) during the first several months of life seems to 

be a critical factor predicting how weU a budgerigar will leam allospecific 

vocalizations. However, the amount of social contact that budgerigars 

receive after the first several months also influences the quality of their 

vocalizations. Birds that received only human interaction during 

quarantine, but subsequently housed in isolation in the lab, received the 

lowest rankings of all of birds receiving only human interaction during 

quarantine (5/6 and 9). 

My experiments do not allow me to assess directly the relative 

importance of exclusive human contact during the first several months 

of life as compared to constant interaction with humans and other birds 

during adulthood. Unfortimately, I did not have a group of birds raised 

in social contact with other birds for the first months and subsequently 

housed in social contact with other birds and htimans in the lab. Thus, 

predictions cannot be made as to how well these birds would leam 

allospecific vocalizations. Quite likely, however, the principle effect of 

rearing budgerigars in isolation from other birds is that they imprint 

exclusively on humans, and on the hviman voice. Such imprinting may 

significantiy affect the propensity of budgerigars both to trust and work 

with human frainers throughout their life. Furthermore, imprinting on 

the human voice may facilitate budgerigars' abilities to perceive acoustic 

featiires of human speech that are critical for the reproduction of such 

sounds. Indeed, although budgerigars are open-ended learners, a 
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sensitive or critical period may exist during which budgerigars must have 

access to the sounds of the vocalizations to be learned, such as English 

speech. Budgerigars that do not imprint on the human voice early in 

their life may be severely impaired in their ability, or be unable, to leam 

to reproduce the sounds of human speech. Such constraints on the 

learning of exceptional vocal codes have been proposed for both humans 

and other birds (e.g., acquisition of second languages for humans, and 

allospedfic dialects for birds; Lenneberg, 1967, and Marler, 1970, 

respectively). 

Social Interaction May Mediate Budgerigars' Abilities to Acquire 

Functional Knowledge Regarding the Use of English Vocalizations 

It is of interest to speculate about the learning mechanisms 

imderlying budgerigars' abilities to acquire not only English 

vocalizations, but also the functional use of those vocalizations. 

Historically, parrots have been renowned for their ability to minaic the 

himian voice. That parrots, and especially Grey parrots, possess the 

capacity to use these acquired English vocalizations in a functional 

manner, however, has only recently been demonstrated (Pepperberg, 

1981,1983). This study docimients that budgerigars, a small, domestically-

bred parrot species native to Australia, also possess the capacity to leam 

specific target vocalizations rather than simply mimicking at random, 

and to use those learned English vocalizations in a functional manner. 

Importantiy, this study also shows that the frequency with which 

budgerigars are exposed to target vocalizations is not the critical factor 
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determining what they leam and how they use what they leam. What, 

then, is the critical factor influencing the ability of budgerigars to leam 

and use allospedfic English vocalizations in a functional manner? 

The answer to this question may lie in social modeling theory 

(Mowrer, 1966; Bandura 1969,1971,1977; Pepperberg, 1985,1994b). 

Specifically, when learning an exceptional code, such as a second language 

for a human, or himian vocalizations for a bird, the type of input that the 

subject receives when learning can be critical. Pepperberg (1994b) has 

shown that for Grey parrots, input that is (1) referential and 

demonstrating the meaning of the code to be taught, (2) contextually 

applicable and demonstrating the use that can be made of the information 

contained in the code, and (3) interactive, so that the training can be 

constantly adjusted to the level of the learner, is most effective to 

engender learning of allospedfic English vocalizations. 

The M/R technique used to train both Grey parrots and the 

budgerigars in this study was specifically designed to incorporate these 

three factors of social modeling theory. Budgerigars are shown, for 

example, that a particular vocalization (e.g., an object label) refers to a 

particular object, and no other object They observe that producing target 

labels, but no other vocalizations, allows them to receive the object as a 

reward. Finally, the trainers are able to use interactive feedback to prompt 

and encourage the budgerigars to vocalize, to monitor their progress with 

every object presentation, and to proceed in the training process when the 

birds are ready. For budgerigars, social modeling utilizing the M/R 

technique enables them to not only leam targeted vocalizations, but also 
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to leam the appropriate context in which to use them. In essence, sodal 

modeling enabled the budgerigars to make use of their natiu'al cognitive 

and categorical abilities to form functional categories of allospedfic 

English vocalizations. 

Implications for the Abstract Cognitive Capacities of Budgerigars 

The results presented here provide indirect evidence that 

budgerigars possess abstract cognitive abilities equal in complexity to their 

auditory-perceptual abilities. Dooling et al. (1987b) suggested, based on 

findings from multi-dimensioneil scaling and hierarchical cluster 

analyses, that budgerigars not only discriminate between several different 

call types, but that such discriminations were influenced by functional as 

well as acoustic differences in the calls. In combination v^rith the evidence 

for budgerigars' formation and production of functional categories of 

learned English vocalizations, these data suggest that budgerigars are 

capable of categorical class formation. 

Categorical class formation is the ability to "respond similarly to 

discriminated stimuli" (Zentall et al., 1986, p. 153). Among psittadds, the 

Grey parrot, Alex, exhibits categorical dass formation (Pepperberg, 1987; 

1990a). He not only has labels for objects, but also for categories of labels 

(e.g., he understands that 'blue' belongs to the category labeled 'color'). 

Thus for humans and Alex, a hierarchical relationship exists between 

object labels and categories; i.e., categories consist of objects with labels. 

Furthermore, when Alex responds incorrectly to a presented object, his 

incorrect response usually comes from within the same category' as the 
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correct object label (i.e., colors or numbers or shapes, etc; see Pepperberg, 

1996, for a review). So far, these results have shown that budgerigars 

categorize their vocalizations according to functional use, and produce 

the vocalizations from these functional categories in a context-dependent 

manner. The present experiments did not demonstrate conclusively, 

however, that budgerigars imderstood that those vocalizations refer in a 

specific manner to any object. Although it may be possible that 

budgerigars have only the capacity to form functional (i.e., contextuaUy 

relevant) categories, but not specific reference, such a possibility seems 

unlikely and is in need of further investigation. 

Implications for the Cognitive Capacities of Wild Budgerigars 

It is interesting to contemplate the relevance of the cognitive 

capacities demonstrated by budgerigars in this study, especially in light of 

their superb perceptual categorical abilities mentioned above. Research by 

Dooling and colleagues suggests that budgerigars have the ability to 

discriminate a wide range of acoustic signals including, and perhaps most 

significantly, (a) the same call type produced by either several budgerigars 

or several canaries (Park and Dooling, 1985; Dooling, 1986), and (b) 

different budgerigar call types (Dooling, 1986; Dooling et al., 1987b). 

Furthermore, discriminations among different budgerigar call types 

appear to be influenced not only by acotistic differences, but also by 

functional attributes of the call (Dooling et al., 1987b). The present studies 

have shown that budgerigars can acquire specific knowledge regarding the 

functional category of a vocalization (i.e., whether it belongs to one 
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category of vocalization or another, such as queries or object labels) and 

the functional context in which such vocalizatior« should be used (i.e., 

object labels should be produced during elicited contexts, but any 

vocalization may be produced during warbling). Of what relevance might 

these specific abilities be for budgerigars in the wild? 

In the wild, budgerigar vocalizations may be critical cues aiding in 

the identification of specific individuals, or the physical or emotional 

state of individuals. In their native territory of Australia, budgerigars live 

in large fiocks consisting of tens to himdreds of birds (Wyndham, 1980). 

In the wild, most budgerigars have bright green body plumage, and 

yellow forehead and throat plumage. Whereas visual differences 

between juveniles and adults, and between breeding males and females 

are obvious, few salient visual cues may exist as to the identity of 

individuals within any of these groups. Although Trillmich (1976) and 

Brown and Dooling (1992) showed that budgerigars can discriminate 

between the images of other budgerigars (up to ten individuals at a time), 

the visual cues that budgerigars use to discriminate between individuals 

in the lab may not necessarily be the primary cues available to, or used by, 

budgerigars living in large flocks for individual recognition. 

Fiirthermore, two reasons exist for why visual cues might not be the 

primary means for individual discrimination in the wild: (1) The 

abilities of wild budgerigars to rely on visual cues to discriminate between 

individuals may be constrained due to the large number of individuals in 

the flock; and (2) The habitat in which budgerigars live may make 

exclusive reliance on visual cues for individual identification inefficient 
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or impossible, especially considering the large number of individuals in 

the flock, the small size of budgerigars, and the arboreal and grassland 

habitat. 

Vocalizations, in contrast, may be a salient cue for the recognition 

of individual budgerigars in the wild. Budgerigars have been shown to 

have individually distinct contact calls (Dooling, 1986). Both budgerigars 

and humans have been shown to be able to discriminate between the 

contact calls of different individuals (Park and Dooling, 1985; Dooling, 

1986; Dooling et al., 1987b). Indeed, budgerigars have been shown to be 

capable of discriminating among more than 20 different calls, a 

performance greater than himians (Park and Dooling, 1985). Although it 

has not been shown that budgerigars can discriminate amongst hundreds 

of different contact calls, such an ability does not seem beyond the 

impressive capacity for auditory discrimination that they have so far 

exhibited. Auditory cues, moreover, would be less susceptible to 

degradation in the visually obstructive environment that budgerigars 

inhabit. Thus, for example, one individual would be able to recognize 

another bird that was sitting with 30 other budgerigars in an adjacent tree 

20 yards away. Such an ability may be difficult, if not impossible, given 

visual cues alone. 

Budgerigar vocalizations may be used to relate information 

regarding the specific physical or emotional state of individuals. In 

addition to contact calls, budgerigars also produce a number of other call 

types and warble song. Whereas the functional use of calls such as the 

nest defense, alarm, thwart, and solicitation calls is obvious, very littie is 
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known about the function of warble song or the many, many elements of 

which it is constructed. For example, many of the different call types, 

including contact calls, are enmeshed as elements in warble song. 

Although warble song was historically thought to be used primarily in a 

reproductive context (i.e., to stimulate gonadal development in males 

and nest-building behavior in females; Brockway, 1964a, b, 1965, 1968), 

budgerigars, both males and females, produce it frequently and under 

contexts which are not consistent with a reproductive function (e.g., 

when in isolation; Banta, this study; see also Brockway, 1969). There are, 

however, two different states of warble song, termed soft warble song and 

loud warble song by Brockway (1964a, b; 1969). Nearly all of the 

budgerigars in this study produced copious amoimts of warble song. 

Budgerigars that were courting either an object, such as a toy, or their 

shadow, however, produced a type of warble song that I believe is 

consistent with Brockway's description of soft warble (a very fast warble 

song that was less loud than the warble song they produced at other 

times; Brockway, 1969). Furthermore, this soft warble song was almost 

entirely devoid of allospedfic English vocalizations. It now seems likely 

that warble song serves two or more different functions depending on 

how the warble song is produced (e.g., loud or soft, fast or slow, etc.; 

Brockway, 1969). May the same be true for other calls and warble song 

elements produced by budgerigars, such as the call elements produced 

alone or enmeshed in warble song? This hypothesis is in need of further 

investigation. 
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Finally, budgerigars in the wild could conceivably have the ability 

to use their vocalizations in a functional manner to refer to specific 

stimuli or events in their environment- Wild vervet monkeys 

iCercopithecus aethiops) have been shown to have different call types 

that refer specifically to different predator situations in their 

envirorunent (Seyfarth et al., 1980). One call, for example, is given in the 

presence of aerial predators, especially martial eagles, and the monkeys 

respond to this call by looking up. Another call is given in the presence 

of groimd predators, especially python snakes, to which the monkeys 

respond by looking down. A third call is used in the presence of leopards, 

to which monkeys respond by running into the trees. Interestingly, 

although production of these calls appears to be innate (i.e., the monkeys 

do not need to engage in vocal learning), their function must be learned. 

Seyfarth et al. (1980) found that juvenile vervet monkeys, for example, 

make many more mistakes with respect to which situation elicits which 

alarm call (e.g., they generalize the eagle call to many different types of 

birds) than do adults. Is it possible that budgerigars exhibit the ability to 

use vocalizations in such a fimctional manner, to refer to predators or the 

location of a specific food type, in the wild? 

Anecdotal evidence for budgerigars' functional and event-specific 

usage of natural vocalizations comes from my observations of two 

budgerigars in the lab, Oedipus and Rex. Recall that these two siblings 

were housed together both during quarantine and in the lab. For training 

sessions, however, one bird would be taken from the cage and moved to 

another room, while the second bird remained in the cage. Frequently, 
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these two birds would begin to call to one another at this time, and for 

minutes afterwards. Frequently, if Oedipus, for example, began the 

calling bout, he would use CaU A. If Rex began the calling bout, however, 

and Oedipus was calling back, Oedipus would use a distinctly different 

call. Call B. The exact same behavior was observed for Rex, depending on 

whether he initiated the calling bout or was the respondent- From 

auditory and spectral analyses of these vocalizations, both Calls A and B 

were contact calls. Their differential usage, however, if generalizable, 

suggests that these birds are capable of using natural vocalizations, other 

than iimate alarm calls, in a functional manner. Such abilities are 

supported by my observations regarding budgerigars' abilities to use 

acquired English vocalizations in the laboratory. 

These experiments illustrate the potential for using acquired 

English vocalizations to investigate budgerigar vocal and cognitive 

capacities in the laboratory. Clearly, studies investigating the vocal and 

cognitive capacities of budgerigars in the laboratory, using both 

allospedfic English and natural budgerigar vocalizations, as well as field 

studies investigating the vocal and cognitive capacities of budgerigars in 

the wild, would be complementary and mutually beneficial. Such studies 

may begin to answer some of the questions raised here concerning the 

abstract cognitive capacities of these birds, such as their ability to produce 

referential vocalizations, and if and how these abilities are exhibited by 

individuals in the wild. 
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Implications of Investigations of Budgerigar Vocal Production 

Mechanisms 

Implications of the Presence of Amplitude Modulation for the 

Investigation of Budgerigar Vocal Productions 

The ability of budgerigars to produce amplitude modulation has 

significant implications for future investigations of budgerigar soimd 

production, and necessitates a re-evaluation of the results and 

interpretations of previous studies investigating the ontogenetic, neural, 

syringeal and acoustic mechanisms underljdng these vocalizations. 

Regarding acoustic analyses, specifically, the concept of "fundamental 

frequency" is inappropriate when considering amplitude-modulated 

vocalizations. Analyzing a vocalization that contains amplitude 

modulation as if it were a harmonic vocalization may lead to serious 

acoustic and physical misrepresentations of the signal. Future 

investigations of budgerigar vocalizations must include acoustic analyses 

appropriate for amplitude-modulated signals (e.g., ruling out the 

possibility that the vocalization is harmonic; ensuring concurrence 

between the Fourier spectrum and the amplitude waveform), and must 

use appropriate terminology to refer to vocalization components (e.g., 

dominant or carrier signal rather than fimdamental frequency). 

The most significant implication of the presence of amplitude-

modulation in vocal signals involves researchers' reliance on acoustic 

analyses performed solely with Fourier techniques. Such analyses may 

lead to incorrect inferences regarding the behavior of the signal source. 
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Sideband components, for example, which account for a majority of the 

components in the Fourier spectrum of a complex amplitude-modulated 

signal, are not source-produced frequencies, but rather arise from 

nonlinear interactions between two other signals originally produced by 

the source (or sources). Consider the amplitude-modulated region of 

Forest's contact call (demarcated by cursors in Figs. 3-4A-B). Nowhere in 

the vocal tract is there a source vibration producing a frequency of 3080 

Hz (the frequency of the upper sideband component). This interpretation 

is not obvious upon simple inspection of the Fourier spectrum. Only by 

attempting to accoimt for all frequencies present in the spectrum, and by 

reconciling the amplitude waveform and the Fourier spectrum, is the 

acoustic nature of the signal evident. 

Indeed, misinterpretations of the physical, structural and neural 

mechanisms underlying the production of budgerigar vocalizations have 

resulted from analyses that relied solely on visual inspection of Fourier 

spectra. Based on such analyses, Heaton et al. (1995), Brauth et al. (1997) 

and Shea et al. (1997), suggest that budgerigar contact calls are harmonic 

vocalizations, and Brauth et al. (1997) propose a model for the function of 

the budgerigar syrinx. Results from empirical investigations of the 

budgerigar vocal apparatus, however, do no support their conclusions. 

For example, Heaton et al. (1995) foimd that after bilateral denervation of 

the budgerigar syrinx (by tracheosyringeal nerve transection) the putative 

"fundamental frequency" of contact calls decreased 66%. Calls produced 

by these bilaterally denervated birds are, however, basically harmonic 

stacks (Heaton et al., 1995; Brauth, et al., 1997; Brittan-Powell et al., 1997b), 
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and the authors fail to note that these calls do not maintain the time-

varying amplitude envelope of intact calls (Banta, pers. obs.). If 

fundamental frequency was the only feature affected by denervation, then 

the general shape of the amplitude envelope should be maintained. 

Furthermore, the dominant frequency of calls produced by denervated 

birds shifts in frequency when produced in heliox (70% helium, 30% 

oxygen) whereas calls produced by intact budgerigars show little, if any, 

shift in heliox (Brittan-Powell et al., 1997b). Thus, the calls generated by 

denervated birds may be produced in a maimer entirely different from 

those produced by a normally irmervated bird. Specifically, the sounds 

produced by denervated birds may be generated by aerodynamic vortices, 

such as produced when whistling, rather than by the periodic motion of 

apposing membranes, as is believed to be the case in intact budgerigars. In 

sum, the fact that syringeal denervation decreases the fundamental 

frequency of attempted vocalizations is only of limited use to our 

understanding of what the sjrriru does in the normally innervated 

budgerigar. Re-evaluation of the results and interpretations from these 

studies in the context of amplitude modulation might greatly increase 

our understanding of mechanics of the budgerigar vocal apparatus. 

Implications of Amplitude Modulation for Investigations of the Neural 

Substrates Underlying Budgerigar Vocal Production 

Studies have also fallen unexpectedly short in identifying the 

effects of lesions in the vocal confrol system on the production of 

budgerigar vocalizations. To date, few studies have documented the post-
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lesion fate of budgerigar calls. Hall et al. (1994) present data from 

budgerigars lesioned unilaterally and bilaterally in and around Field 'L' 

and nucleus basalis (NB). Although the authors found no effects 

following Field 'L' lesions, NB lesions were noted to cause deterioration, 

loss of individual distinctiveness, and loss of all frequency modulation 

(as determined by specfral inspection) of contact calls. What is not 

known, however, is how their lesions affected the time waveform of 

budgerigar calls and the amplitude modulation present in these 

vocalizations. 

Heaton (1997) has similarly relied on inspection of specfrograms 

and comparisons of pre- and post-lesion dominant frequencies (the 

frequency at which the greatest amoimt of energy occurs in the spectnmi) 

to assess the effects of lesions in AAc. Heaton finds that bilateral lesion of 

AAc results in a decrease in the dominant frequency of budgerigar contact 

call productions. He concludes, based on these findings, that lesions in 

AAc are directly responsible for disrupting the tension on the syringeal 

membranes (the lateral tympaniform membranes), thus decreasing the 

frequency at which they can vibrate during vocalization. There are, 

however, three significant problems with Heaton's study: (1) Lesions 

were not corrfined to AAc, and in many cases completely desfroyed the 

laterally adjacent NLc nucleus, as well as other brain regions surrounding 

AAc. It is thus difficult to conclude what specificity of effect with respect 

to lesions in AAc, or the vocal control system for that matter, can be 

derived from these experiments; (2) The contact calls of birds receiving 

bilateral AAc lesions were 'harmonic stacks' with fimdamental 
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frequencies that were decreased from the dominant frequencies observed 

in pre-lesion calls. Indeed, the calls of birds with bilateral AAc lesions 

were very similar to those of the bilaterally denervated birds from the 

study by Heaton et al. (1995), described above. As mentioned, experiments 

by Brittan-Powell et al. (1997b), however, showed that the dominant 

frequency of the 'harmonic stack' calls of these bilaterally denervated 

birds shifted frequency when produced in heliox, while the calls of 

normally innervated birds did not. This may suggest that 'harmonic 

stack' calls in general are produced in a manner fundamentally different 

from that of normal birds. Heaton (1997) did not consider the 

implications of the results of the heliox experiments when analyzing the 

effects of AAc lesions on contact calls. Instead, he concluded that AAc 

lesions, like bilateral syringeal denervation, affect the tension on the 

syringeal membranes and reduce the frequency at which they can vibrate 

during vocalization; and (3) Heaton relied exclusively on visual analyses 

of spectrograms and measures of the dominant frequency for his acoustic 

analyses of pre- and post-lesion vocalizations. What is not known, 

however, is how the presence and pattern of amplitude modulation are 

affected in birds that received AAc lesions. 

Lack of understanding of the acoustic nature of budgerigar 

vocalizations may similarly have hindered analyses of other unpublished 

lesion studies. In contrast, evidence from my experiments shows that 

small lesions in NLc can significantly affect amplitude modulation found 

in both budgerigar contact calls and productions of learned English vowel 

sounds, although the specfra may appear relatively unaffected. 
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Consideration of the acoustic implications of amplitude modulation will 

no doubt facilitate future investigations to define more thoroughly and 

accurately the effects of lesions in vocal control nuclei. 

Syringed Mechanisms Underlying the Production of Amplitude 

Modulation 

The acoustic characteristics of amplitude-modulated vocalizations 

in songbirds were first described by Nowicki and Capranica (1986a, b). 

These researchers found that the "dee" syllable of the black-capped 

chickadee iParus atricapillus) call was not a simple harmonic 

vocalization, but rather resulted from the nonlinear interaction of two 

harmonic signals. The chickadee, however, like all songbirds, has two 

sound sources in the form of the bilaterally paired medial and lateral labia 

(Fig. 5-1; Suthers, 1997); one pair is found at each tracheo-bronchial 

junction. The medial labia are thought to be the primary soimd source in 

songbirds (GoUer and Larsen, 1997; Fee et al., 1998). Nowicki and 

Capranica proposed that the spectral characteristics of the "dee" syllable 

arose because each side of the syrinx produced a different frequency. In 

contrast, the budgerigar, like all parrots, has a simple sjninx located more 

in the tracheal portion of the tracheobronchial junction, that has only a 

single soimd source in the form of two apposing lateral tympaniform 

membranes (LTMs, Fig. 5-1; Nottebohm, 1976; Gaimt and Gaunt, 1985; 

"sjnringeal membranes" in Evans, 1969). Whereas songbirds 
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Figuie 5-1. Schematic Representations of the Songbird and Parrot 

S3rringes. Figures of frontal sections through generalized songbird and 

parrot sjninges. The songbird has two functional syringes, one in each 

bronchus just caudal to the tracheobronchial jxmction. In the songbird, 

the medial labium is thought to be the primary sound source. Depending 

on the species, the songbird syrinx has variable numbers of intrinsic 

muscles (from two or three to six). Only one, the syringeus, is shown 

here. The parrot syrinx, in contrast, has only one primary sound source, 

the lateral tympaniform membranes (LTMs) located in the trachea, just 

rostral to the tracheobronchial junction. The budgerigar has three pair of 

syringeal muscles, the extrinsic muscle stemotrachealis, and the intrinsic 

muscles tracheobronchialis and syringeus. 
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have variable numbers of intrinsic syringeal muscles (from three to six, 

depending on the species; Suthers, 1997), parrots such as the budgerigar 

have three main pair of syringeal muscles: the extrinsic stemotrachealis 

muscles, and the intrinsic tracheobronchialis and syringeus muscles 

(terminology used to describe the musculature of Myiopsittacus, Gaunt 

and Gaunt, 1985; the sternotracheal, bronchotracheal and bronchial 

muscles, respectively, in Evans, 1969). Purportedly, the LTMs can come 

close together in the tracheal lumen, or perhaps even touch (Brauth et al., 

1997), to disrupt the flow of air through the center of the trachea. Thus, 

the question arises as to how, with only one soimd source, budgerigars 

produce amplitude-modulated vocalizations. 

One clue about budgerigar syringeal mechanisms may come from 

research on the monk parakeet, Myiopsitta monachus. Gaimt and Gaunt 

(1985) not only showed that the monk parakeet produces amplitude-

modulated call-like vocalizations ("a rattling squawk"), but also that the 

two intrinsic muscles of the syrinx, the syringeus and the 

tracheobronchialis, were temporally correlated with the pulsatile 

elements of this vocalization. A similar mechanism may be responsible 

for production of amplitude-modulated signals in the budgerigar. For 

example, the dominant or carrier signal may be produced by a flow-

induced, self-sustaining oscillation of the LTMs (achieved by Bernoulli 

action-like forces of air on the LTMs). The amplitude of the carrier signal 

may then be modulated by either adducting the LTMs (i.e., moving them 

into the tracheal lumen and thus into the flow of air) or abducting the 

LTMs (i.e., moving them out of the lumen and thus out of the flow of 
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air). Direct syringeal muscle activity, although potentially responsible for 

producing amplitude modulations of this type in monk parakeet calls, 

probably can not explain all of the amplitude modulations present in 

budgerigar vocalizations. Amplitude modulation rates ranging from 100 

Hz to 742 Hz were observed, with the latter being far greater than the rate 

at which even the fastest skeletal muscle can contract. Thiis, direct 

syringeal muscle activity is not likely responsible for producing the 

modulating signal in the amplitude-modulated vocalizations of 

budgerigars. 

An additional consideration with respect to the physical 

mechanisms underlying budgerigar productions of amplitude 

modulation is that, as mentioned in Chapter IE (p. 115), not all budgerigar 

vocalizations exhibit amplitude modulation, and for those that do, such 

modulation is not necessarily present throughout the entire vocalization. 

What are obvious, however, are the smooth yet rapid transitions within a 

vocalization from regions that lack amplitude modulation, or exhibit 

complex or chaotic modulations of the amplitude (e.g.. Fig. 3-3D), to 

regions that exhibit the nonlinear process of amplitude modulation. 

These observations may provide an important clue as to how budgerigars 

produce all vocalizations, not only amplitude-modulated vocalizations. 

Indeed, I propose that non-amplitude-modulated vocalizations are 

simply a special case of amplitude-modulated vocalizations. Consider a 

vocalization that is the product of a constant frequency carrier signal, and 

a highly aperiodic or chaotic modulating signal. In this case, amplitude 

modulation and sidebands would not be evident, although the 
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mechanism of production of this vocalization and one containing 

amplitude modulation would be identical. Depending on the 

mechanisms by which budgerigars actually produce amplitude 

modulation, such a scenario may indeed be plausible. 

One possible explanation for how such complex mechanics may 

occur is that nonlinear osdllations of the syringeal membranes 

themselves may be responsible for producing amplitude modulation in 

budgerigar vocalizations. A recent study by Fee et al. (1998) describes 

nonlinear dynamics present in the excised syrinx of the zebra finch 

ijaeniopygia guttata). Fee and his colleagues postulate that these 

nonlinear mechanics are responsible for some nonlinear acoustical 

features of zebra finch song, such as period doubling, mode-locking, and 

sudden transitions from periodic to aperiodic or chaotic signals. Tests on 

a biophysical model of the syrinx further support their hypotheses and 

suggest that, at least for mode-locking, coupling of the Bernoulli-force 

driven osdllation to a higher vibrational mode in the membranes may be 

responsible. Similar mechanisms may produce the nonlinear acoustical 

features of budgerigar vocalizations. As described above, even in the 

absence of amplitude modulation, budgerigar vocalizations exhibit such 

nonlinear features as sudden transitions from periodic to aperiodic or 

chaotic signals. 

In sum, the acoustic evidence strongly supports the hypothesis that 

the mechanisms underlying both productions of nonlinear amplitude 

modulation and the ubiquitous modulations of the amplitude 

throughout budgerigar vocalizations are the same. Under such 
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drcmnstances, then, the technically correct definition of amplitude 

modulation, as the acoustic phenomenon that creates sideband 

frequencies, thus becomes only a semantic distinction, but provides no 

clarity with respect to the physical mechanisms that produce such 

amplitude modulation. Therefore, for the remainder of this discussion, 

the term amplitude modulation is used to describe all modulations of the 

amplitude that act to change the time-varying characteristics of the 

signal's amplitude envelope, regardless of whether they produce 

sidebands (note, however, the distinction between amplitude 

modulations and basic changes in the amplitude at which a vocalization 

is produced, e.g., when all of the time-varying amplitude properties of the 

envelope are conserved, except that it is produced at an overall increased 

or decreased amplitude). 

A Working Model for Budgerigar Syringed Function 

As a means of summarizing the findings regarding the production 

of budgerigar natural and learned English vocalizations, a working model 

of budgerigar syringeal function is presented. The model, however, is 

only hypothetical, and it is hoped that its consideration will serve to 

stimulate new ways to test the model, or to develop new models. 

The predominant feature of budgerigar vocalizations is a high 

frequency signal that is subject to frequency and amplitude modulation. 

Frequency modulation is exhibited by many species of vocalizing birds, 

and is usually accomplished by changing physical attributes of the 

frequency source itself (e.g., length and tension of the syringeal 
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membranes; Greenewalt, 1968). Amplitude modulation of a signal occurs 

secondarily, when a second mechanism or signal acts to modulate the 

amplitude of the dominant or carrier signal (Greenewalt, 1968). 

To date, no conclusive experimental evidence exists describing the 

effects of any manipulations that result in a decrease in the dominant 

frequency of budgerigar vocalizations. Although Heaton et al. (1995) and 

Heaton (1997) found that both bilateral syringeal transection and bilateral 

AAc lesions resulted in decreased dominant frequencies, those 

vocalizations appear to be produced in a fundamentally different manner, 

and are thus not comparable. Nevertheless, it is consistent with data 

from many other bird species, and human acoustics, to assume that 

budgerigars modulate the frequency of their vocalizations in a manner 

similar to humans and other birds: by adjusting the length and tension of 

the LTMs. It is possible, however, and consistent with much of the data, 

that budgerigars can modulate the frequency of specific vocalization types 

(e.g., vocalizations that are produced by periodic syringeal activity, such as 

contact calls and mimicked human vocalizations) only within specified 

ranges (e.g., 1,500 to 3,500 Hz). 

I propose that during "normal" budgerigar vocal production, the 

LTMs are manipulated to produce both the carrier signal and the 

modulating signal. I propose that the LTMs vibrate to produce the 

dominant or carrier signal observed in most vocalizations, which is a 

relatively high frequency signal, usually ranging from 1,500 to 3,500 Hz 

(depending on the vocalization). The frequency at which the LTMs 

vibrate, as described above, may be determined by a combination of factors 
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including the tension on, and thus the length of, the membranes, and 

perhaps intrinsic structural characteristics that may constrain the 

frequencies at which they can vibrate. The LTM vibration itself may be 

generated by flow-induced, self-stistaining oscillations, achieved by 

Bernoulli action-like forces of the air on the LTMs (when the syringeal 

aperture closes, air pressure decreases rostral to the syrinx and increases 

caudal to the syrinx, thus creating a pressure differential that can initiate 

and sustain LTM vibration) in conjunction with external pressure from 

the interclavicular air sac (Greenewalt, 1968; Heaton et al., 1995). 

Thus, suppose that at rest the LTMs are at their farthest distance 

apart, do not obstruct the flow of air through the trachea, and do not 

vibrate to produce sound. As the bird prepares to vocalize, the LTMs are 

drawn near to the center of the trachea, where they can disrupt the flow of 

air through the trachea. At this point, the LTMs begin to vibrate, the 

dominant or carrier signal is produced, and the budgerigar starts to 

vocalize. For budgerigar contact calls, this carrier signal produces the 

dominant signal of the call, where most of the energy of the vocalization 

is found. For budgerigar production of vowels, the quasi-periodic carrier 

signal creates the strong band of energy in the middle of the spectrum that 

mimics a human formant (discussed in more detail, below) . 

I propose that modulation of the amplitude of the dominant or 

carrier signal, as observed in both contact calls and English vocalizations, 

is produced by varying the distance between the LTMs. The position of 

the LTMs in the trachea would determine the mean cross-sectional area 

of the syringeal aperture, and thus the amplitude of the signal produced 
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by the LTMs (a small aperture would produce a larger amplitude signal; a 

larger aperture, a smaller amplitude signal). A similar mechanism for 

amplitude modulation in birds was proposed by Greenewalt (1968). 

When the LTMs are completely adducted or abducted, soimd production 

would cease. For budgerigar production of contact calls, quasi-periodic 

and aperiodic variations of the syringeal aperture produce the 

characteristic call waveform containing extensive amplitude modulation. 

For budgerigar production of vowels, the quasi-periodic fluctuation of the 

amplitude of the carrier signal creates the regularly repeating amplitude-

modulated periods that mimic the human fundamental frequency 

(discussed in more detail, below). 

How the budgerigar produces these two movements of the syrinx 

is, however, unknown. As mentioned above, it seems highly imlikely 

that direct muscular activity is responsible due to the high frequencies at 

which the carrier signal can be modulated (both periodically and 

aperiodically). It is possible, and perhaps very likely that, as for the zebra 

finch, nonlinear dynamics of the syrinx itself are responsible for creating 

two separate vibrational modes that can be simultaneously produced. 

One vibrational mode might produce the high frequency carrier signal 

(1,500 to 3,500 Hz), while the other causes the membranes to oscillate in 

and out of the stream of air at a much lower frequency (100 to 1,000 Hz). If 

this is the case, however, my findings that the modulating and carrier 

signals of budgerigar contact calls and English vocalizations do not appear 

to be harmonically related must be taken into account. Still, the 

possibility of such a mechanism is an intriguing one. 
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Finally, if such a nonlinear mechanism is responsible for 

producing modulations of the amplitude in budgerigar vocalizations, 

then it seems necessary that at least the slower vibrational mode be imder 

some level of central control. Thus, although the frequency at which the 

amplitude of the dominant signal is varied in budgerigar calls ranges 

widely, it is rigorously controlled both within and between budgerigar 

productions of different English vocalizations, especially vowels. It is not 

inconceivable, however, that the frequency of the slower modulating 

oscillation could be varied by adjusting the tension on the syringeal 

membranes (which, depending on the intrinsic structural properties of 

the LTMs themselves, may or may not influence the frequency of the 

faster vibrational mode). This adjustment could potentially allow the 

budgerigar to vary the frequency of the modulating signal intentionally. 

The frequency of the carrier signal, in contrast, would be determined by 

intrinsic structural properties of the syrinx, and perhaps an interaction 

between the sjnrinx and the amount of air pushed through the system (i.e., 

increases in air pressure would increase the frequency of vibration, 

decreases in air pressure would decrease the frequency of vibration). 

This model, although only speculative, is supported by my findings 

of the effects of NLc lesions on budgerigar vocalizations. In all birds, NLc 

lesions affected the amplitude at which the dominant or carrier signal 

was produced. NLc lesions, however, did not appear to affect production 

of the dominant signal, or the frequency at which the dominant signal 

was produced. Indeed, even in the case of amplitude failures, the 

dominant carrier signal usually continued to be produced, although at 
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much lower amplitude (Fig. 4-9G-H). The same effect was seen in the 

contact calls of NLc lesioned budgerigars. The amplitude of the dominant 

signal was frequently and drastically altered (either increased or 

decreased), but the frequency of the dominant signal was unchanged (Figs. 

4-4,4-5). NLc lesions, then, may disrupt budgerigars' abilities to control 

the tension on the syringeal membranes such that the position of the 

membranes, and thus the amplitude of the carrier signal, is drastically 

altered. Clearly, further investigations of syringeal physiology and 

mechanics are critical to provide answers as to how budgerigars produce 

both amplitude-modulated vocalizations as well as vocalizations that 

simply contain frequent modulations of the amplitude. 

Amplitude Modulation, NLc Lesions, and Natural Budgerigar Warble 

Song 

One of the original goals of these experiments was to assess the 

effects of NLc lesions on the production of natural budgerigar warble 

song. Knowledge of the specific effects of NLc lesions on warble song 

would enable direct comparison of the functions of different vocal control 

nuclei (especially HVc and NLc) between songbirds and parrots. 

Budgerigar warble, however, is a very long, complex song composed of 

many different elements that can continue for tens of minutes, frequently 

with very little repetition of the individual elements. Warble song 

analyses by Farabaugh et al. (1992) identified 42 different classes of warble 

elements including; clicks, ehhs, alarms, short, long and very long brrrrs, 

harmonic chips, short and long weeps, twangs, harmonic alarms, contact 
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elements, short and long chirtlys, and widdlys. Analyzing the effects of 

lesions on such a complex vocalization may thus prove to be difficult, if 

not impossible. My observations that budgerigars erunesh learned 

English vocalizations into their warble song presented me with a imique 

opportunity to study the effects of NLc lesions on vocalizations that were 

used in warble song, but that were more easily and reliably identified. 

The discovery that budgerigars used amplitude modulation to 

produce English words was fortuitous and has enabled a more thorough 

analysis of the acoustic, structural and neural basis of budgerigar 

vocalizations than has previously been possible. Although the analyses 

concentrated on the production of contact calls and English vocalizations, 

because words were enmeshed in warble song, hundreds of hours of 

warble song have been, in effect, visually and auditorally analyzed. 

Considering the many hours of warble song that have been analyzed, my 

first impression is to conclude that it is little affected by NLc lesions. 

However, recognizing my inability to detect abnormalities in post-lesion 

contact calls, I do not feel that a cursory analysis of warble song relying 

solely on auditory and visual analysis is valid. Nevertheless, a sununary 

of the observations regarding the presence of amplitude modulation in, 

and the effects of NLc lesions on, warble song is presented. 

First, the effects of NLc lesions were most obvious in the warble 

song of Forest and Mosaic. Second, the overall temporal pattern of warble 

song was unaffected by NLc lesions. Third, NLc lesions produced three 

main types of changes in warble song: (a) elements that had abnormal 

amplitude fluctuations and that soimded "scratchy" or "hoarse" (e.g.. 
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contact elements, chirtlys and widdlys produced by Forest), (b) elements 

with abnormal amplitude increases (e.g., ehhs and harmonic chips in 

Forest and Mosaic) and (c) elements with amplitude failures (elements 

were produced at an almost inaudible level; e.g., chirtlys and widdlys in 

Forest, Mosaic and Puck). 

Thus, although my analyses of warble song were only cursory, all 

of the post-lesion deficits observed were similar qualitatively to those 

that documented for budgerigar productions of English vowels and 

contact calls. Furthermore, observations that the temporal patterning of 

warble song was unaffected by NLc lesions is consistent with reports that 

the temporal patterning of warble song, but not acoustic features of warble 

song elements, is maintained in budgerigars deafened at 28 d (Eda-

Fujiwara et al., 1995). I feel that my observations of the effects of lesions 

on warble song validate the use of English vocalizations as an assay for 

natural warble song. Further investigations of the acoustic properties of 

warble song elements, and the effects of NLc lesions on those elements, 

will help to clarify further the mechanism imderlying vocal production 

in budgerigars. 

Are Patterns of Amplitude Variation Learned for Natural Budgerigar 

Vocalizations? 

The presence of amplitude modulation in budgerigar vocalizations 

has intriguing implications for studies of vocal learning. Research has 

shown that budgerigars can continue vocal learning through adulthood 

(Brown et al., 1988; Farabaugh et al., 1994; Banta, this study), and that 
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juveniles require auditory feedback to develop their calls (Dooling et al., 

1987a) and some aspects of warble song (Eda-Fujiwara et al,, 1995). The 

acoustic or temporal features to which budgerigars actually attend and 

leam when they begin to produce their first contact calls, or modify their 

call repertoire as adults, is, however, unknown. The findings presented 

here for the production of English vocalizations strongly suggest that 

budgerigars are able to "leam" when and how to vary amplitude (e.g., it is 

difficult to imagine how they could mimic human vowel sounds without 

learning to reproduce a specific pattern of amplitude modulation). As 

mentioned above, a budgerigar call may exhibit 3-5 frequency changes 

throughout its duration, but many changes in amplitude. Perhaps 

budgerigars learning how to produce contact calls leam not only which 

dominant frequency to produce, and how to vary that frequency, but also 

a pattem of amplitude modulation. Indeed, perhaps amplitude 

modulation is the critical acoustic feature monitored by budgerigars 

engaged in vocal learning. Two studies (Brittan-Powell et al., 1997a and 

Hall et al., 1997) investigated the ontogeny of call production in 

budgerigars, but it is not yet known how the development of amplitude 

modulation proceeded in these vocalizations. Such analyses may greatly 

improve our understanding of the mechanisms underlying vocal 

learning in this species. 

Another intriguing consideration, given the ability of budgerigars 

to leam and produce specific patterns of amplitude modulation, is the 

possibility that the specific pattem of amplitude variation within a contact 

call is what makes budgerigar contact calls individually distinct. As 
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discussed above, numerous studies have shown that budgerigars can 

leam to discriminate between many different contact calls (Park and 

Dooling, 1985; Dooling, 1986; Dooling et al., 1987b). It is not yet known, 

however, what features make individual contact calls distinct from one 

another. Park and Dooling (1985) found that budgerigars caimot leam to 

discriminate between cal ls  that  have been shifted in frequency by 2,000 Hz 

(but they were able to discriminate between calls shifted in frequency by 

only 300 Hz). However, this finding does not necessarily help to 

determine the features to which budgerigars attend when they 

discriminate between normal calls. It is interesting to hypothesize that it 

is the pattern of amplitude variation, exactly how the amplitude of the 

entire dominant signal is modulated with time, that is monitored by 

budgerigars during auditory discriminations. Evidence supporting this 

hypothesis comes from a study by Dooling and Searcy (1981) who found 

that budgerigars have better temporal resolving power (a shorter 

integration time) for detecting amplitude modulated signals than 

humans. Futiore experiments testing budgerigars' abilities to discriminate 

between calls in which the amplitude modulation has been 

experimentally altered may help in determining whether amplitude 

modulation is indeed a factor aiding in contact call discrimination. 
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Budgerigar Vowel Production Differs Fundamentally from that of 

Humans and Other Birds 

Voiced human vowels are harmonic sounds: At any given point 

in time they consist of a single fundamental frequency, and harmonic 

overtones of that fundamental frequency, both of which can be 

emphasized or de-emphasized by vocal tract resonances to create 

formants (the wide bands of energy most easily detected in wideband 

spectrograms of human vocalizations; see Fig. 3-5A). The fundamental 

frequency and harmonics are source-generated properties of a 

vocalization, produced as the vocal folds abduct and adduct, thus 

disrupting the steady stream of air from the lungs. The rate at which the 

vocal folds oscillate determines the fundamental frequency of the 

vocalization. Harmonics are created because the sound that is generated 

as air is released as periodic puffs through the larynx has multiple 

frequencies and is periodic (or quasi-periodic; Titze, 1994). Formants, in 

contrast, are filter-generated properties of a vocalization, determined by 

the size and shape of the vocal tract through which the source-generated 

harmonic frequencies must travel. Formant frequencies, and their 

variance with time, are primary cues enabling vowel identification in 

hxmians (Titze, 1994). 

Two other bird species that mimic the human voice. Grey parrots 

and Indian Hill mynahs, share some features of vocal production with 

humans. Acoustic analyses suggest that Grey parrots (Patterson and 

Pepperberg, 1994) and Indian Hill mynahs (Klatt and Stefanski, 1974) use a 

self-sustaining, flow-induced periodic or quasi-periodic oscillation of the 
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syringeal membranes to produce harmonic vowels similar to human 

harmonic vowels. Although Grey parrots, mynahs and humans differ in 

the filter-generated properties of vowel soimds they produce (i.e., they 

have different vocal tracts), for all three species, source-generated 

properties are amazingly similar (Klatt and Stefanski, 1974; Patterson and 

Pepperberg, 1994). For budgerigars, in contrast, the data indicate that the 

source generated properties of mimicked vowel sounds are 

fundamentally different from those of humans. Grey parrots and 

mynahs. 

Budgerigar vowels sounds are produced by not one, but two 

separate periodic or quasi-periodic frequencies; the modulating signal 

and the carrier signal. The large amplitude, high frequency, quasi-

periodic carrier signal of budgerigar vowel soimds is indicative of, and 

indeed the primary determinant of, the frequency at which a strong 

"formant-like" band of energy is found in the vocalizations (see Figs. 3-

6A-B, 3-7A-B and 3-8A-B). This energy is determined primarily by the 

vocal source, however, and not by the action of vocal tract resonances 

(although such resonances may also affect the amplitude of the signal in 

this part of the spectra). The carrier signal of budgerigar vowels then 

presumably enables the human listener to identify the specific vowel 

sound the budgerigar is producing. 

Budgerigars simulate the periodic nature of human vowel sounds 

(i.e., the rate at which the vocal folds vibrate) with the second, quasi-

periodic signal; a periodic modulation of the amplitude of the carrier 

signal at a rate comparable to a human fundamental frequency. For 
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humans, the fundamental frequenqr can vary from 124 to 141 Hz for 

human males, and from 210 to 276 Hz for human females and children 

(Peterson and Barney, 1952). The mean frequency of the modulating 

signal for budgerigar vowels in this study was 292 (± 97) Hz (range = 135-

539 Hz), very similar to that observed in humans. Thus, to mimic 

hiunan speech, budgerigars must leam to modulate the amplitude of 

their naturally occurring, high frequency carrier signal in a slow, quasi-

periodic manner. These two quasi-periodic signals then interact in a 

nonlinear maimer to form the complex, non-harmonic energy spectrum 

that we perceive as a human vowel-like vocalization. 

My findings regarding how budgerigars mimic human speech are 

in striking contrast to the mechanisms of speech production proposed for 

Grey parrots and mynahs. Thus, although obvious differences exist in the 

"speech" mechanisms of Grey parrots, mynahs and hvimans (i.e., birds 

lack lips and teeth; humans lack a syrinx), the source of vocal output (the 

sjoinx and larynx in birds and humans, respectively) appears to function 

similarly. Component frequencies observed in these birds' vowel spectra 

were integer multiples, or near integer multiples, of the predicted 

fimdamental frequency (i.e., they were harmonics of the fundamental 

frequency). Furthermore, vocal fract resonances were responsible for the 

formants observed in Grey parrot vowels (Patterson and Pepperberg, 

1994). For the mynah, researchers concluded that the first formant (Fi) 

was indeed produced via vocal tract resonances, but they hypothesized 

that the second and third formants (F2 and F3) were generated by a 

secondarily-induced, harmonically related, wave-like vibration in one of 
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the syringeal membranes (Klatt and Stefanski, 1974). Their data were 

inconclusive, but interestingly, the mechanism suggested for the mynah 

is similar to the Body-Cover Model now proposed to describe htmian 

vocal fold oscillation (Titze, 1994). For budgerigars, in contrast, many 

component frequencies, including the carrier si^pial, are not harmonically 

related to the fundamental of the modulating signal. 

The mechanism I propose for budgerigar vowel production, 

although fundamentally different from those proposed for other speech-

producing birds and humans, is related to one suggested by Lieberman 

(1984) for mynahs. He postulated that these birds Glased in part on the 

research described above) produce a sinusoidal tone at the desired vowel 

formant frequency, and then periodically interrupt that sinusoid at the 

rate of the fundamental frequency of that vowel. After inspection of the 

data presented in the mynah study (Klatt and Stefanski, 1974) I do not 

believe that their findings support Lieberman's hypothesis. A source-

generated periodic signal clearly exists at the rate of the expected 

fundamental frequency in this bird, and its vowel soimds appear typically 

harmoiuc. In contrast, budgerigar vowel sounds do not appear typically 

harmonic, and budgerigars do produce a high frequency sinusoid that, 

although not at the absolute frequency of a human vowel formant as 

predicted by Lieberman, does mimic the time-variant frequency of a 

hiunan vowel (compare Figs. 2-3 and 2-4). The periodic variation of the 

amplitude of the carrier signal undoubtedly functions as an 

"interruption" of the sinusoid, synthesizing what we perceive as 

"voicing". I thus believe that the budgerigar provides the first conclusive 
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evidence for a speech mimicry mechanism similar to that proposed by 

Lieberman. 

Why Do Budgerigars Produce Amplitude-Modulated English 

Vocalizations? 

The simple anatomy and general mechanics of the parrot syrinx are 

reminiscent of the human larynx (i.e., the vocal folds). In another 

psittadd, the Grey parrot, the syrinx is believed to function much like the 

human larynx when these birds mimic human speech: Air pressure 

differentials created across the laryngeal or syringeal apertures produce 

flow-induced, self-sustaining oscillations of the membranes (Titze, 1994; 

Patterson and Pepperberg, 1994). Based on our current understanding of 

budgerigar anatomy, there is no reason to believe that its syrinx cannot 

function in much the same way (although Scanlan [1988] argues that 

morphological specializations may facilitate contact between the LTMs in 

Grey parrots, no empirical evidence supports this theory). Why then, 

does the budgerigar resort to the complex mechanism of amplitude 

modulation to mimic human speech when it might well be able to 

produce human speech by using the same mechanism that humans and 

Grey parrots use? One possible explanation is that the budgerigar 

syringeal membranes are incapable of producing one single, low 

frequency vibration (e.g., 100-300 Hz), thus leaving the budgerigar no 

alternative but to simulate the slow, periodic nature of the human vocal 

folds (i.e., the human fundamental frequency) via another mechanism, 

the amplitude modulation of a carrier signal. An alternative explanation. 
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however, might involve amplitude. Perhaps the periodic disruption of 

the flow of air past two membranes as small as the budgerigar LTMs (in a 

manner similar to the human or Grey parrot) would produce a sound so 

low in amplitude that it would not be acknowledged by htmian listeners 

as an attempt at a speech-like vocalization, and the budgerigars would not 

be rewarded by human observers/trainers for these productions. Because 

of the high amplitude of the carrier signal, in contrast, vocalizations 

generated via amplitude modulation may have sufficient amplitude to be 

perceived by human observers/trainers, and birds may be selectively 

rewarded for these productions. 

The Functional Roles of HVc and NLc 

Songbird HVc appears to be involved in the production of a motor 

pattern for song elements. Complete bilateral destruction of canary HVc 

resulted in the permanent and complete elimination of audible 

components of song, while sparing the birds disposition to sing when 

sufficiently stimulated (i.e., they produce silent song; Nottebohm et al., 

1976). With complete left HVc lesions, birds exhibited a marked loss of 

phrase structure, syllable instability, syllable losses, very few matches 

between pre- and post-operative syllables, and a reduction in song 

frequency range (Nottebohm et al., 1976). The effects of lesions on HVc, 

in combination with the fact that it receives direct inputs from the 

auditory area Field 'L', prompted researchers to hypothesize that "HVc 

might be particularly involved in the process of vocal leaming-in the 

individual's acquisition of its own unique song repertoire" (Nottebohm 
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et aL, 1976, p. 481). The current point in question, however, is not 

whether HVc is involved in learning, but rather the exact nature of what 

HVc leams. Three possibilities for the role of HVc exist: (1) HVc might 

store the "song template", instructions for when and how each element 

of a song is to be produced; (2) HVc might store the "syllable template", 

instructions for how to produce the acoustic features of each specific 

syllable as compared to all other syllables; or (3) HVc might store syllable-

aspedfic instructions that, upon stimulation from higher-order areas, act 

to produce specific acoustic features that one to several syllables may 

share. 

Increased understanding of the specific role of HVc has come from 

recent studies using experimental techniques that probe the function of 

intact brain regions. A series of experiments by Vu et al. (1994) showed 

that electrical stimulation of HVc in the awake and singing zebra finch 

altered the ongoing syllable, as well as the ensuing song pattern. 

Following stimulation, these birds would abruptiy stop singing in the 

middle of the on-going motif, reset to the beginning of the motif or song, 

and commence singing once again. In contrast, stimulation of the 

medially adjacent RA nucleus, to which HVc projects, produced only the 

distortion of the ongoing syllable, after which the bird continued to sing 

the rest of the motif, as if no interruption had occurred. These 

experiments suggest that the template for song, the when and how of 

song construction, occurs at or before the level of HVc, but do not provide 

conclusive evidence as to whether HVc itself houses this song template. 
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To define further the function of various vocal control nuclei, Yu 

and Margoliash (1996) recorded from individual neurons in the HVc and 

RA of singing zebra finches. They found that individual neurons in HVc 

exhibited syllable-specific firing patterns. Specifically, syllables with 

similar acoustic features exhibited different neuronal firing patterns, and 

these patterns were independent of where the syllable was located within 

the song. They concluded that individual HVc neurons code uniquely for 

syllable identity, but not for note (components of the syllable) or motif 

(composed of syllables) identity. Furthermore, they proposed that the 

syllable is likely to be the largest production unit that can be considered a 

"motor program". In contrast, recordings fi-om RA neurons in singing 

birds (Yu and Margoliash, 1996) identified activity patterns that were 

associated with subsyllabic vocal units such as notes. The researchers 

proposed that the activity of RA neurons likely control specific 

movements of the syringeal muscles. 

Thus, it appears that the fimctional roles of songbird HVc and 

budgerigar NLc are fundamentally different. Converging evidence 

suggests that HVc may store "syllable templates", the motor programs for 

how to produce all the acoustic features of each specific syllable. In 

contrast, the present experiments show that the budgerigar NLc has a 

mere basic role in the motor program. Lesions of NLc never appeared to 

cause loss or removal of elements from the budgerigar repertoire. 

Instead, NLc lesions affected specific acoustic features of budgerigar vocal 

productions, in particular the relative amplitude of the dominant or 

carrier signal, and did so without respect to the specific vocalization, or to 
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any apparent hierarchical order. Furthermore, small NLc lesions produce 

only intermittent effects, arguing strongly against a syllable-specific 

topography to the nucleus. 

The Evolutionary Origins of Vocal Learning 

Given the apparent differences in NLc and HVc function, what can 

be concluded about the evolutionary origins of the vocal control systems 

in budgerigars and songbirds? Qearly, the significant differences between 

NLc and HVc function do not provide support for the hypothesis that the 

songbird and budgerigar vocal control systems are homologous. 

Specifically, NLc and HVc have fundamentally different roles in the 

production of song. Thus, the striking similarities between NLc and HVc, 

which arise primarily because both are located in the neostriattim and 

both have connections with an archistriatal premotor nucleus, may be 

largely superficial. Structures that are conserved across different species 

should tend to have similar function (e.g., thalamic nuclei in birds, 

reptiles and mammals; Butler and Hodos, 1996). Although a similar 

function does not necessarily imply a commonly evolved structure (e.g., 

bird wings and bat wings), a conserved structure should imply a 

conserved function (except for structures that have become secondarily 

lost). The question then becomes, what functions are similar enough to 

be considered conserved? Songbird HVc and budgerigar NLc appear to be 

operating at two functionally different levels: HVc seems to have 

typically premotor functions, NLc seems to have typically motor 

functions. It is possible that the function of NLc is simply to relay 
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information from higher order nuclei to AAc, conferring it a premotor 

designation, but the fact that lesions affect only motor function, and no 

other higher order production capabilities, argues against this hypothesis. 

It is possible that the similarities between songbird and psittadne 

vocal control pathways may be more related to common featiares of avian 

brain organization, in general, than to a common ancestor, specifically. 

Indeed, the neural substrates that subserve other learned motor behaviors 

may exhibit as many parallels to the vocal control system as exist between 

the vocal control systems of budgerigars and songbirds. Unfortimately, 

other such behaviors are much harder to define, and much less amenable 

to study, than are those subserving song production in birds. 

Interestingly, comparisons between the neviral substrates tmderlying 

vocal production between songbirds, budgerigars and other birds that 

sing, but that do not exhibit vocal learning (such as the suboscine 

passerines; Kroodsma and Konishi, 1991), and human and non-human 

primates may support this hjrpothesis. 

The Role of NLc in Different Parrot Species 

Additional experiments are needed to further define the role of 

NLc and other budgerigar vocal control nuclei. Although the results 

presented here strongly suggest that NLc functionally contributes to 

syllable-aspecific motor aspects of budgerigar vocal production, rather 

than to the storage of a type of syllable template, the effects of complete 

NLc lesions (that do not encroach on the adjacent AAc) have not been 

assessed. Possibly, complete lesion of NLc could result in birds capable of 
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producing only "silent song", as seen in the canary. This result seems 

unlikely, considering the highly consistent effects on the carrier signal 

amplitude of the different NLc lesions in this study. Such a result may be 

possible, however, if complete bilateral NLc lesions prohibit entirely the 

production of the carrier signal. Qearly, interpreting lesion effects is 

difficult Just as for songbirds, stimulating and recording experiments 

may provide additional information about how the various budgerigar 

vocal control nuclei function, especially now that a greater understanding 

exists of how budgerigars produce their vocalizations. Given the findings 

presented here, one might hypothesize that the activity of NLc neurons 

will be closely aligned with acoustic features, such that vocalizatioiis that 

have features in common will exhibit similar NLc activity. Such findings 

would provide further evidence for the vocalization-aspedfic nature of 

NLc. 

These experiments raise questions regarding the functional role of 

the parrot NLc in general. How similar is the fimction of NLc across 

parrot species? For the budgerigar, amplitude regulation seems to be a 

critical feature of much of its vocal behavior, from amplitude modulated 

calls to the "loud" and "soft" warble produced in various behavioral 

contexts (Brockway, 1964b; Farabaugh et al., 1992). Is amplitude regulation 

an important feature for all parrot species, and, if so, does NLc regulate 

fine movement of the LTMs in these other species as well? Interestingly, 

the Grey parrot also produces a vast range of sounds of greatly differing 

amplitudes, as well as some amplitude modulated vocalizations (Banta, 

pers. obs.). Grey parrots also have a central vocal control system that is 
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similarly arranged to that of the budgerigar, with laterally adjacent NLc 

and AAc nuclei (Banta, pers. obs.). Future research must probe the 

acoustic, structural and neuroanatomical bases of vocal behavior in other 

parrot species to know how much we can generalize about parrot vocal 

behavior based on studies of the budgerigar. 

Stunmary 

These experiments illustrate the potential for using acquired 

English vocalizations to investigate budgerigar vocal and cognitive 

capacities in the laboratory. Clearly, studies investigating the vocal and 

cognitive capacities of budgerigars in the laboratory, using both 

allospecific English and natural budgerigar vocalizations, as well as field 

studies investigating the vocal and cognitive capacities of budgerigars in 

the wild, would be complementary and mutually beneficial. Such studies 

may begin to answer some of the questions raised here concerning the 

abstract cognitive capacities of these birds, such as their ability to produce 

referential vocalizations, and if and how these abilities are exhibited by 

individuals in the wild. 

Data presented here supports the hypothesis that the nonlinear 

process of amplitude modulation is a prominent feature of budgerigar 

vocalizations, including contact calls and learned English vocalizations. 

Furthermore, this amplitude modulation significantly influences the 

acoustic properties of vocalizations produced by budgerigars. Although 

the mechanisms by which amplitude modulation is produced by the 

budgerigar vocal apparatus are not known, data support the hypothesis 
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that nonlinear syringeal mechanics underlie the production of 

vocalizations that are both amplitude-modulated and modulated in 

amplitude. 

Budgerigars' use of amplitude modulation to mimic the sounds of 

human speech constitutes an entirely new mechanism of speech 

production that should be of interest to acousticians and phoneticians 

who study human speech production, human speech perception, and 

artificial speech production. Future studies considering the presence of 

amplitude modulation in budgerigar vocalizations should shed further 

light on the ontogenetic, physical and neural bases of budgerigar 

vocalizations, and, in turn, these studies should further our 

understanding of how budgerigars are capable of producing amplitude-

modulated vocalizations. 

The present experiments provide critical data necessary for a 

functional comparison between songbirds and one species of parrot, the 

budgerigar, of a nucleus involved in the production of learned 

vocalizations. The results presented here, and their comparison with 

data from the songbird literature, suggest that songbird HVc and 

budgerigar NLc, despite some apparent similarities, function in 

fundamentally different ways. This finding lends further evidence for 

the hypothesis that the songbird and parrot vocal control systems have 

evolved independently, even if as elaborations of a common primitive 

ancestor (Brenowitz, 1997). 
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