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Abstract

If the sender's physiology or merely the sound generating apparatus is affected by a disease,

what impact on voice does it have? How can this vocal change be described? Those

questions were the central issue in this work, consequently this work is focussed on the

sender's side - the acoustic signal and the mechanism of sound production. First nonlinear

phenomena, acoustic events arising from certain vibration patterns of the vocal folds were

investigated in three case studies. In all three cases the amount of nonlinear phenomena was

higher in the disordered animal. Second, the harmonic-to-noise-ratio (HNR), an acoustic

parameter not yet used in animal bioacoustics, was applied to dog barks to quantify

dysphonia. Normal sounding dogs occupy a middle HNR range, while dysphonic dogs

exceed this range to higher as well as to lower HNR values. Additionally, certain aspects of

the vocal fold and vocal tract anatomy were investigated in respect to their significance for

laryngeal sound generation.

Zusammenfassung

Welchen Einfluß hat eine Erkrankung der lautgenerierenden Strukturen auf das Lautprodukt.

Wie kann eine Stimmveränderung beschrieben werden? Diese Fragen waren zentrales

Thema der Untersuchungen. Es wurde ausschließlich auf Senderseite gearbeitet und das

akustische Signal und sein Generierungsmechanismus betrachtet. Zunächst wurden

nichtlineare Phänomene in drei Fallstudien betrachtet. Nichtlineare Phänomene sind

akustische Ereignisse, die auf ein besonderes Schwingungsverhalten der Stimmlippen

zurückzuführen sind. In allen drei Fällen kamen nichtlineare Phänomene am häufigsten bei

dem erkrankten Tier vor. In einer weiteren Untersuchung wurde der Harmonischen-Rausch-

Abstand auf Hundebellen angewendet. Dieser akustische Parameter wurde bisher noch nicht

in der Bioakustik verwendet. Normal klingende Hunde scheinen einen mittleren HNR Bereich

einzunehmen, während Hunde mit Dysphonie außerhalb dieses Bereiches liegen. Außerdem

wurden Untersuchungen zur Anatomie der Stimmlippen und des Vokaltraktes durchgeführt,

um bestimmte Aspekte der laryngealen Stimmgenerierung zu verstehen.



Danksagung

Ich bedanke mich bei meinen Betreuern Professor Dr. Dr. h.c. mult. Günter Tembrock und
Professor Dr. Hanspeter Herzel für die Hilfe beim Gelingen dieser Arbeit!

Ich danke auch meinen Freunden, Geschwistern und Eltern für ihre Unterstützung.

Die vorliegende Arbeit wurde durch ein Stipendium des Landes Berlin (NaFöG) gefördert.



Chapter 1 Introduction 6

Chapter 2 Fundamentals of sound production and sound analysis 10

2.1 General aspects of laryngeal anatomy 10

2.2 Physiology of the laryngeal sound production 12

2.3 Laryngeal pathology and vocal changes in animals 13

2.4 Signal analysis 15

Chapter 3 Nonlinear phenomena - common components of mammalian vocalization
or indicators for disorders: three case studies 18

3.1 The Japanese macaque infant 19

3. 1. 1 Material and Methods 20

3. 1. 2 Results 20

3. 1. 3 Discussion 24

3.2 The domestic cat infant 25

3. 2. 1 Case history and course of the disease 26

3. 2. 2 Acoustic analysis 27

3. 2. 3 Results 28

3. 2. 4 Discussion 32

3.3 The dog-wolf hybrid 34

3. 3. 1 Material and Methods 35

3. 3. 2 Results 36

3. 3. 3 Discussion 48

Chapter 4 The harmonic-to-noise-ratio applied to dog barks 51

4.1 Introduction 51

4.2 Material and Methods 52

4.3 Results 59

4.4 Discussion 65

Chapter 5 Vocal tract length and acoustics of vocalization in the domestic dog 70

5.1 Formant frequencies and vocal tract length 72

5.2 Materials and Methods 74

5. 2. 1 Subjects 74

5. 2. 2 Anatomical Measures 74

5. 2. 3 Acoustical Measurements 75

5.3 Results 77



5.4 Discussion 82

5.5 Conclusion 85

Chapter 6 Summary 86

Chapter 7 Zusammenfassung 89

Chapter 8 References 93



Attached Audiofiles

All recordings were sampled with 22050Hz and 16bit and stored as PCM WAV files. The
software used was Cool Edit 1.6 .

figure3_3a.wav: The calls were recorded by Tobias Riede at the Clinic for Small Animals,
Freie Universitaet Berlin. Those calls were uttered by the cat on the third day in the clinic.
Some of the signals are shown spectrographically in Figure 3.3a.

figure3_3b: The calls were recorded by Tobias Riede at the Clinic for Small Animals, Freie
Universitaet Berlin. The calls are from the seventh day in the clinic. Some of the signals are
shown spectrographically in Figure 3.3b

figure3_4.wav: The chorus howling was recorded by Doreen Mehwald at the Eberhard-
Trumler-Station, Birken-Honigessen, Germany. The chorus is shown spectrographically in
Figure 3.4. Alltogether 4 individuals are involved.

figure3_8.wav: The first signal (recorded by Patrick Mergell) is from a 24 years old woman
who was asked to imitate Schaka's vocalization which is the second signal. Figure 3.8 shows
both signals spectrographically. The woman is able to produce biphonation intentionally.

figure4_3.wav: The dog barks were recorded by Tobias Riede at the Clinic for Small Animals
at the Freie Universität Berlin. As a human speaker indicates the first sequence represent
calls with low harmonic-to-noise-ratio, the second with a medium and the third one with a
high ratio. The three sequences came from three Dachshunds. Figure 4.3 shows the
spectrograms of three barks with different harmonic-to-noise-ratio.
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Chapter 1 

Introduction

Acoustic communication plays an important role in most animal taxa (e.g. reviews: mammals:

Tembrock 1996; birds: Kroodsma, D.E., Miller, E.H. 1996; anura: Gerhardt 1991; insects:

Bailey 1991). Communication involves two individuals, a sender and a receiver. The sender

produces a signal which conveys information. This signal is transmitted through the

environment and is detected by the receiver. The receiver uses the information to help make

a decision about how it should respond. The receiver's response affects the fitness of the

sender as well as its own (Hauser 1996; Bradbury, Vehrencamp 1998).

Playback experiments have proven that acoustic signals can deliver useful information about

the sender to the recipient, such as identifying the sender (e.g. Hammerschmidt, Todt 1995),

or passing on information about different types of predators seen by the sender (Cheney,

Seyfarth 1990; Fischer 1996).

It has long been of interest if information about the sender, like emotional state or hormonal

state, can be evaluated by studying behavioral parameters (review e.g. in Stamp-Dawkins,

1982; Tembrock 1990; Puppe 1996). The acoustic approach, i.e. using the acoustic utterance

of the sender looking for correlates of these internal parameters, has been repeatedly

documented (e.g. signaling stress in pigs: Schrader 1996; signaling hunger in piglets: Weary

et al. 1997; signaling pain in piglets: White et al. 1995; signaling need for warmth in pelican

chicks: Evans 1994). It however remains unclear whether vocal changes occur due to

disorders in the sender. If the sender's physiology or merely the sound generating apparatus

is affected by a disease, what impact on voice does it have? How can this vocal change be

described? Those questions were the central issue in this work, consequently this work is

focussed on the sender's side - the acoustic signal and the mechanism of sound production.

One can imagine several contexts in which the information about a sender's state of health

might be important for the receiver. Attracting and stimulating a mate is a typical context in

which the sender's body condition or state of health are relevant for further behavioral

processes. Choosy females are predisposed to work as 'veterinarians' and the voice might

than be a good indicator for evaluation if other communicative channels like the visual one

are lacking. In birds such relationships have already been found out. There is a significant

negative correlation between the parasitic load of a singing bird and its vocal repertoire size

(Møller 1991; Buchanan et al. 1999) and a positive relationship between the male's vocal
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repertoire size and its reproductive success is known for a long time (e.g. Catchpole 1980).

Vocal changes can be caused by several reasons. It can be assigned to an ontogenetic

change as have already been shown for instance in the wolf (Frommolt et al. 1988), in the

rhesus macaque (Hammerschmidt et al. in press), and in bushbabies (Zimmermann 1995).

Apart from physiological vocal changes, alterations may also be expected in diseased

conditions, because the larynx may be involved (primarily or secondarily) in the pathological

process. Vocal changes have already been mentioned for domestic animals as symptom

during several diseases (e.g. Bagley et al. 1993 and see chapter 2.3 of this study).

Under experimental conditions vocal changes have been provoked by destruction of the

nerval supply of the larynx (Jürgens et al. 1978) or by brain lesions (Ploog 1988, Jürgens

1995), in squirrel monkeys (Saimiri sciureus). In birds several experimental studies have

been accomplished to study the sound generating mechanisms by experimentally affecting

the different anatomical structures (for instance destroying the tympanal membranes of the

syrinx) which were assumed to be involved in that process and looking what effect those

affections have on the vocal product (e.g. Suthers, Goller, 1997; Goller, Larson, 1997).

However, the objective of such experimental studies has largely been the evaluation of the

mechanism of sound production in animals rather than simulating natural disease states

which may affect the animals. Studies of acoustic alterations in diseased animals are

inconclusive as vocal changes were subjectively evaluated by the unaided ear and lacked a

detailed sound analysis.

The main goal of this work was the quantification of vocal changes during disorders. For that

purpose primarily signal analysis was applied. Additionally, post-mortem investigation of the

larynx delivered insights into probable generation mechanisms of the vocal change in one of

the case studies. As we were mainly studying canine vocalization, anatomical measurement

of the vocal tract delivered insights into the vocal tract's role in the acoustic of the domestic

dog vocalization.

Besides an introduction into the basic anatomy of the larynx and the physiology of sound

production, Chapter 2 provides an overview of disorders in animals associated with vocal

changes. Additionally, techniques of signal analysis used in this study are explained.

In Chapter 3, three case studies of vocal changes are presented, a Japanese macaque

(Macaca fuscata) infant with a metabolic disease, a domestic cat (Felis catus) infant with
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craniocerebellar trauma and an adult dog-wolf-hybrid female with peculiarities in the larynx

anatomy. All three cases have in common that the vocal change was first recognized by the

unaided ear and subsequently confirmed with signal analysis techniques.

The case study is a commonly used method in the medical sciences for the presentation of

special and rarely occuring (clinical) cases. Those cases can usually not be repeated under

acceptable (and comparable) conditions with a statistically sufficient high number of subjects.

However, case studies can help to understand theoretically derived hypotheses and in that

way, they help to come to generalizing conclusions.

It is hypothesized, that the amount of nonlinear phenomena in the vocal repertoire increases

during voice disorders. This hypothesis is based on the assumption that the elastic tissue of

the vocal folds can be considered as a system of coupled oscillators. During harmonic

oscillation, all oscillation modes of the vocal folds are synchronized. Under certain conditions,

voice instabilities should be observed. In particular, vocal fold lesions, paralysis, and other

pathological conditions may induce subharmonic vocalization, biphonation, and deterministic

chaos, which are considered as nonlinear phenomena.

These relationships are well known for the human voice. In normal human phonation, there is

a certain amount of nonlinear phenomena occuring in the acoustic utterances (for instance in

newborn cries: Sirviö and Michelsson, 1976; Mende et al. 1990; in non-cry vocalization of

infants: Robb and Saxman, 1988; in normal conversational speech: Dolansky and Tjernlund,

1968; Kohler 1996). The amount of nonlinear phenomena increases under pathological

conditions (Herzel, Wendler, 1991; Herzel et al. 1994). Further in non-human mammals

nonlinear phenomena seem to be normal to a certain extent in normal vocalization (Wilden et

al. 1998). Three case studies in the present work show that the amount can increase in

disordered animals.

Chapter 4 presents data of the application of the harmonic-to-noise-ratio (HNR) to dog barks.

In the case studies from Chapter 3, only harmonic vocalization was considered. Counting

nonlinear phenomena is a useful method to define a vocal change when dealing with

harmonic vocalization. However, in dog barks, subharmonic and chaotic oscillation modes

occur originally. The spectrogram shows harmonic energy and noise energy to various extent

in the bark. Vocal changes of the bark, for instance hoarseness, seem to be founded on a

shifting of the ratio of the energy between harmonic and noisy elements. Additionally, other

authors suggest different communicative relevance according to this energy ratio (Tembrock

1976; Feddersen-Petersen 1996, Wilden 1997).

Thus, a moving average procedure for calculation of the harmonics-to-noise-ratio (HNR) was

applied and tested. First, synthetic sounds with defined HNR confirmed the applicability of the
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procedure. Second, human subjects evaluated dog barks as predicted by the HNR measure.

Third, using the ranking of the animals according their HNR values, it was possible to

reproduce the HNR ranking applying multivariate statistics to a parameter set measured on

the barks of the same dogs. The results suggest that dysphonia in dog barks can be

quantified applying the HNR.

In Chapter 5, the role of the vocal tract in the acoustics of dog vocalization was investigated.

Domestication and selective breeding has resulted in a high variability in head size and

shape in the dog (Canis familiaris). This suggests that there might be large differences in the

vocal tract length which could result in a formant behaviour influencing the interbreed

communication. Modern investigations of the animal's vocal tract look at the relationship

between resonance characteristic and body size parameters. We took this question as a

starting point for a vocal tract investigation to see if any, and to what extent did domestication

affect this relationship.

Generally, describing vocal changes in animals during diseases was the main goal of this

thesis. Since the description of a pathological state is best done by understanding the

physiological mechanisms, the major results of this thesis were obtained by applying

computer modelling approaches of sound production to experimental ('true') data.
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Chapter 2 

Fundamentals of sound production and sound analysis

2.1  General aspects of laryngeal anatomy

Although the gross anatomy of the larynx is similar in all mammals (Negus, 1949; Schneider,

1964; Harrison, 1995; Nickel et al. 1998), Paulsen (1967) has already mentioned the

variability of the laryngeal fine structure when referring to its function for sound generation. In

this section some aspects of the larynx (Fig. 2.1) will be discussed with regard to their

variability in structure in light of inter and mainly intraspecies variation.

Figure 2.1: Horizontal section of a canid larynx.
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The larynx belongs to the respiratory tract. Its primary function is protecting the respiratory

tract against food and foreign bodies. Sound production is a secondary function. This

situation results in multi-use constraints, i.e. the same structure serves multiple functions and

its anatomy is a compromise between these functions.

The laryngeal cartilage framework in mammals consist of 4 types of cartilages, one thyroid,

one cricoid, one epiglottic and two (pairwise) arytaenoid cartilages. The arytaenoid cartilages

are the phylogenetically oldest parts. They can be traced back to the arytaenoid plates (or

Cartilago lateralis) of the Urodela, where they are situated lateral at the entrance of the

trachea.

In recent mammals these paired cartilages show basically three degrees of freedom in

mobility. The position of the arytaenoids is changed prior to vocalization and during

breathing. The mobility of the arytaenoids is variable between species (Nickel et al. 1998).

The left and right arytaenoid cartilages are attached by two muscles to the cricoid cartilage

(Musculus cricoarytaenoideus dorsalis and lateralis). Between the arytaenoid cartilages and

the thyroid cartilages the vocal folds are stretched.

The thyroid cartilage (Cartilago thyroidea) is an innovation in the monotremes. It represents

the ventral and side part of the larynx. The thyroid shows high variability between as well as

within species. A bulla-like enlargement, for instance, can be found in the marsupials, in the

musk deer (Schneider 1964) and the takin (Frey, Hofmann in press) that might have an effect

on the resonance characteristics of the vocal tract. In several species the thyroid shows the

tendency to ossify. The cartilage tissue is replaced by a bony structure with increasing age.

The resulting lower flexibility of the thyroid is discussed as one cause of an individual's

ontogenetic vocal change (Titze 1994). The thyroid serves as insertion point of the vocal

folds.

The vocal folds basically consist of a muscle (Musculus vocalis), a ligament (Ligamentum

vocale), connective tissue and a mucosal cover. The vocal folds are stretched between

thyroid and arytaenoid cartilage. The position of the vocal folds in relation to the airstream

(rectangular or somewhat different) is species-specific (Schneider 1964). In clinical

conditions, intraspecific shape variability of the vocal folds have been discussed in humans

(Wendler et al. 1996), and few data exist in experimentally used mongrel dog (Jiang et al.

1994).

Laryngeal muscles are broudly divided into internal and external muscles. External muscles

connect the larynx cranial to the hyoid bone and caudal to the sternoid bone. They are

responsible for up and down movement of the larynx in humans and probably to a certain
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extent also in animals (Fitch, pers. comm.) affecting the vocal tract length and vocal tract

shape. The internal muscles of the larynx are responsible for opening and closing the glottis.

The Musculus cricoarytaenoideus dorsalis is the only abductor of the vocal folds, i.e. it

separates the dorsal ends of the vocal folds.

The neuronal supply of the internal laryngeal muscles occurs from branches of the vagus

nerve, i.e. the Nervus laryngeus.

The musosal cover consists of cutaneous mucus layer from the epiglottis till the vocal folds

and the respiratory mucus layer in the lower parts. The histological structure of the lamina

propria of the vocal fold mucosa significantly varies among animals (Kurita et al. 1986).

2.2  Physiology of the laryngeal sound production

The vocal apparatus allows the transformation of aerodynamic energy into acoustic sound.

The aerodynamic energy is sustained by the subglottic pressure which is maintained by the

muscles of expiration. We distinguish voiced sound and turbulent noise. The voiced sound is

generated by selfsustained oscillations of the vocal folds, these may be periodic (resulting in

harmonic sound; syn. tonal) or aperiodic (resulting in noise; syn. atonal). Selfsustained

oscillations of the vocal folds are mainly supported by a mechanical force which follows the

Bernoulli law. This myoelastic-aerodynamic theory was stated by van den Berg (1958) in the

following terms:

The fundamental frequency of the glottis generator is equal to the frequency of the vocal fold

vibrations and depends on several interrelated factors: (1) the effective mass of the vibrating

part of the vocal fold; (2) the effective tension in the vibrating part of the vocal fold; (3) the

effective area of the rima glottidis during a cycle, which determines the effective value of the

Bernoulli effect in the glottis; (4) the effective subglottic pressure and (5) the damping of the

vocal fold.

Those aerodynamical, myoelastical and geometrical properties of the voice apparatus can be

parameterized in a more or less accurate way. Even the simplest vocal fold models include

nonlinear terms and more than 3 dynamical variables. Consequently, in case of chaotic

dynamics vocal fold dynamics cannot necessarily be predicted over long times, because tiny

errors in measurement of the initial state can result in 100% uncertainty in forecasting a later

state. The theory of nonlinear dynamics provides appropriate methods in order to

systematize such irregular and chaotic dynamical behaviour (Herzel 1993; Titze et al. 1993).

The synthesis of the theory of nonlinear dynamics and the notion of vocal folds as coupled

oscillators resulted in an acceptable realistic modelling of the vocal fold behaviour (Herzel et

al. 1994). Most important deserve of this approach is the ability to explain not only normal
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regular vibration patterns of the vocal folds and their interactions, but also the commonly

occuring irregular behaviour (Herzel et al. 1998). Whereas the regular patterns refer to the

harmonic vocalization, the irregular patterns refer to subharmonics, biphonation and

deterministic chaos, which are henceforth refered to as nonlinear phenomena.

The most important impact of the nonlinear dynamic to bioacoustic research is the

explaination of the acoustic phenomena subharmonics, biphonation and deterministic chaos.

The nonlinear dynamics presented evidence that, in addition to central neural control, a

further level of temporal organisation is provided by nonlinear oscillation dynamics that are

intrinsic to the larynx as well as to the avian syrinx. Detailed spectral and temporal

examination of the acoustic product revealed those nonlinear phenomena. They are

consistent with transitions in the dynamical state of the in vitro larynx (Berry et al. 1994), the

in vivo human larynx (Mergell 1998), the in vitro avian syrinx (Fee et al. 1998), the in vivo

avian syrinx (Goller, Larson 1997) and probably also the in vivo nonhuman mammalian

larynx (Fitch, unpublished data).

Following the production of the primary acoustic sound at the larynx ('sound source') the

sound passes through the vocal tract, an anatomical structure including all cavities cranial

from the glottis (pharyngeal, mouth and nasal cavity). While passing the vocal tract the

primary signal will be changed, an effect known as source-tract-theory (Fant 1960). The vocal

tract selects (filters) a subset of these frequencies (i.e. the secondary signal) for radiation

from the mouth (the final, tape-recorded signal). The selected subsets of frequencies are

(spectrally spoken) small areas in the frequency spectrum which represents resonance

characteristics, i.e. resonance frequencies, of the vocal tract. The resonance frequencies

have the special name 'formants' (from Latin formare - forming; according to Herrmann

1890), a term used in human phoniatrics (Fant 1960, Titze 1994) and animal bioacoustics

(e.g. Lieberman et al., 1969; Nowicki, 1987; McComb, 1988; Fitch & Hauser, 1995).

2.3  Laryngeal pathology and vocal changes in animals

A complete list of laryngeal disorders and diseases indirectly affecting the larynx,

respectively, will not be given here, rather, some of the more common will be described

briefly, in particular those in which vocal changes have been mentioned as clinical symptom.

Congenital laryngeal malformations

Congenital laryngeal malformations are known in the domestic dog (Canis familiaris), for
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instance laryngeal hypoplasia in brachycephalic dogs or a subglottic stenosis (Venker-van

Haagen 1992), probably mostly affecting the sufficient supply of aerodynamic energy.

In horses (Equus caballus) hemiplegia laryngis can occur as a sever problem, a mostly on

left side occuring paralysis of the Musculus cricoarytaenoideus dorsalis (Ohnesorge et al.

1993). Thus the control of the left arytaenoid cartilage and the left vocal fold is lost. The most

pronounced clinical symptom is a stenotic (inspiratoric) noise while the horse is in exercise

('roaring', in German: 'Kehlkopfpfeifen') (Wintzer, 1997). The vocalization of such patients is

lower in intensity and sounds hoarse (Wintzer, 1997). An unilateral chronic, degenerative

axonopathia (destruction of the axon) of the Nervus laryngeus reccurens (which innervates

the Musculus cricoarytaenoideus dorsalis) causes the paralysis (Cahill, Goulden 1987). The

disease is transmitted genetically (Ohnesorge et al. 1993).

Laryngeal inflammation/ Systemic infections

Pathogen strains of the bacteria E. coli are associated with a systemic infection - the

colienterotoxaemia - in juvenile, just weaned piglets (Sus scrofa f. domestica). The toxins

produced by the bacterium cause among other symptoms edema of the larynx mucosa which

obviously should have an effect on the vibration characteristics of the vocal folds. Dysphonia

and aphonia were observed in those piglets (Schulze et al. 1980).

The most common cause of laryngitis in dogs is infectious tracheobronchitis (kennel cough),

a viral/bacterial disease which causes inflammation of the laryngeal mucosa (Bemis 1992).

Local irritations of the vocal folds in the dog can also be caused by a day of continuous

barking (hyperphonation, Gray et al. 1987; Gray, Titze 1988) and by intratracheal intubation

during anaesthesia (Leonard et al. 1992).

In pseudorabies (syn. Aujeszky's disease) infections (Herpesvirus) frequent vocalization

('...as in pain...') is mentioned as clinical symptome in dogs (Monroe, 1989) and loss of voice

in pigs (Plonait, Bickhardt 1997). Since that virus is neurotropic, i.e. it affects the nervous

system, it is assumed the conspicoues vocalization is caused by neural coordinative

dysfunction. Excessive vocalization was also observed in rabies infected cats (Fogelman et

al., 1993) and cattles and sheep (Hudson et al., 1996)

Misscellaneous tissue change

Laryngeal neoplasia have been described in dogs (Wheeldon et al. 1982; Carlisle et al. 1991)
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and horses (Jones, 1994). In dogs the most common sign was a hoarse bark or a loss of

voice (Venker-van Haagen 1992).

2.4  Signal analysis

Signal analysis provides a basis for assessing the vocal repertoire of individuals and species,

and for relating variation in signal structure to variation in the phenotypic attributes of the

signaller. Correlations are usually found between signal structure and both social and

ecological contexts of signal production (e.g. Falls 1982; Wells 1988; Gouzoules, Gouzoules

1990). Signal analysis may also provide important hints for studying mechanisms of sound

production (insects: e.g. Elsner 1994; birds: e.g. Suthers, Goller 1997; mammals: e.g.

Lieberman 1969; Brown, Cannito 1995; Fitch 1997).

Hypothesis arising from such correlational data can be tested experimentally by playbacks of

synthetic sounds (Hopp, Morton 1998; Jouventin et al. 1999), and acoustic analysis of natural

sounds provide the information needed to generate such stimuli.

What is the smallest analyzed unit? In mammalian acoustic signals, Tembrock (1977, 1996

b) suggests that the acoustic unit is sorted according to its duration or temporal pattern, first,

into simple utterances (pulsed, short, long) of similar spectral characteristics, second, into

compound calls (consisting of two or more spectral characteristics in temporal succession)

and, third, into sequences of calls of varying duration and spectral pattern. If two or more

animals phonate simutaneously, he terms it 'supraphonation' (e.g. wolf chorusing).

Uniparametric (e.g. Green 1975) or multiparametric (e.g. Todt et al. 1995) approaches were

used for repertoire analysis, i.e. for the temporal (time series) or spectral (spectrogram,

spectrum) visual representation of an acoustic utterance a single or a set of parameters (e.g.

duration of the call, fundamental frequency) were measured and set into relation of social or

ecological context. The multiparametric approach (Schrader, Hammerschmidt, 1998) goes

basically through two steps: the acoustic analyses were used to characterize spectral energy

distribution, the fundamental frequency and temporal characteristics of particular distinct call

types. Vocalizations were then classified by caller identity (e.g. Smith et al. 1982;

Hammerschmidt, Todt 1995; Riede 1997; Rendall et al. 1998; Schön et al. 1999), population

identity (Mitani et al. 1999) or by situational context (Fischer 1998) based on discriminant

function analysis.

A more production-oriented way of parameter extraction implements the 'source-tract theory'
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(Fant 1960). Source characteristics are mainly fundamental frequency parameters measured

in the spectrum.

As previously mentioned, the sound source can be considered as a system of several

coupled oscillators: the left and right vocal fold and sub- and supraglottal resonators.

Applying the concepts of nonlinear dynamic means signal analysis with nonlinear techniques,

as for instance generalized mutual information, dimensions, and Lyapunov exponents (Herzel

et al. 1998). Those measures exploit quite different signal properties than spectrograms since

they are based on phase space reconstruction and, hence, they reflect attractor properties

instead of frequency patterns.

Former studies, using conventional tools of voise research and bioacoustics (spectrograms,

spectra) showed that nonlinear phenomena, like biphonation, subharmonics and

deterministic chaos, are very common in human and nonhuman mammal vocalization (Titze

1994; Wilden et al. 1998) as well as bird vocalization (Fee et al. 1998). A first step towards a

functional understanding is to quantify those phenomena in an individual's repertoire. In order

to detect nonlinear phenomena in sustained phonation, narrow band spectrograms are

required. The (dis)appearance of spectral peaks due to nonlinear behaviour of the underlying

dynamical system can be monitored. In this way subharmonics (related to period doubling or

tripling), biphonation (two independent frequencies) and chaos have been identified by

spectrograms in the animal's utterances.

Tract characteristics are mainly the resonance frequencies, the formants. Formant

frequencies are measured using linear predictive coding (LPC) via autocorrelation (Markel,

Gray 1976; Owren, Bernacki 1997). The LPC produces an envelope of the spectrum. A

strength of the LPC lies among others in providing objective estimates of formant

characteristics. The principle of LPC is that the values of the signal in the time domain are

approximated by linear combinations of the previous values. A set of such predictive

coefficients is calculated that the mean square error between the signal values and the

linearly predicted values are minimized.

In summary, some researchers relate particular acoustic units to mechanisms of sound

production, while others define acoustic properties in terms of perceptually relevant pattern.

Still other investigators use acoustic characters from the visualized version of the signal.

These diverse goals lead to different ways of defining, describing, and labeling particular

acoustic structures. Thus, a describtion of typical examples of each animal signal should

include labeled time series (oscillogram) and spectrogram (spectrograms, 2-D-spectrogram).

The use of such figures avoids the confusion and errors that can arise from the assumption

that a particular term always refers to the same acoustic unit.
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Chapter 3 

Nonlinear phenomena - common components of mammalian vocalization
or indicators for disorders: three case studies

Harmonic phonation is characterized by periodic vibration of the vocal folds. This oscillation is

due to a repetitive sequence of the same vibration pattern, the duration of which is called the

period. According to van den Berg's myoelastic-aerodynamic theory (1958) vocal fold

vibration is based on a dynamic equilibrium between viscoelastic forces depending on mass,

damping, length, and tension of the vocal folds, and aerodynamic forces related to the

Bernoulli effect. The effective length, mass, and tension of the vocal folds are determined by

muscle action, which allows the fundamental frequency and the waveform of the pulses to be

controlled. The vocal tract then acts as a filter which transforms the primary signals (Fant

1960; Fitch & Hauser 1995).

As explained in chapter 2.2, the vocal folds can be considered as two coupled oscillators and

constitute a highly nonlinear self-oscillating system (Herzel et al. 1995). Nonlinearity means

that the factors (vocal fold amplitudes, glottal air flow, intraglottal pressure) vary in ways that

are not linearly proportional to each other. This results in a complex relationship between

pressure and flow. Nonlinear systems display a number of typical phenomena which are

briefly described here. Aperiodic (or chaotic) oscillations are characterized by irregularity, and

in extreme cases there are no repeating periods at all. Period doubling (subharmonic regime)

is another characteristic of nonlinear dynamical systems. It is characterized by a sudden

change in the frequency of the oscillations, such that the spacing between spectral

components is halved.

In special cases such as vocal fold paralysis or anatomical asymmetry of the larynx, these

frequencies can be detuned, causing desynchronized vocal fold vibrations. Subharmonics in

the oscillation spectrum often correspond to integer ratios of the frequencies of the left and

right vocal fold (e.g. 1:2 or 2:3) (Steinecke, Herzel 1995). This phenomenon is termed

frequency locking or entrainment and results in a vibration pattern characterized by more

than one oscillation maximum. If the ratio of two frequencies is not a rational number, the

dynamics corresponds to a torus - a superposition of two independent frequencies. The

coexistence of two audible frequencies has been termed biphonation. Subharmonic regimes

and biphonation show often sudden transitions to irregularity. Such chaotic oscillations show

no repeating pattern over the duration of the vocal segment. By the phrase "nonlinear

phenomena" hereafter it is refered collectively to subharmonics, biphonation, deterministic

chaos, or any subset of these.
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Nonlinearities are found in normal phonation of humans (e.g. Fields, 1973; Stark, Rose,

McLagen, 1975; Buhr, Keating, 1977; Kent, Murray, 1982; Robb, Saxman, 1988; Titze et al.

1993) and they have been characterized as an  integral part of mammalian vocalization

(Wilden, Tembrock, 1994; Tembrock, 1996 a, b; Wilden et al. 1998; Brown, Cannito, 1995).

Moreover, they are relevant as indicators of pathologies (e.g. in humans: Sirviö, Michelsson,

1976; Herzel et al. 1994; Omori et al. 1997). That is, the occurrence of nonlinear phenomena

increases during disorders of the vocal apparatus or some kinds of systemic diseases with

impacts on phonation. The voice, as an often used instrument is also in animal

communication is suspected of showing variability due to the vocalisers state of health.

The conspicuous rough vocalization of three cases have been observed. Spectral analyses

allowed us to relate the conspicuous audible roughness to the occurrence of biphonation,

subharmonics and chaos.

3.1  The Japanese macaque infant

This chapter is a revised version of: T. Riede, I. Wilden, G. Tembrock (1997): Subharmonics,

biphonations, and frequency jumps - common components of mammalian vocalization or

indicators for disorders? Zeitschrift für Säugetierkunde 62 (Suppl. II): 198-203. (Riede et al.

1997)

The starting-point of this study was the detection of the three acoustic phenomena -

subharmonics (SH), biphonations (BP), and frequency jumps (FJ) - in the repertoire of infant

Japanese macaques (Macaca fuscata) and the comparable higher amount of these

phenomena in the repertoire of one infant with a metabolic disease. Unfortunately, the

disease could not be diagnosed in more detail.

The following question was the basis of the study: Are there differences in the frequency of

irregularities such as SH, BP, FJ in the repertoire of healthy and the ill individual?
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3. 1. 1  Material and Methods

Recordings for this investigation were originally made within a different study (Riede, 1997).

Vocalizations from 10 individually known infants were recorded several times during

September 1994 to January 1995, in the Zoologischer Garten Berlin and the Tierpark Berlin-

Friedrichsfelde. Recordings were done with a NAGRA SN tape recorder and a NAGRA

directional microphone. For spectral analysis we used the HYPERSIGNALTM-MACRO

software package. 200 calls per animal undergone a 'Fast Fourier Transformation' (FFT),

with 40 kHz sampling frequency and 512 points FFT order, i.e. narrow band analysis. Narrow

band analysis is essential to recognize the phenomena in the frequency domain display.

The context was always the same: the infant tried to come in contact with its mother by crying

and staying in one place. As soon as the mother came in ventroventral contact with the

infant, the infant stopped crying.

The quantitative analysis was done by judging each call on the existence of the expected

phenomena. The relative frequency (in %) of the occurrence of the phenomena was

calculated.

3. 1. 2  Results

We found SH, BP, FJ. All three phenomena occur in various expressions (Fig. 3.1). FJ

appear in the spectrogram as sudden changes in the fundamental frequency (f0) (Fig. 3.1a).

This phenomenon is similar to the jump between two voice registers in humans (e.g. between

modal and falsetto register). The most characteristic feature is the break between the two f0
regimes. This break can be represented by a pause or by a noisy segment (Fig. 3.1a).

SH are frequencies that lie between or below the harmonic frequencies and are rational

divisions of the f0 or their integer multiples of, for instance, one half, one third, refering to

period doubling or period tripling (Fig. 3.1b).

When two independent and audible pitches are simultaneously produced we speak of BP. In

the case of the Japanese macaques the lower f0 is entrained to the higher one, resulting in a

very typical picture in the spectrogram - 'side bands', i.e. parallel bands around the f0 and the

harmonics (Fig. 3.1c) and in the time series we find the typical 'beats' (Fig. 3.1c).

The quantitative analysis was done with the first 200 recorded calls from each of the 10
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infants. Each call was judged on the existence of the expected phenomena. The amount of

irregularities ranges between 3.5 % and 45 %, i.e. 45 % of the calls of one infant contained

FJ, BP or SH (Tab. 3.1). The ratio of the three phenomena shows a very individual specific

pattern.

Figure 3.1a
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Figure 3.1b

Figure 3.1c
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Figure 3.1: The three phenomena are presented. 3.1a  shows the time series and the
spectrogram of two single calls each with a frequency jump (FJ). The FJ appears as a
sudden change of the fundamental frequency. It is indicated by the arrows. 3.1b  shows the
time serie, the spectrogram, the averaged power spectrum and a zoomed segment of the
time series of a call containing subharmonics (SH), indicated by the arrow in the
spectrogram. The SH appear as parallel lines between the overtones (=‘harmonics’) of the
fundamental frequency. The power spectrum gives further information. The energy peaks of
the SH lie in a determinated distance (indicated by the numbers in the power spectrum) of
the overtones of the fundamental frequency (f0 = 1.0 kHz), here the determinated distance is
about 0.5 to 0.55 kHz. The subharmonic segment gives also a charcteristic picture in the time
series if zoomed. In 3.1c  the biphonic call shows two characteristic features, firstly, some
elements can be found where the lines between the overtones of the original fundamental
frequency are not parallel, and secondly, the distance of the lines is not necessarely related
to the original f0. The distance between the parallel lines (here: 0.45 kHz) represent the f0 of
the second pitch, which is only represented by its overtones in the spectrogram. The energy
of the f0-line of the second pitch is too low that it can not be represented in the spectrogram.
The zoomed segment of the time series gives a characteristic picture.

Infant 1 2 3 4 5 6 7 8 9 10

sex M m m m m f f f f f

SH 3 0 2 22 6 2 0 7 10 2

BP 2 4 1 4 2 1 4 11 8 22

FJ 4 6 9 30 76 4 9 9 5 66

rel. fr.
[%]

4.5 5.0 6.0 28.0 41.9 3.5 6.5 13.5 16.5 45.0

Table 3.1: The table shows the actual distribution of subharmonics, biphonations and
frequency jumps in the vocalization of ten individuals. The relative frequency (rel. fr. [%]) of
all three phenomena was calculated from 200 calls per individual.
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3. 1. 3  Discussion

FJ, SH, BP appeared in the vocalizations of 10 Japanese macaque infants. They occured in

sufficient numbers to merit consideration as likely features of occurrence in the infant's

vocalization. Like in the vocalization of the African Wild Dog (Wilden, Tembrock, 1994), as

well as in the vocalization of many other mammals (Tembrock, 1996 a, b; Wilden et al.,

1998), in the vocalization of Japanese macaques nonlinear phenomena can be found.

The quantitative analysis should give us an idea about the distribution of these phenomena in

one age class of Japanese macaques. The amount of irregularities produced by infants

range between 3.5 % and 45 %. The frequency of SH, BP, FJ in the human voice shows also

a relatively high variability. That was shown by quantitative voice analyses of healthy

humans: Keating, Buhr (1977): 6 individuals, age 33-169 weeks: SH, BP, FJ in 0 - 36 %

(range) of the calls per person; Keating (1980): 4 individuals, age 16-69 weeks: in 13,8 %

(mean) of the calls; Robb, Saxman (1988): 14 individuals, age 11-25 months: in 6 % (mean)

of the calls. In these investigations newborns and infants were considered. Anatomically, the

laryngeal structures undergo substantial growth during this time (Hirano et al., 1981) as do

the neurological systems involved in speech and language (Netsell, 1981). The higher

probability of occurrence of SH, BP, FJ in the vocalization of newborns and infants may be

caused by lower control abilities. Adult humans learn to control their voice, but are still able

(to varying extent) to produce these phenomena intentionally. For that reason it would be

interesting to observe the amount of irregularities in the whole repertoire of the macaque

species, to see if the amount of irregularities can be a measure for the controll over vocal

utterances. Assuming infant vocalization under a very low level of control, in contrast, we

would expect for instance the vocalization during aggressive encounters as more controlled,

since it shows in some cases some very ritualized characters.

One of the female infants produced the highest amount of irregularities - 45 %. This infant

also showed clear indications of a disease - underweight, a sudden and total loss of hair and

black pigmented skin. This disease could not be diagnosed in more detail. The rest of their

behaviour was not conspicuous in comparison to infants of the same age. The contact time

with the mother was not significantly increased. We assume a metabolic disease due to the

lack of any other conspicuous behaviour than the acoustic behaviour and the visible

symptoms. Other infants showed no symptoms.

From the simultaneous appearence of the acoustic phenomena and the external symptoms

we can not automatically conclude a causal relationship. Furthermore we could only
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investigate one ill individual. However, there are several investigations of diseases in human

infants which mention the simultaneous occurrence with irregularities in the voice:

1) severe diseases of the central nerval system in children:  Sirviö, Michelsson (1976);

Michelsson et al. (1977); Wermke (1986)

2) premature and asphyxiated newborn infants: Michelsson (1971)

3) severe malnourished children: Juntunen et al. (1978)

4) hearing impared children: Monson (1979)

5) acute laryngitis or papilloma in adults: Herzel, Reuter (1996)

The ratio between the described acoustic phenomena seems to change in a characteristic

way for each disease. Michelsson et al. (1977) examined the vocalization of children

suffering from meningitis (until the age of 6 months) compared to healthy infants. They found

an increase in the occurrence of BP, a decrease in the occurrence of SH and no significant

change in the occurrence of FJ. A change in vocalization during illness as well as a

"normalization" after beginning the therapy could be shown.

In the Japanese macaque infant with the assumed metabolic disease the high amount of FJ

was most significant. However, in Japanese macaque infants the FJ are much more common

than the BP and SH.

3.2  The domestic cat infant

This chapter is a revised version of: T. Riede, A. Stolle-Malorny (1998): Spektrale Analyse

der Stimmveränderung bei einem Kater mit Schädel-Hirn-Trauma. Kleintierpraxis 43: 773-

780, and T. Riede, A. Stolle-Malorny (1999): The vocal change of a kitten with cranio-

cerebellar trauma - a case study. Bioacoustics 10: 131-141. (Riede, Stolle-Malorny 1998,

1999)

The case involved a 3 month old male cat with craniocerebellar trauma (CCT). The animal

suffered an accident in which a heavy board fell on its head, causing the CCT. During the 8

day clinic stay, the vocalisation of this kitten seemed markedly different from that of similarly-

aged kittens. Also conspicuous was a vocal change on the seventh day in the clinic, which

was correlated with a general clinical impression of improvement. Here, we define a 'vocal

change' as short term reversible change as distinct from an ontogenetically caused,

irreversible change of the animal's voice.
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The purposes of this paper is to give a case report of the vocal changes during the course of

recovery in this cat.

3. 2. 1  Case history and course of the disease

Admission: A three month old male Maine Coon kitten (1.3 kg body weight), with a CCT

caused by a heavy board which fell on its head from the left was admitted to the Clinic for

Small Animals, Free University of Berlin. The cat was in lateral recumbency, disoriented,

showed hemorrhage from both ear canals and shock symptoms, e.g. shallow breathing (12

per min.) with an increased bronchial breathing sound, fast and shallow pulse (200 per min.),

rectal temperature 34.6°C, white mucosa. Additionally a left sided soft tissue swelling and

skull deformation observed above the eye. Shock therapy was immediately initiated with 25

mg Prednisolon i.v., 5 mg Furosemid i.v., and 200ml Sterofundin i.v.. 30mg Amoxicillin i.v.

and 3mg Diazepam i.v. for mild sedation was also applied. For an improved respiration and

oxygen flow to the brain, the cat was transferred to an oxygen cage. The blood investigation

showed no other abnormalities than a leucocytosis (34000/µl). After stabilization a

neurological examination was performed. The cat was disorientated and unable to stand. An

increased muscle tone of all extremities and from time to time involuntary paddling movement

of all four limbs could be observed. It showed a torticollis to the right side, but no positional or

spontaneous nystagmus. Physiological nystagmus could not be observed. Furthermore the

pupils were miotic and direct and indirect pupillary reflex was absent. There was no menace

response on both sides. There was a decreased facial sensitivity. Both ear canals showed

bleeding. Damage to the ear drums was suspected but could not be demonstrated. By taking

radiographs no skull fracture could be demonstrated. Radiographic pictures of the thorax and

abdomen showed no abnormalities. The medication during the clinical stay was 30mg

Amoxicillin, initially i.v., later oral administration, twice a day, and Dexamethasone starting

0.1 mg per day and 0.05 mg per day from the 5th day onwards. In addition eye treatment with

tears substitute (Vidisic) and antibiotics (Refobacin) was applied. Up to the sixth day a fluid

substitution was given.

2nd day: The cat was responsive. It was able to stand with support but still circling and falling

to the right. It showed a head tilt to the right. The cat showed an anisocoria with the narrower

pupil on the left side. The facial sensitivity was still absent and facial nerve deficits were

significant on the left. The animal appeared to be blind because the 'following movement test'

and the 'menace test' were negative. The cat did not react to acoustic stimuli. It was unable

to consume food independently.

3rd day: The cat was awake but it seemed still disorientated. It tried to stand up but always

fell down again, but could succeed given manual support. Movement with a tendency to the

right and a mild head tilt to the right still could be observed. Anisocoria was still present as
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well as an absent palpebral reflex and absent corneal reflex on the left. The left cornea was

dry with a diffuse edema and a mild anterior uveitis was present. During the fourth and fifth

day no significant improvements were observed.

6th day: An improvement of the general clinical impression was recognized. The kitten was

bright, alert and responsive, no longer leaned to the right and had no more head tilt. It

showed moderate ataxia. On the left eye a mild anterior uveitis with a narrower pupil was still

present. The cat still seemed to be blind, i.e. the 'menace test' and the 'following movement

test' were still negative.

7th day (one day before clinic discharge): The cat was active, it showed minor ataxia, i.e. the

animal was able to walk with assurance and to feed independently. A partial failure of the

facial nerve still remained, it could not close the left eye. The visual tests were still negative,

but the animal avoided obstacles and followed an object visually if the object moved slowly

20 cm in front of the cat. The cat reacted to acoustic stimuli. The clinical improvement was so

good that the cat was discharged the following day with continuing cornea treatment (tears

substitute).

60 days after clinic discharge: The cat walked with stiff hind legs. Its visual abilities were

restored. It was still unable to close the left eye.The skull deformation on the left side could

still be palpated. The cat reacted when its owner called to it.

3. 2. 2  Acoustic analysis

The kitten was housed in a wire cage (50 x 50 x50 cm) coated with a 5 cm thick foam layer.

Spontaneously uttered calls were recorded from the third day on in the clinic using a cassette

recorder (SONY Professional) and a directional microphone (Sennheiser ME 80) on chrome-

II-oxide cassettes (BASF). Recording conditions were as follows: distance between

microphone and cage was 10 cm, but the animal could move freely in the cage, so the

distance between microphone and the kitten effectively varied from 10 to 40 cm.

Spectrographic analysis was completed using Fast Fourier Transformation, 512 points, 75%

frame overlapping, 30 kHz sampling frequency, Hamming window. Acoustic analysis was

performed using the software package HYPERSIGNALTM-MACRO.

10 frequency and time parameters were extracted from the spectrogram and the spectrum.

All recorded calls can be categorized as 'isolation calls' according to Roman, Ehret (1984),

Carterette et al. (1979).

Additionally we characterised the amount of nonlinear phenomena. Certain types of acoustic
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events are referred to as nonlinear phenomena (i.e. subharmonics, biphonation, deterministic

chaos). These phenomena are normally audible and are detectable in the spectrogram and

the frequency spectrum. There are different hypotheses considering the generation of

nonlinear phenomena, but all agree that they are generated by particular oscillation patterns

of the vocal folds (Herzel et al. 1994). In this paper we use the vocabulary suggested for

mammal vocalisation by Wilden et al. (1998).

Figure 3.2: Spectrographic representation of the nonlinear phenomena, subharmonics,
chaos, biphonation, in the calls of the cat. Harmonic windows appear within chaotic
segments.

The nonlinear phenomena appear in the cat as follows (fig. 3.2):

Subharmonic frequencies: frequencies that lie between or below the harmonic frequencies

and are rational divisions of the preceding fundamental frequency (e.g. 1/2, 1/3) or their

integer multiples.

Biphonation: Phonation with two independent pitches, acoustically observed as two non-

commensurate fundamental frequencies which can appear as nonparallel harmonic lines in a

spectrogram as either or both pitches change.

Deterministic Chaos: Chaotic segments often follow abrupt changes between harmonic and

aperiodic call segments. They are preceded by subharmonics. Within chaotic segments there

are often harmonic windows.

3. 2. 3  Results

A total of 158 calls were analysed. 143 calls were recorded during the stay in the clinic and
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15 calls after clinical discharge at the animal's home. For technical reasons, all 10

parameters could not be measured in all calls. In 141 calls, all 10 parameters were

measured. All 158 calls were analysed to determine the prevalence of nonlinear phenomena.

3rd day in
the clinic

N= 39

4th day in
the clinic

N= 44

5th day in
the clinic

N= 1

7th day in
the clinic

N= 46

1st day
after Entlg

N= 6

55th day
after Entl.
N= 5

f0 A (Hz) 873±178 857±127 719 1064±198 1310±179 1190±176

f0 E (Hz) 902±73 788±59 883 789±88 1003±156 1179±192

f0 Max (Hz) 1201±83 1076±87 1048 1143±146 1403±161 1398±83

t max (ms) 234±105 189±149 123 78±94 145±83 322±73

t gesamt (ms) 884±279 1108±212 1696 797±194 1302±185 868±122

1st.quart (Hz) 2931±655 3288±625 3093 2870±860 4035±1001 3534±630

2nd quart (Hz) 4125±740 4659±730 4144 4399±1033 4444±390 3631±920

3rd quart (Hz) 6210±1280 6440±730 6128 6763±1473 7137±430 6531±1102

F1/f0 5.5±5.3 5.1±5.4 4.3 3.3±3.7 7.2±6,1 1.8±3.2

f-peak 3536±1089 3776±883 3109 3349±1314 3023±1715 1799±1112

Table 3.2: Means and standard deviations of 10 parameters extracted from the calls: f0 A-
fundamental frequency at the beginning of the call; f0 E- fundamental frequency at the end of
the call; f0 max - maximal fundamental frequency; t max. - distance between the beginning of
the call and the point of maximal fundamental frequency; t gesamt - total length of the call;
1st quart, 2nd quart, 3rd quart - point of first, second and third energy quartil; f1/f0 - ratio of
the relative amplitudes of the second harmonic and the fundamental frequency; f-peak -
frequency with the highest peak in the spectrum; Hz - Hertz, ms - Milliseconds; N - number of
calls investigated. On the 8th day the animal was discharged from the clinic. On two days
thereafter the animal was acoustically recorded.

a) parametric call description

third and fourth day in the clinic: Calls on these days show a harmonic structure, i.e. in the

spectrogram the fundamental frequency (= first harmonic) is clearly visible and a number of

overtones (= second up to n-th harmonics) are to be found in a distance of an integer

multiples of the fundamental frequency as parallels (fig. 3.2). The frequency modulation (i.e.

the change of the fundamental frequency over time, here represented by the difference of
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'start fundamental frequency' and 'maximal fundamental frequency' related to 't-max') of circa

200 to 250 Hz is restricted to a very short call segment at the beginning of the call. This

results in an audible impression similar to a long sung tone, but not typical of a normal cat

'meow' (Buchwald, Shipley 1985). The calls were very loud compared to the calls of other

hospitalised cats. Sound pressure level measurements are unfortunately lacking.

seventh day in the clinic: On the fifth and sixth day it was impossible to record a sufficient

number of calls since the animal did not call spontaneously. On the seventh day the calls

were again very numerous. The maximal fundamental frequency is very near to the

beginning of the call, the call often starts with the highest fundamental frequency. This results

in a very "pressed" auditory impression. The vocalisation was not as loud as on the previous

two days.

Table 3.2 gives the mean values for the acoustic parameters. The differences comparing the

fourth and seventh day were significant for the start frequency (fundamental frequency at the

beginning of the call) (t-test, N1=44, N2=46, T=5.99, P<0.0001), the maximal fundamental

frequency (t-test, N1=44, N2=46, T=2.63, P<0.02), the total length of the call (t-test, N1=44,

N2=46, T=7.23, P<0.0001), the location of the maximal fundamental frequency (t-test,

N1=44, N2=46, T=4.17, P<0.001), the first energy quartile (t-test, N1=44, N2=46, T=2.91,

P<0.01), the ratio of the relative amplitudes of the second harmonic and the fundamental

frequency (f1/f0) (t-test, N1=44, N2=46, T=2.42, P<0.02), the peak frequency (t-test, N1=44,

N2=46, T=2.0, P<0.05), but not for the fundamental frequency at the end of the call (t-test,

N1=44, N2=46, T=0.08, P=0.94), the second energy quartile (t-test, N1=44, N2=46, T=1.46,

P=0.14), the third energy quartile (t-test, N1=44, N2=46, T=     -1.37, P=0.17).

b) audible impression and nonlinear phenomena

A high amount of nonlinear phenomena were found on the seventh day and one day after

clinical discharge as well.

All 157 calls were individually inspected for the occurrence of nonlinear phenomena, results

are given in Table 3.3.
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3rd day in
the clinic

N= 39

4th day in
the clinic

N= 44

5th day in
the clinic

N= 1

7th day in
the clinic

N= 59

1st day
after
discharge

N= 7

55th day
after
discharge
N= 8

SH 0 3 0 21 3 0

BP 0 0 0 2 1 0

SH+CH 0 0 0 16 1 0

CH 0 0 0 2 2 0

gesamt (%) 0 6.8 0 69.5 100 0

Table 3.3: Number of calls which contained nonlinear phenomena. SH - Calls containing
Subharmonics, BP - Calls containing Biphonationen, CH - Calls containing Deterministic
Chaos, SH+CH - Calls containing Subharmonics and Deterministic Chaos, N - number of
calls investigated

Figure 3.3a
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Figure 3.3b

Figure 3.3: 3.3a: Three calls from the third day in the clinic. The calls show a harmonic
structure. The middle call starts with a noisy (chaotic) call segment. Some few calls from the
fourth day show non linear phenomena. The time series are represented above each
spectrogram to give an impression of the amplitude modulation. 3.3b: Three calls from the
seventh day in the clinic. These calls show harmonical segments with clear fundamental
frequency and further harmonics. We also found a high amount of calls containing segments
with non linear phenomena. In the left there is a chaotic segment passing over in a short
subharmonic regime and ending with a harmonic structure. In the middle call biphonation can
be seen. In the right call we found chaotic and subharmonic segments as well as harmonic
windows.

Nonlinear phenomena were present during the fourth day (fig. 3.3) in the clinic but not on the

third or fifth day. The amount increased on the seventh day and decreased after clinic

discharge. Two months after clinic discharge nonlinear phenomena were not found.

3. 2. 4  Discussion

Vocal changes in a three month old kitten with craniocerebellar trauma were described by

using a parametric call description method and a description of nonlinear phenomena. The
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animal showed a vocal change on the seventh day of hospitalisation which coincided with

clinical improvement.

In the CCT cat an increase in fundamental frequency parameters and a shorter total call

length was observed. In human neonates the majority of disorders with a vocal change result

in abnormally high fundamental frequencies (Furlow 1997). No uniform behaviour could be

observed in the time parameters (e.g. total call length) during the several disorders (Furlow

1997).

The amount of nonlinear phenomena give a clear representation of the vocal change on the

seventh day. Nonlinear phenomena have also been described in the non verbal vocalisation

of human infants (Michelsson 1980; Robb, Saxman 1988). These phenomena occur in the

voice of normal human infants but more during several diseases (Sirviö, Michelsson 1976;

Herzel et al. 1994). In the vocalisation of normal animals they are often quite common as well

(Tembrock 1996a, b; Wilden et al. 1998) and they may increase during diseases (Riede et al.

1997 and this study).

What is the reason for the vocal change?

The cat did not react to acoustic stimuli suggesting the presence at least of a temporary

deafness. The deafness may be the reason for an increased sound pressure level. Auditory

feedback is essential for a normal vocalisation (Shipley et al. 1988). The calls on the third

and fourth day were very loud suggesting that the hearing ability during these days was

reduced. The bleeding from both ears supports this assumption as well, which may have

been caused by damage of the base of the skull and/or by the destruction of the outer ear

(ear drum). Shipley et al. (1988) described an increase in call length and sound pressure

level in experimentally deafened cats compared to normal litter mates. They observed no

compensation of this parameter change in deaf cats over a period of 3 years. Thus, our cat

showed a temporary auditory disorder, since the loudness decreased and the total length of

the 'meow' calls decreased, and the cat reacted to acoustic noise after the seventh day in the

clinic. To summarise: The cat may have produced highly harmonic calls with increased

loudness and call length, reduced frequency modulation and only few nonlinear phenomena

due to a decreased motor control over the voice production apparatus and a restricted

hearing ability. The motor control and the hearing ability recovered during the course of

observations, resulting in a vocal change.
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The higher amount of nonlinear phenomena after the vocal change (after the 6th day) may be

the result of a high charge of the voice generating apparatus. During the third and fourth day

in the clinic we observed a high rate of vocalisation. This could have caused a hoarseness

due to exhaustion of the vocal folds of this 3 month old kitten which was recognisable on the

seventh day. Hoarseness can occur following extensive use of the voice production

apparatus in humans, i.e. hoarseness can be the result of exhaustion in vocally untrained

humans (Wendler et al. 1996). Hyperphonation have also shown in dogs as a source for

vocal fold damages (Gray et al. 1987; Gray, Titze 1988). Spectrally hoarseness might be

represented by the occurrence of nonlinear phenomena (Omori et al. 1997).

The high correlation between the vocal change and the clinical general impression suggests

that further systematic studies of vocalisation in ill animals are warranted.

3.3  The dog-wolf hybrid

This chapter is a revised version of: T. Riede, H. Herzel, D. Mehwald, W. Seidner, G. Böhme,

E. Trumler, G. Tembrock: Nonlinear phenomena in the natural howling of a dog-wolf mix. J.

Acoust. Soc. Am. in press (Riede et al. in press)

The observed nonlinearities occurred in the female's vocalization during chorus howling of

the pack. The howl is the best studied form of acoustic communication in wolves. It is a

frequency modulated harmonic vocalization and plays a major role in territory maintenance,

pack integration and individual recognition (Harrington, Mech 1979; Harrington 1989). It is a

form of communication that is effective over long distances (e.g. 1-2 km). A single wolf

usually begins howling and is followed after some time by other pack members (Joslin 1967).

Three or more animals can be involved in the chorus (Klinghammer, Laidlaw 1979) which can

start spontaneously, i.e. without an obvious release, or may follow a special trigger

(Theberge, Falls 1967; Klinghammer, Laidlaw 1979).

Our aim is to understand the underlying physiological mechanisms of the nonlinear

phenomena observed in this animal. It is known from human vocalization studies, that a

variety of mechanisms can induce nonlinear phenomena. For example left-right asymmetries

and strong source-tract coupling can desynchronize vocal fold vibrations (Mergell et al.

1997).

Unlike in humans, no direct investigation of the vocal fold vibrations with stroboscopy or high-

speed glottography was possible. Consequently, we have to rely on indirect data to discuss
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the mechanisms of the instabilities. First, we compare the animal vocalizations with a

surprisingly similar voice of a young woman, in whose case the underlying mechanism of the

voice instabilities is well understood. Second, we perform a post mortem investigation of the

animal's larynx to look for anatomical peculiarities.

3. 3. 1  Material and Methods

Studied animals

The observed animals lived in a group. All were derivatives from a male hybrid (Persian wolf,

New Guinea singing dog, Australian dingo) and a female mixed-breed (Golden shakal, Elk

dog, Siberian husky). Since 1981 this pack (in 1997 it consisted of 8 animals: 5 males and 3

females) had lived without any further genetic influence on a 5 000 m² area of the Eberhard-

Trumler-Station (Birken-Honigsessen, Germany).

The female with the conspicuous voice (named 'Schaka') died in December 1997 in the age

of 7.9 years and with 18 kg body weight after a severe undetermined disease. A male (4

years) and an additional female (5 years) provided larynges for anatomical comparison.

These two animals died after aggressive interactions with another dog group. All three

animals were deep frozen until dissection. Unfortunately a detailed pathological investigation

of the carcasses was not possible for technical reasons.

Acoustical analysis

Video and audio recordings of the animals were made within a different study (Mehwald

1998). Video and audio recording was done with two cameras (Video-Hi 8, Blaupunkt, CR

8700H and CCD-V200E Video 8 PRO). Recordings were made in two observation periods,

first period: June 1994, 15 choruses recorded, second period: April to June 1997, 64

choruses recorded. Three (from 1994) and twelve (from 1997) choruses respectively were

available in which one, two or three of the anatomically investigated animals were clearly

recognized. Additional recordings served for comparative purposes.

Spectral analyses were made with HYPERSIGNALTM-MACRO software. The calls were

analyzed using the Fast Fourier Transformation (FFT), with 8 kHz sampling frequency and

512 points FFT order, i.e. narrow band analysis. Hanning windows and a 75% overlapping of

the successive windows were applied.
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For the safe identification of an individual's calls during the howling chorus, the spectral

analysis was compared with the simultaneous video recordings. This procedure was

repeated by a second investigator and only those calls identically identified by both

investigators were used for analysis.

For the description of the nonlinear phenomena in the calls we used the nomenclature as

suggested by Wilden et al. (1998) for the mammal vocal repertoire. Subharmonics are

characterized by parallel bands between pre-existing harmonics or at multiples of one third of

the original pitch. Chaos is associated with abrupt transitions to noise-like segments. Periodic

windows often appear within these chaotic segments. Biphonation is characterized by a

series of non-parallel bands related to two independent pitches.

For quantification we used a method used in humans (Robb, Saxman 1988) and once in

macaques (Riede et al. 1997) and cats (Riede, Stolle-Malorny 1998). For each individual a

number of clearly identified calls were extracted from the choruses. We obtained a sample of

291 calls from 5 animals. The spectrogram of each call was then categorized according to

the occurrence of nonlinear phenomena, and the relative duration of the nonlinear

phenomena to the total call duration was calculated. For that purpose the duration of all 291

calls was measured and summed for each individual. Then the duration of all nonlinear

phenomena was measured, summed up for each individual and divided by total call duration.

To ensure that the selected spectrograms were free of artifacts such as aliasing, clipping or

reverberation, the samples were subjected to perceptual review by a second investigator

(D.M.).

Anatomical investigation

The larynges (fix in formaline, 7%) were dissected in the dorso-ventral midline and

macroscopically inspected. For microscopic investigation the vocal folds were excised in toto

and embedded in paraffin. 6 µm- sections were done at three levels (ventral, middle part,

dorsal) and colored with Haemalaun-Erythrosine for a global inspection.

3. 3. 2  Results

Acoustical analysis



37

Figure 3.4 shows the spectrogram of a howling chorus (60 s total duration). Five animals are

involved in this chorus. For reason of clearity only the calls of 'Schaka' are marked with

arrows. The first call of Schaka exhibits a harmonic structure whereas her subsequent calls

show a variety of complicated patterns.

1. Nonlinear phenomena in Schaka's vocalization

Figures 3.5 to 3.7 show spectrograms of Schaka's calls displaying a variety of transitions

between harmonic vocalization, subharmonics, biphonation and chaos. The calls were

extracted from choruses, therefore they are sometimes overlaid by calls of other animals.

Relevant points in the spectrogram are indicated by arrows.

The transitions from harmonics to chaos (e.g. after arrow 3 in Fig. 3.5) or chaos to

biphonation (e.g. after arrow 1 in Fig. 3.6) are abrupt. Chaotic elements always transition to

periodic, i.e. harmonic (Fig. 3.7) or biphonic (Fig. 3.5 and 3.6) elements. Chaos can occur at

the beginning of a call (Fig. 3.6 and 3.7) but calls never ended with chaos.

animal’s

name

age

(years

)

sex Number of

calls

(number of

choruses)

calls

containing

nonlinear

phenomena

calls

containing

nonlinear

phenomena

(%)

relative

duration of

nonlinear

phenomena

(%)

Schaka 7.3 f 72 (10) 23 32 17.9

Chinuk 4.2 m 21 (4) 5 24 4.9

Weisspitz 6.2 m 107 (9) 11 10 2.7

Graue 6.2 f 29 (5) 1 3 1.4

Koja 6.2 f 62 (5) 0 0 0
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Table 3.4: Total number and percentage of calls containing nonlinear phenomena and
relative duration of nonlinear phenomena in five animals. The calls come from different
chorusus.
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Figure 3.4: Time series and the spectrogram of a chorus. The upper graphs represent the
first 20s, the middle ones the next 20s and below, the final 20s of the chorus are shown. The
calls uttered by ‘Schaka’ are marked over the total call duration by arrows.
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Figure 3.5: Time series and spectrograms of a 10 s - chorus cut-out with calls uttered by
‘Schaka’: The first call (between arrow 1 and 2) was harmonical (f0 at the beginning of the
call 390 Hz, at the end 410 Hz, maximum 470 Hz, call duration 3.7 s). This call was overlaid
by the call of another animal with very similar fundamental frequency. Schaka’s second call
started harmonically with increasing fundamental frequency (arrow 3). There was an abrupt
change to a nonperiodic element with chaos at the beginning which continues to biphonic
structures. The biphonation ended suddenly (arrow 4) and passed on to a harmonic element
with decreasing fundamental frequency from 430 Hz to 380 Hz (arrow 5). This call element
was overlaid by the howling call of another animal with increasing fundamental frequency.
Note, that the time series displays a high amplitude during the chaotic and biphonic episode.
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Figure 3.6: The call starts (arrow 1) with a chaotic element which passed on to a harmonic
part with side bands (65 Hz distance). This part shows an abrupt transition (arrow 2) to a
harmonic part with a fundamental frequency of 430 Hz, which decreases to 390 Hz (arrow 3).
The total call duration is 6.4 s.
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Figure 3.7: Two calls of ‘Schaka’ from the middle of a howling ceremony are shown. Both
calls are overlaid by calls of other animals. Both calls start with a chaotic element (arrows 1
and 4 respectively). It follows a harmonic window and a second and much longer chaotic
element (ending at arrows 2 and 5, respectively). Both calls end with a harmonic element
with a fundamental frequency decreasing from 410 Hz to 390 Hz and 430 Hz to 380 Hz.

The percentage of calls containing nonlinear phenomena is presented in Table 3.4. Nonlinear

phenomena can be found in the calls of four out of five animals. Schaka shows the highest

amount with 32%, the other animals range between 0 and 24%.

Table 3.4 also presents the relative duration of the nonlinear phenomena. Schaka again

showed the highest value of 18%, the other animals range between 0 and 5%.
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2. A human is able to produce similar acoustic features

The mammalian larynx is quite similar in gross anatomy between species (Negus 1949,

Schneider 1964, Harrison 1995) suggesting similarities in the physiology, for instance in the

vibration pattern of the vocal folds. For that reason we compared Schaka's vocalization with

that of a 24 year old woman who was able to produce biphonation intentionally and whose

production mechanism is well understood (see Mergell, Herzel 1997 for details regarding

high speed glottography and modeling).

Figure 3.8: Time series and spectrogram of two vocalizations. The left one is from a 24
years old woman who was asked to imitate Schaka’s vocalization which is on the right side.
The woman is able to produce biphonation intentionally.

This woman is able to phonate simultaneously at two different fundamental frequencies (i.e.

biphonation) during forceful expiration. The woman was asked to imitate Schaka's howl.

From a subjective viewpoint, she was able to simulate Schaka's vocalization very closely.

Figure 3.8 shows spectrograms of the woman's voice (left) and Schaka's original howling call
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(right).

Spectral analysis of the woman's voice signal showed that during biphonic vocalization the

fundamental frequency is of the same order as the first formant. When the fundamental

frequency falls towards considerably lower values or reaches sufficiently higher values than

the first formant frequency, the biphonic spectral pattern disappears.

3. 'Source tract interaction' in Schaka's vocalization - comparison with the woman's voice

Now we discuss in detail a representative call of Schaka with biphonation. In the power-

spectrum in Fig. 3.9 the peaks of two fundamental frequencies (termed f0 and g0) are visible

at f0= 515 Hz and g0= 875 Hz. The major ratio of the two fundamental frequencies (f0/g0 ) in

the call from figure 3.9 is about 0.59 which is significantly different from 1/2 or 2/3 as

expected for subharmonic vocalization. Consequently we term this occurrence of two

independent frequencies biphonation.

The major peaks in the power-spectrum are harmonics or linear combinations of these two

fundamental frequencies. For example (Fig. 3.9), the spectrum demonstrates that all

significant peaks can be expressed as linear combinations of two frequencies f0 and g0. As

explained by Mergell, Herzel (1997), Reuter, Herzel (1999) for the human voice, and by

Nowicki, Capranica (1986) and Fletcher(1992) for bird vocalization, the appearance of linear

combinations indicates a nonlinear interaction of two frequencies. In humans direct

observation of the vibrating vocal folds revealed that these biphonations represent a glottal or

source-generated mechanism caused by asynchronous vibration pattern of the left and right

vocal fold (Kiritani et al. 1991, 1993; Mergell, Herzel 1997).

As discussed in Mergell and Herzel (1997), slight asymmetry in the laryngeal frame-work is

not sufficient to generate biphonation. Only together with source-tract interactions was

biphonation sustained. This interaction is enhanced if the fundamental frequency coincides

with the first formant. Moreover, high intensities due to large subglottal pressure support

biphonation.
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Figure 3.9: Time series, spectrogram and spectrum of the biphonic call from Figure 2. The
spectrum represents only a short term segment (50 ms) around 0.9 s in the spectrogram.
Indications of vocal tract resonances are found with LPC analysis around 550 Hz and 1800
Hz.

In Schaka's case we observed that during biphonic vocalization the fundamental frequency

seems to be near to the first formant. The overlaid LPC curve showed a first formant peak at



46

about 550 Hz. From post mortem measurements we know that Schaka's vocal tract length

(from glottis to lips) is 16 cm, predicting a first formant frequency of 550 Hz, according to the

equation for formant frequency calculation from the vocal tract length (VTL) and speed of

sound in warm moist air (c=350 m/s): F(1)= c/4*(VTL) (for humans: Titze 1994; for animals:

Fitch 1997; Owren, Bernacki 1998). Thus the fundamental frequency of the source signal

prior to the biphonation comes into resonance with the first resonance frequency of the vocal

tract, enhancing the interaction between the glottal source and vocal tract. The biphonic

pattern does not appear if the fundamental frequency falls towards lower values. For

example, Schaka's first call in Figure 3.4 reaches a maximum fundamental frequency of 470

Hz which is below the first formant frequency of about 550 Hz. This call is purely harmonic.

The access to subglottal pressure information is possible indirectly via examination of the

time series and the amplitude envelope estimation. Subglottal pressure is the air pressure

caudal from the glottis maintained by contraction of the intercostal muscles and the

abdominal muscle. The time series in Figure 3.8 shows an increase in amplitude (indicating

an increase of the subglottal pressure) during the woman's biphonic phonation. In Schaka's

biphonic calls, the amplitude is about one third higher than during harmonic phonation (Fig.

3.5).

Anatomical investigation

Macroscopic investigation of Schaka's larynx showed no obvious peculiarities of the vocal

folds. The lengths of the left and right vocal folds were 16 mm and 18 mm, respectively. The

Processus cuneiformes on the left side was larger than on the right side. The other wolve's

larynges showed no macroscopic peculiarities. The vocal folds of the male were 18 mm on

the left and 17 mm long on the right, and those of the female 16 mm on the left and right side.

The main result of the microscopic inspection was an upward extension of both vocal folds of

'Schaka' but not of those of the two other investigated individuals (Fig. 3.10). These

structures were about 400 µm high, 200 µm broad and 8 mm long, situated on the edge of

the vocal folds. This feature reminiscent of 'vocal lips' in some primates (Brown, Cannito

1995; Mergell et al. 1999) and 'vocal membranes' in bats (Grosser 1900; Elias 1908; Pye

1967). It also resembles oedema and Sulcus vocalis in pathological human voices.
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Figure 3.10: Horizontal sections of the middle part of the vocal fold of Schaka (with vocal
lip) and of a normal sounding animal (without vocal lip). Compare to the section of the larynx
in figure 2.1.
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3. 3. 3  Discussion

A female dog-wolf mix displayed an unusually high amount of nonlinear phenomena in its

howling vocalization. Four other animals also showed nonlinear phenomena in their calls, but

at a much lower rate. Further, they never produced biphonation, but only subharmonics and

deterministic chaos.

The generation mechanism of nonlinear phenomena in Schaka's howling

The anatomical investigation of 'Schaka's' larynx showed a slight asymmetry in the

Processus cuneiformes (a part of the arytenoid cartilage). Hirano et al. (1989) showed in

humans that the laryngeal framework is typically asymmetric, and that the degree of

asymmetry did not differ among age groups or between sexes. They concluded that there

must be some mechanism compensating for the asymmetric framework to keep the vocal

fold edges relatively symmetric. Assuming, that a similar compensatory mechanism exists in

wolves, this slight asymmetry in Schaka's larynx is probably not solely responsible for the

high amount of nonlinear phenomena in her voice.

Investigations of human voices have shown that asymmetries in vocal fold anatomy, as well

as asymmetries in the vibration pattern, can be the basis for nonlinear phenomena (e.g. Ptok

et al. 1993; Moore et al. 1987). These findings received further support from computer

models of the vibrating vocal folds (Steinecke, Herzel 1995; Tigges et al. 1997; Mergell,

Herzel 1997). These models showed that slight asymmetries are able to produce nonlinear

phenomena (Herzel, Reuter 1997; Mergell, Herzel 1997) if parameters such as the subglottal

pressure or vocal tract shape are appropriately adjusted. The coincidence of vocal tract

resonance frequencies and fundamental frequency of the vocal fold vibration support

interactions and reciprocal reinforcement.

Studies with anaesthetized and centrally electrical stimulated dogs (Solomon et al. 1994)

showed that macroscopically normal looking vocal folds produced normal sounding dog

vocalizations, but a subject with nodules produced rough sounding utterances (not analyzed

in more detail).

In Schaka, we found a slight asymmetry of the laryngeal framework. Second, in biphonic calls

we observed a coincidence of the fundamental frequency of the source with the first formant

frequency of the vocal tract, suggesting the possibility of source-tract interaction. Third, the

relative amplitude in biphonic call parts was about one third higher than in harmonic call

parts. All three points together may be responsible for biphonic, chaotic and subharmonic
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regimes.

The microscopic investigation delivered a further aspect to be considered - an upward

extensions of the mucous on the edges of the vocal folds. In two other animals we did not

find such structures. These structures are well known as 'vocal lips' (syn. vocal membranes)

in bats and some primate species (Harrison 1995). In canids there is no consensus about the

frequency of vocal lip occurrence. Harrison (1995) did not describe vocal lips in the wolf.

Jiang et al. (1994) described no vocal lip like structures in the vocal folds of 13 mongrel dogs.

Two other references showed histologic pictures of dog vocal folds which obviously had vocal

lip like structures but the authors did not explicitly mention them in the text (Duckworth 1912;

Negus 1929).

There are two main suggestions about the function of vocal lips in voice production. First,

they might be responsible for the production of very high fundamental frequencies (Schön-

Ybarra 1995) as seen in some small primate species. Second, a computer simulation showed

that vocal lips can lower the subglottal pressure at which phonation is supported, thus

increasing vocal efficiency (Mergell et al., 1999). Moreover, vocal lips induce vocal

instabilities in the model, suggesting that the 'upward extension' in Schaka's vocal folds may

support the production of nonlinear phenomena. Also Brown, Cannito (1995) discussed vocal

lips as being responsible for biphonation (they called it 'polyphonic vocalization'),

hypothesizing that vocal lips represent a separately vibrating structure inducing a second

fundamental frequency.

Communicative relevance of nonlinear phenomena

From video recordings we know, that Schaka's conspicuous voice was present for at least

the last 3 years. In the social rank order Schaka was in the alpha-position during the last 4

years and she reproduced 3 times during that period. Whether or not there is a

relationship/coincidence between the occurrence of a high amount of nonlinear phenomena

and any event in Schaka's life (for instance a disease) is unknown. The increased amount of

nonlinear phenomena can be explained in two ways. On the one hand, Schaka might have

produced the high amount of nonlinear phenomena involuntarily without communicative

effect due to her special laryngeal anatomy (vocal lips, slight asymmetry), just displaying an

idiosyncratic voice disorder. On the other hand, Schaka might have produced the high

amount of nonlinear phenomena voluntarily, aided by her special laryngeal anatomy, and

reinforced by auditory feedback, with unknown communicative effect.

Generally, the problem whether or not nonlinear phenomena are pathological or integral part
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of the repertoire remains an open question. There are examples pointing in both directions.

Riede et al. (1997) showed in a Japanese macaque (Macaca fuscata) infant with an assumed

metabolic disease an increased amount of nonlinear phenomena in the vocal repertoire, but

unfortunately sufficient behavioural observations were lacking. East and Hofer (1991)

showed spectrograms of spotted hyenas (Crocuta crocuta) whoops which indicated that

nonlinear phenomena seem to be rather common in this type of vocalization. In the painted

hunting dog (Lycaon pictus) Wilden (1997) showed nonlinear phenomena in the vocalization

of all age-classes. Wilden et al. (1998) screened the literature on mammalian acoustic

signals and found nonlinear phenomena in many published spectrograms. The widespread

occurrence of such phenomena suggests that they are integral parts of the vocal repertoire in

many mammals.

In humans, rough sounding voices are primarily studied in connection with voice pathologies.

There are, however, examples of nonlinear phenomena in normal voices which are well-

known from modern pop singers and infant cries (Mende et al. 1990). In these cases, rough

sounding voices elicit strong attention from listeners. Hecker, Kreul (1970) showed that

slightly rough sounding voices (i.e. voices with a higher amount of nonlinear phenomena) do

not indicate an unhealthy voice to human listeners suggesting that nonlinear phenomena are

common to a certain degree in the normal human voice. Hecker and Kreul (1970) found also

that a higher degree of roughness affects the listener's ability to guess the speaker's age:

listeners evaluated the speaker as older than he/she was.

Together, these observations suggest that nonlinear phenomena in the otherwise primarily

harmonic vocalization exhibit communicative relevance in humans. Further studies, including

behavioural observations, are necessary to substantiate the communicative role of nonlinear

phenomena in nonhuman mammal vocalization.
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Chapter 4 

The harmonic-to-noise-ratio applied to dog barks

4.1  Introduction

In order to find out which acoustic parameter might be susceptible to changes when the

senders state of health is affected, we investigated several case studies and found that the

amount of nonlinear phenomena increases under certain pathological conditions in the

original harmonic vocalisations, like the Japanese macaques coo-call (Riede et al. 1997), the

domestic cats meow-vocalisation (Riede, Stolle-Malorny 1998, 1999) or the wolf-howl (Riede

et al. in press).

Vocalization which bear originally a considerable amount of nonharmonic energy (noise) can

not be evaluated with this procedure. For instance, the dog bark contains harmonic and non-

harmonic energy. Dogs utter the barking sound in different behavioural contexts (Feddersen-

Petersen 1996). The dog bark can be considered harmonic to a varying degree, with a

considerable amount of aperiodicities at the same time. Vocal changes of the bark, which are

for instance described as hoarseness (Bagley et al. 1996) seem to be founded on a shifting

of the ratio of the energy of harmonic and non-harmonic elements. Additionally, in normal

dogs, some authors assume different communicative relevance according to this ratio

(Tembrock, 1976; Feddersen-Petersen 1996, Wilden 1997).

In this study the harmonic-to-noise-ratio (HNR) was adapted, which is a quantitative measure

well known in human voice research. The HNR considers the acoustic energy, i.e. the

amplitudes, of the harmonic components to that of the noise (Yumoto et al. 1982; Awan,

Frenkel 1994). The auditive impression of a voice with a low HNR is overwhelming hoarse,

whereas a voice with a very high HNR sounds hypertensive/pressed.

In this study a HNR-calculation procedure was applied to dog barks. The main goal of this

study was to introduce the HNR calculation procedure into bioacoustics. For this reason the

procedure has to be validated. First we used synthetic sounds with defined HNR values and

applied our algorithm, and second the auditive impression of human subjects were compared

with the HNR values of the barks. Third the multiparametric analysis, a tool often used in

animal bioacoustics, was applied to reproduce the HNR results.

We recorded the barks of dogs expressing some sorts of dysphonia as well as a sample of
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normal dogs.

4.2  Material and Methods

Studied animals

Audio recordings from ten healthy Dachshund dogs considered as the ‘normal sample’ were

taken at the owners property. The dogs ranged in age between 9 months and 11 years and in

weight between 6.8 kg and 10 kg. A general clinical investigation of the ten dogs confirmed

no peculiarities.

Dachshunds, considered as 'clinic sample', were recorded in the Veterinary Clinic for small

animals at the Freie Universität Berlin. During a 6-months period 9 dachshunds admitted in

the clinic for thoraco-lumbal intervertebral disc extrusion were considered. One additional

dachshund expressed excessive barking during the stay in the clinic and developed a

hoarse-sounding voice. Dogs ranged in age between 3 and 8 years and in weight between

7.9 kg and 10.7 kg.

Acoustic recordings

Recordings were made with a Marantz PMD 222 tape recorder and Sennheiser microphone

(ME80 head with K3U power module) on BASF ChromeSuper II tapes. Distance between

dog and microphone varied between 50 cm and 150 cm. Barking was released by staring into

the dog's eyes (a mild threat to the animal). Only animals in which barking could be released

in this way were included to the samples.

Barking is usually uttered in sequences of variable duration consisting of barks with

interspersed pauses. The first 50 calls per session were used for acoustic analysis. Calls

distorted by background noises (mostly other barking dogs) or calls which had an overloaded

recording level were discarded from the analysis.

Acoustic analysis

Signal analysis was performed on a PC using the signal processing software
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HYPERSIGNALTM-Macro. Recordings were digitised at 16-bit quantization and 44-kHz

sampling rate using a DSP32C PC System Board. Spectrographic analysis was completed

using 512 points Fast Fourier Transformation, with 75% frame overlapping, a 30 kHz

sampling frequency, and Hanning window. The result of this analysis is a spectrum

representing the frequency distribution in the acoustic signal over a time segment of about 10

ms duration.

HNR calculation

For HNR calculation a 50 ms segment from the middle of the bark was cut out. The spectrum

of this 50 ms segment was calculated via Fast Fourier Transformation (FFT). The spectrum

curve was transformed to an EXCEL file. An EXCEL Macro was written to do the further

steps. The noise level was estimated by a 10-point-moving-average from the original

spectrum curve (figure 4.1). The largest distance between the harmonic level and the noise

level was considered as HNR (Fig. 4.1). The HNR expresses no dimension since we used

relative amplitudes. A flow chart of the procedure is given in figure 4.2.

Figure 4.1: Schematic drawing of an original spectrum curve with harmonic peaks (thin
line) and the 10-point-moving-average curve of the same spectrum (thick line).
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bark recording

digitization at 30 kHz sampling
frequency

cut of a 50 ms segment from the
middle of the call

FFT: 512 points, 75% overlapping,
Hanning window of the 50 ms

segment

ASCII transformation and import to
Excel

calculation of the 10-point-moving-
average

subtraction of the moving average
curve from the original spectrum

choosing the largest value as HNR

Figure 4.2: Flow chart of the HNR calculation procedure.

Testing the HNR calculation procedure with synthetic sounds

The graphical synthesiser of SASLAB-Avisoft (Specht 1998) allows the construction of

harmonic sound elements stored as wave files. The number of harmonics, the amplitude of

the single harmonics as well as the modulation of the fundamental can be chosen freely.

A sound file with 5 harmonics, with constant amplitude and constant fundamental frequency

at 800 Hz was constructed. The amplitude was highest in the fundamental and systematically

lowered by 5 dB, 10 dB, 15 dB and 20 dB, respectively, in the higher harmonics. The

sampling frequency was at 22 kHz with a 512 points FFT.



55

The addition of noise occurred using a given noise file. A white noise file of a given average

amplitude was used to construct ten noise files of different amplitudes by damping the

original signal by 9 different dB filters using 6 dB steps. Each of the ten noise files was mixed

with a copy of the initially constructed harmonic file resulting in ten files with different

harmonic-to-noise-ratios.

Those ten synthetic sound files with different HNR were used to test the HNR calculation

procedure, predicting a significant correlation between the results of the HNR calculation of

the respective sound file and the file number according to the dB-filter step used for the noise

file.

Bark evaluation by human listeners

The 20 dachshunds considered in this study were pairwise associated, and from 190

possible combinations 27 were chosen. Selection criteria were as following: The twenty dogs

were sorted according their HNR values in three groups: six animals with the lowest HNR, six

animals with the highest and seven with a middle HNR. Within each group three intragroup

pairs were associated. Between the three groups three times six intergroup pairs, considering

each group equally were associated.

This results altogether in 27 pairs (indicated in table 4.1). Each dog was considered at least

ones, maximally in four pairs. About 15 successive barks from each dog were considered for

one play back pair. Five persons were asked to judge the degree of hoarseness in pairwise

playbacks. They were asked to decide which dog of the pair sounds more hoarse. They had

to write down their decision on a spreadsheet. Prior to the 27 test pairs, the subjects were

exercised with 4 training playbacks.

If the HNR measure relates to the human listening impression, a more than 50%

concordance between the subject's results and the HNR scale should be expected.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

HNR 7.1 9.7 9.9 10.
6

11.
7

11.
8

12.
9

13.
2

13.
6

13.
7

13.
8

14.
0

14.
2

14.
3

14.
4

14.
9

15.
5

16.
3

17.
6

17.
8

N/
c

c c n c n n c c c n n n n n c n n c c c

1 - 5 5 5

2 - 3 3 4

3 - 1 3

4 2 - 2 2

5 4 - 2 3

6 - 3 4 5

7 - 5 5

8 3 - 5

9 2 3 - 5 3

10 - 5

11 - 5

12 - 5

13 2 2 - 5

14 3 -

15 2 -

16 1 2 - 1 5

17 1 4 -

18 - 4

19 1 -

20 -

Table 4.1: The pairs in the matrix with a frame represent those individuals which were
used for the evaluation of the auditive impression by 5 subjects. The numbers in the framed
boxes have to be read as ‘the animal in the first column sounds more hoarse than the
corresponding animal from the first row’. The evaluation by the subjects corresponds with the
HNR measure above the diagonal, but it does not below the diagonal. HNR means are given
in the second row. n or c in the third row indicate if the individual belongs to the clinic or the
normal sample.
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Multiparametric analysis

The multiparametric analysis of animal sound has been proven useful in a number of studies

(reviewed in Schrader, Hammerschmidt 1997). The multiparametric analysis is based on the

spectrogram of the signal. The present study was undertaken to verify if the classification of

individuals as suggested by the HNR-measure could be reproduced with the multiparametric

approach. In other words, is the information extracted by the HNR also obtained by the

multiparametric approach?

The goal of this part of the study was basically to evaluate the HNR value by applying the

multiparametric analysis.

For multiparametric analysis 1000 barks (50 barks from each of 20 individuals) were digitised

using RTS 1.31 (Engineering Design, Belmont, MA). The digitised calls were transformed into

frequency-time domain with Signal 2.29 31 (Engineering Design, Belmont, MA), using an FFT

size of 1024 points, a sampling frequency of 40 kHz, a frequency resolution of 39 Hz, and

time resolution of 5 ms. The resulting frequency-time spectra were analysed with LMA 8.0

(developed by Kurt Hammerschmidt). LMA is a software tool to extract different sets of call

parameters from complex acoustic signals (Schrader and Hammerschmidt, 1997). 100

parameters were used in the analysis. These parameters describe the frequency structure,

such as the fundamental frequency, and the distribution of the spectral energy, including the

peak frequency and frequency range.

The ability of the parameters to separate individuals was tested first. The question was in

which parameters is the intraindividual variance sufficient below the level of the interindividual

variance, to differentiate individuals. This is necessary because parameters with individual

variance not significantly beyond the total variance are not expected to be able to group

individuals. In order to test for individual differences a stepwise discriminant function analysis

was conducted. The discriminant function analysis provides a classification procedure that

assigns each call either to its appropriate group (correct assignment) or to another group

(incorrect assignment).

The correct assignment is a measure for the ability of the discriminant functions to predict a

call's group membership. The prior probability of a correct assignment is equal for each

group. The prior probability dependents from the group sample size insofar, as the larger the

group's sample size the higher the certainty of the discriminant function.
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It is robust against correlating variables. Variables that fail the tolerance test, that is, those

that are almost a linear combination of the other independent variables are not permitted to

enter the analysis. In the stepwise procedure the parameters are ordered according to their

contribution to the correct assignment (identification of predictor variables).

In the second step we tested parameters for their ability to group individuals into HNR

groups. Three HNR groups were made. The mean HNR ± standard deviation of the normal

sample (n=10) was 13.2 ± 3.4. Considering this range of HNR = 9.8 to 16.6 three individuals

are out of this range. For the sake of a sufficient minimum group size, cutoffs are set at 10

and 16, which results in three individuals with a mean lower than 10, three individuals with a

mean higher than 16 and fourteen individuals between 10 and 16. Than a discriminant

function analysis was applied to test how the calls are assigned to those three groups. To

test the reliability of the discriminant function, first, the original data set was split into two.

One half was used to establish a discriminant function (training set). The remaining data were

than used separately in the assigning procedure (test set). Similar results in the assignment

procedures (training versus test set) indicate that the discriminant functions based on the

parameter set is appropriate to sort new calls into groups. Secondly, an individual's complete

data set was used as test set, to test for the assignment of the calls of the 'new' individual

('leave one out' procedure).

4.3  Results

Illustrating the differences in the harmonic-to-noise-ratios, Figure 4.3 shows time series and

spectrograms of three barks from three dogs. Harmonic structure can be recognized in the

bark with the highest HNR while nearly no harmonic structure but only noise can be seen in

the bark with the lowest HNR.
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Figure 4.3: Spectrograms, time series and spectra of three barks with different HNR
illustrating that in calls with high HNR values the harmonic peaks are stronger than in others.

Testing the HNR calculation procedure with synthetic sounds

Artificial sounds with a defined HNR were synthesised for testing the HNR calculation

procedure. The correlation between the calculated HNR and the predicted HNR value was
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r=0.95 (Spearman rank, n=10; P<0.001) suggesting the procedure is able to mirror at least

the relative HNR relationships within a group of sound signals.

The HNR of twenty dogs

Figure 4.4 shows a diagram with the mean HNR ± standard deviation of twenty dogs

considered in this study (the actual values are given in table 4.2). The mean of the normal

sample is 13.2 ± 3.46, and that of the clinic sample is 13.5 ± 4.17. The samples differ

significantly in their variances (F=1.45; P<0.001) but not in their medians (U=0.00013;

P1=0.19; P2=0.38). This suggests that a ranking of animals according their HNR value is

possible. The clinic and the normal sample is mostly overlapping. However some individuals

from the clinic sample represent the far ends of the scale.

Figure 4.4: HNR mean and standard deviation of twenty individuals considered in this
study.
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sex HNR

normal sample

1 m 15.5 ± 2.3

2 w 9.9 ± 2.3

3 w 13.8 ± 3.2

4 m 14.2 ± 3.1

5 m 14.9 ± 2.9

6 w 13.7 ± 2.0

7 m 11.8 ± 2.4

8 w 11.7 ± 2.2

9 w 14.3 ± 2.3

10 w 14.0 ± 2.2

clinic sample

11 w 7.1 ± 1.4

12 w 17.8 ± 2.8

13 m 17.6 ± 3.3

14 w 16.3 ± 2.6

15 m 12.9 ± 2.9

16 w 13.2 ± 3.2

17 w 9.7 ± 2.8

18 m 14.4 ± 2.3

19 m 13.6 ± 2.7

20 m 10.6 ± 2.8

Table 4.2: Actual values HNR mean and standard deviation of twenty individuals
considered in this study. m – male, w - female

Comparison of the auditive impression of human subjects and the HNR

27 pairs of dogs were chosen and their bark sound were evaluated by human listeners to

differentiate which of the two dogs sounds more hoarse. It was assumed that those dogs with

the lower HNR sound more hoarse.
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The correspondence between HNR and auditive impression in five subjects was 70, 75, 77,

78 and 80 % , i.e. 70 to 80% of the pairs were ordered by human subjects as predicted by the

HNR (tab. 4.1). There were thirteen pairs ordered as predicted by all five subjects but there is

no pair ordered wrong by all five. Three pairs were ordered as predicted by four subjects, six

pairs were ordered as predicted by three subjects, three pairs were ordered as predicted by

two subjects, and two pairs were ordered as predicted by only one subject. Two general

conclusions can be drawn from the questionnaire. As expected, pairs laying far from each

other on the HNR scale were easier to assess correctly than those very close to each other,

and barks from the extreme ends of the HNR scale (hoarse or hyperkinetic) were obviously

easier to recognise than those from the middle of the HNR scale. No pair was misclassified

by all five subjects, but two pairs were misclassified by four subjects, three pairs were

misordered by three subjects, six pairs were misordered by two subjects and three pairs were

misordered by one subject.

Multiparametric analysis

Here several discriminant function analyses were run in order to assign calls to different

groups. The groups represent the twenty individuals in the first analysis. The classification

procedure yielded an average correct assignment of 94% to 20 individuals. The most

decisive parameters for discrimination between groups were 'mean first dominant frequency

band' and 'start frequency of the second quartile'.

For the second analysis, individuals were associated into three groups according their HNR

value (figure 4.5 right diagram). This means 86% of the calls were ordered correctly into

three groups, and the groups are based on the HNR measure (figure 4.5 left diagram). The

first group contained three individuals with low HNR values, the second group contained

fourteen individuals with middle HNR values and the third group contained three individuals

with high HNR values.  The second classification procedure yielded an average  correct

assignment of 86% to three HNR groups. A test with a 50% random sample confirmed the

discriminant function: the average correct assignment of the training set was 88% and of the

test set 81%. In figure 4.6  the correct and wrong assignment of calls to three HNR groups is

shown separately for each individual.

In the third classification procedure single individuals were removed from the sample and the

total individuals set were used as test set. The test with individuals from the second group

(HNR between 10 and 16) revealed correct assignment of above 85 % in each of four tested
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individuals. The average correct assignment of calls from either the first (HNR < 10) or the

third (HNR > 16) HNR group was not or only sligthly above the chance level (33%)

suggesting that the training with only two remaining individuals in those two groups is not

sufficient.

Distribution of calls according the HNR 
value 

0 1 2 3

HNR group

  i
n

d
iv

id
u

al
s 

Expected assignment

0 1 2 3

HNR group

Assignment according the discriminant 
function

0 1 2 3

HNR group

Figure 4.5: The left diagram shows the distribution of 50 calls for each individual into three
HNR groups according to its HNR value. The middle diagram shows the expected distribution
of calls if the discrimination reaches a 100% correct assignment. The right diagram shows
the result of the discriminant analysis, i.e. the assignment of calls into three groups.



65

Assignment according the 
discriminant function

0 1 2 3

HNR group

assignment of the trainings set

0 1 2 3

HNR group

assignment of the test set

0 1 2 3

HNR group

Figure 4.6: Assignment of call to three HNR groups. In the first diagram 50 calls per individual
were used for calculation the discriminant function and the same 50 calls were assigned into
the groups. The second and third diagram shows the results when the sample was devided
into a training and a test set. The size of the circles corresponds to the number of the calls.

4.4  Discussion

The harmonics-to-noise-ratio calculation procedure

In this study a simple and crude harmonics-to-noise-ratio  (HNR) calculation procedure was

applied to animal sounds. In human voice evaluation similar procedures are rated as crude.

The goals in human voice therapy are different - it is mostly the restitution/creation of a

'normal' voice. The normal voice is defined: it is the voice, first, which is not conspicuous for

the percipient in the average auditive impression, and second, it makes no discomfort for the

speaker. In order to voice evaluation, experienced clinical human voice physicians primarily

evaluate the auditive impression (e.g. Nawka 1994) and the laryngoscopic  signs (e.g.

Wendler, 1993), and yet than technical acoustic parameter play a certain role for voice

evaluation (Seidner, pers. comm.).

In 1961 Lieberman proposed the first acoustic parameter in human pathological voice

analysis. Since then, many different parameters have been introduced, which fall into three

groups: parameters describing additive noise (turbulence) such as the harmonic-to-noise-
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ratio (Yumoto et al. 1982; de Krom 1993) and parameters describing frequency modulation

noise (jitter) and amplitude modulation noise (shimmer) (Kasuya et al. 1993) and parameters

sensitive to additive noise and to modulation noise, like the glottal-to-noise-ratio (Michaelis et

al. 1995). Methods most similar to those used in this study are described by Kitajima (1981).

Kitajima (1981) has used a moving average method for the HNR estimation, which basically

considers the ratio of the energy of the noise and the energy of the harmonics. The level of

noise is estimated by calculation of the moving average over the spectrum curve. Kasuya et

al. (1986) introduced the normalised-noise-energy (NNR). It represents the ratio between the

energy of noise and total energy of the signal. In both methods, the noise energy is directly

obtained from the spectrum. In the NNR procedure, the noise energy is assumed to be the

mean value of both adjacent minima in the spectrum.

The problem in both methods, as in other procedures (like the cepstrum based) is due to jitter

and shimmer. While increasing the modulation noise (jitter and shimmer) the harmonics are

broadened and the minima of the spectrum are less deep. As a consequence noise energy is

overestimated.

However the dog bark is a short amplitude and frequency modulated utterance. This means

that frequency peaks become broader if considered over large time segments. The

differentiation into additive noise and modulation noise seems not useful, because there are

only few data about the laryngeal behaviour during barking (Solomon et al. 1992). To

overcome this problem only a short time segment was considered, assuming the

fundamental frequency modulation is only weak. Visual inspection of a considerable number

of those spectra confirmed this aspect.

Another problem of the moving average procedure are vocal tract effects. All those effects

imaginable (e.g. formant tuning) should be minimised (systematised) by considering only one

dog breed with a small range of body mass (and body size and thus vocal tract length).

Comparison of methods

For a validation of the HNR-measure, first the algorithm has been tested with artificial sound

signals and second the dog barks have been undertaken an auditive evaluation by humans

and the multiparametric analysis was applied. The validation of the HNR measure was

necessary, first because the algorithm used for calculation is very crude, and second

because there are no data for comparison in animal bioacoustics.

In a first approach, synthetic sound signals with a defined HNR to test the procedure were
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used. The synthetic sounds could be differentiated by our algorithm as predicted indicating

that the algorithm was working safely.

The aim of the multiparametric approach was to reproduce the ordering of the dogs

according to the HNR scale. The multiparametric approach has already been proven useful in

bioacoustics. The results of a first discriminant analysis showed that a subset of parameters

is good for  individual identification and following is fulfilling the demand for a large

interindividual and a low intraindividual variance. Prior the next discriminant analysis, the

dogs were assigned into three groups because the philosophy of the discriminant analysis is

to assign elements (calls) into given groups optimally. The subset of parameters allowed a 85

% average correct assignment to the three groups. However (in the leave one out procedure)

the poor correct assignment of a new individual to either the first (HNR <10) or third HNR

group (HNR >16), was probably due to insufficient low number of individuals (only two)

considered in the training set. This hypothesis was supported by the very good high

percentage of correct assignment to the middle HNR group (HNR between 10 and 16).

It was also shown that there is a relationship between the HNR ranking of the individual and

the auditive impression of its barks assessed by five subjects. Kojima et al. 1980 have

undertaken a similar approach for the human voice. They used also the HNR measure for

ranking a sample of voices, and human subjects sorted this sample according to their

impression of hoarseness. The concordance between the HNR ranking and the subject's

ranking was very high. Most of the dogs are within the range of mean ± standard deviation of

the normal sample.

Possible physiological reasons for the observed dysphonia

Three individuals were below and three above the range of HNR 10 to 16. The animal with

the lowest HNR belongs to the clinic sample. It was housed in the clinic for 18 days. During

that time the animal was frequently vocalising (barking). We assume that the observed

hoarseness (and lowerence of the HNR) was due to an exhaustion of the vocal folds

(excessive barking/hyperphonation) which means microlesions of the mucosal cover

impacting the vocal fold vibration behaviour. This phenomenon is well known in humans

(Wendler et al. 1996) and it has also been suggested to be the reason for a cat's dysphonia

(Riede, Stolle-Malorny 1998, 1999). In vitro studies showed that hyperphonation can affect a

dog's vocal fold tissue (Gray et al. 1987; Gray, Titze 1988). Similar effects to the human vocal

folds would have massive impacts on the voice (e.g. Fex, Fex, 1986).

Three dogs, with the highest HNR values belong to the clinic sample. They suffered from
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intervertebral disc extrusion, a common disease of the dachshund breed (Grevel, Schwartau

1997 a,b). Intervertebral disc extrusion occurred in all three dogs in the transition from the

thoracic to the abdominal backbone. The extrusion results in a compression of the spinal

cord which adversely affects the normal nerval supply behind (caudally) the affected point.

Neurologic examination revealed paresis of the hind legs with intact spinal reflexes in all

three dogs. After detailed diagnostic investigations the aim of the therapy was to decompress

the spinal cord. This was done by performing a hemilaminectomy in all three dogs. Laryngeal

inspection by direct visualisation prior and after the operation (and tracheal intubation)

showed a normal picture. The dysphonia occurred one day after the surgical decompression

and was reversible toward normal sounding barks within three days. The dysphonia in those

cases can be considered as a functional one since the laryngoscopic picture showed no

obvious injuries or harms. In humans, the functional-hypertensive dysphonia is characterised

by an increased HNR (Wendler et el. 1996), and increased harmonic energy suggests

increased HNR as in the three cases here. In functional-hypertensive dysphonia, the

laryngeal stage of voice generation is characterised by an increased tension of the vocal fold

muscle and optional by an increased subglottic pressure (Wendler et al. 1996).

Six other dogs with thoraco-lumbal intervertebral disc extrusion were considered in this study.

They did not express extrem HNR values. Three of them had undergone surgical

decompression of the spinal cord by hemilaminectomy, and three were treated with

antiphlogistic therapy. Obviously the dysphonia is not a regular occurring symptom, it follows

only in some cases after surgery (hemilaminectomy).

One explanation for a hypertension in the laryngeal configuration in the hemilaminectomized

dogs is pain. However, we observed no disappearance of the hypertensive sound (i.e back to

a normal HNR) under the regular pain reducing butyrophenon (Temgesic) therapy.

A second plausible hypothesis explaining the observed hypertensive sound is a peripheral

nerval stimulation, caused by the surgery, which resulted in a retrograde stimulus transport

via central areas to the vagus nerve. Such a peripheral stimulation and the retrograde

stimulus transport have already been observed for the thermoregulative system

(Romanowsky et al. 1997; Szekely et al. 1997). However, further research is necessary to

uncover the relationship between this hypertensive dysphonia and the disease.

HNR variability and communicative relevance of the dog bark

Some authors discuss a communicative relevance according to the different  harmonic-to-

noise-ratio, since they observed different acoustic structure of the dog bark in different

contexts (Tembrock 1976; Feddersen-Petersen 1996; Fox 1978). In this study only one
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context of vocalization was considered.

In general, the communicative relevance of the dog bark is discussed controversely. While

Coppinger, Feinstein (1990) degrade the dog bark to a non-communicative utterance,

Bleicher (1963), Tembrock (1976), Althaus (1982) assume that barking is an expression of a

general arousal of varying intensity. Feddersen (1978), Feddersen-Petersen (1996), Fox

(1978) hypothize that barking sounds carry particular information. Feddersen-Petersen

(1996) relates her arguments for different meanings to certain aspects of the acoustic

structure. Barks in different contexts show different degrees of tonality what refers to a

varying ratio of the harmonic energy and the noise energy (Feddersen-Petersen 1996). Since

the communicative relevance of dog barking is still hypothetical in many respects, the

application of HNR for a parametric analysis holds considerable promise for future research.
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Chapter 5 

Vocal tract length and acoustics of vocalization in the domestic dog

This chapter is a revised version of: T. Riede, W.T. Fitch: Vocal tract length and acoustics of

vocalization in the domestic dog (Canis familiaris). J. Experimental Biology 202: 2859-2867

(Riede, Fitch 1999).

The sound production systems of all mammals exhibit a number of fundamental anatomical

and acoustical similarities. The primary acoustic signal is generated at a source, typically the

vocal folds of the larynx (the glottal source), which are driven into rapid mechanical

oscillations by an expiratory air flow from the lungs. Opening and closing, the vocal folds

modulate the airflow through the glottal opening, producing a time-varying acoustic signal:

the glottal source signal. Many mammals produce a nearly periodic signal in the larynx, which

can be represented as a Fourier series, with a fundamental (lowest) frequency and integer

multiple harmonics. A narrowed but non-oscillating larynx can also generate turbulent noise.

All mammals also have a supralaryngeal vocal tract (hereafter simply referred to as "vocal

tract"), through which the sound generated at the glottal source must pass. The column of air

contained in the vocal tract, like any tube of air, has resonant modes, which selectively allow

certain frequencies in the glottal source to pass and radiate out through the mouth or nostrils

into the  environment. In other words, the vocal tract acts as a bank of bandpass filters, each

of which allows a narrow range of frequencies to pass. These resonances of the vocal tract,

along with the spectral peaks they produce in the vocal signal, are given the special name

"formants" (from Latin formare "to shape"; after Hermann 1890).  This term has a long history

of use both in speech science (Fant 1960; Titze 1994) and bioacoustics (Lieberman et al.

1969; Nowicki 1987; McComb 1988; Fitch & Hauser 1995).

In an anatomical investigation of the non-human vocal tract, Lieberman et al. (1969)

discovered important differences between non-human and human vocal tract shapes, and

concluded that the production of the full range of vowels found in human speech are

impossible without a modern human vocal tract. For a long period after this there was little

research on formants in animal communication (although see Andrew 1976). Recently,

however, there has been a resurgence of interest in animal formant production and

perception.
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In terms of perception, it has long been known that various animals can discriminate human

vowels (baboons: Hienz & Brady 1988; dogs: Baru 1975, cats: Dewson 1964; blackbirds and

pigeons: Hienz et al. 1981; macaques: Sommers et al. 1992). Because vowels are perceived

and classified primarily on the basis of the two lowest formant frequencies (Peterson &

Barney 1952; Bogert  & Peterson 1957; Kent 1978, 1979), this work suggests that animals

can perceive formants. More directly, Sommers et al. (1992) documented the ability of

Japanese macaques to discriminate formant frequencies with an accuracy rivalling that of

humans. Finally, Owren (Owren & Bernacki  1988; Owren 1990) used operant techniques to

show that spectral features potentially related to formants are discriminated by vervet

monkeys in their own species-specific calls. A number of studies have demonstrated the

potential communicative relevance of formants in several mammal species (cats: Shipley et

al. 1991; rhesus macaques: Hauser et al. 1993; baboons: Owren et al. 1997). A more

detailed discussion of the importance of formants for acoustic communication in animals is

given by Fitch (1997) and Owren & Rendell (1997).

In terms of production, formant frequencies are strongly influenced by vocal tract length and

shape (Fant 1960; Titze 1994). Carterette et al. (1979) found a good correspondence

between isolation call formant frequencies in domestic kittens and the formant frequencies

predicted theoretically for a uniform tube (closed at one end) of the same length as the kitten

vocal tract. The effect of vocal tract length was further studied by Fitch (1997), who measured

vocal tract length, body size and formant frequencies in rhesus macaques (Macaca mulatta),

and found that formant frequency spacing is a reliable correlate of body size in that species.

Further investigations on the relationship  between vocal tract length, body size and formant

characteristic suggest that the prediction of body size from the acoustic signal (and vice

versa) may also be applicable to humans (Fitch & Giedd 1999). Given the Baru (1975) study,

which indicated that formants in human speech can be perceived by dogs, it is reasonable to

ask if formant frequencies could potentially be used in intraspecific size assessment in this

species. In canid communication, the advertisement of body size and strength plays an

important role, mentioned as early as Darwin (1872). In dominant dogs, large size is

exaggerated by the stiff upright threat posture, while the crouched posture of submission

decreases apparent size.  Low frequency, broad-band barking or growling often accompanies

threats, vocalizations ideally suited for accurately outlining the vocal tract transfer function.  If

vocal tract length is related to body size in canids, growls could thus possibly convey an

accurate impression of size to listeners. In contrast, high frequency whining that

accompanies the crouched posture of submission, provides little information on body size as

such a high frequency source contains energy at only a few, widely spaced frequencies

(Ryalls & Lieberman 1982).
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At least 12,000 years of domestication (Clutton-Brock 1995; Vila et al. 1997) have resulted in

a remarkable diversity of dog breeds, differing in behavioural traits and overall body size

parameters. Dogs range in mass from Chihuahuas to Saint Bernards, a 100-fold difference.

However, this difference in body size does not necessarily imply an equivalent difference in

proportions (Clutton-Brock 1995). Most dog skulls are actually quite similar in proportion,

except for the extreme long-faced breed like the Borzoi, or short faced breeds, like the Boxer.

Morey (1992) gives evidence that skull proportions have been relatively constant since

prehistoric times. Because of these significant size differences in breeds, it is not obvious that

the correlation between body size, vocal tract length and formant frequencies  documented

for macaques by (Fitch 1997) will hold for domestic dogs of different breeds. The goal of this

study was thus to analyze the correlation between vocal tract length ("VTL"), body mass and

formant frequencies in the domestic dog, and to determine if the huge intraspecific size

differences generated by selective breeding have affected the relationship between body size

and the acoustic cues related to vocal tract length.

5.1  Formant frequencies and vocal tract length

Acoustic theory predicts that formant centre frequencies will relate to simple anatomical

measures of the vocal tract, mainly its length and shape (particularly variations in cross-

sectional area along the length of the tract). The length is the single most important

anatomical parameter which influences the frequencies of the formants. As a first

approximation,  we can consider the resonant frequencies (natural modes) of an air-filled

tube which does not vary in cross-sectional area: a "uniform tube". For a uniform tube with

one end closed, resonant frequencies  are described by:

VTL
ci

Fi ∗
∗+

=
4

)12(

equation  1

and with both ends closed:

VTL
ci

Fi ∗
∗

=
2

equation  2
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where, i = 1 to the number of formants; c is the speed of sound (350 m/s); VTL is vocal  tract

length (in m) and Fi frequency (in Hz) of i-th formant.  It will be noticed that, for a uniform tube

regardless of end conditions, the frequency difference between  the successive resonances

is constant, given by:

VTL
c

FF ii ∗
=− − 21

equation  3

Thus if formants from a uniform tube can be measured (which requires an excitatory signal

with  appreciable energy at the formant frequency), their frequencies provide  direct access to

the length of the tube. Specifically, the difference between successive resonances should

theoretically provide an accurate estimate of tube length.  The only effect of the boundary

conditions (whether the tube is open or  closed at the ends) is to shift the entire pattern up or

down in frequency, offsetting the absolute frequencies of the formants (e.g., of the lowest

formant F1) but not changing their spacing.  A measure of formant  spacing thus overcomes

the need to make assumptions about these vocal tract boundary conditions, which are known

to vary in humans but which are unknown for nonhumans. These factors led Fitch (1997) to

introduce a measure he termed "formant dispersion" which is the averaged difference

between successive formants :
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equation  4

where Df is the formant dispersion (in Hz), and N is the total number of formants measured.

Formant dispersion is the mean of the formant spacings; a reasonable choice since the mean

is theoretically the best predictor (in a least squared error sense) of a normal distribution.

Averaging the differences should make the measure less sensitive to deviations from the first

approximation (caused for example by non-uniform shape) and thus provides an overall

estimate of spectral dispersion. Higher order statistics, for example the standard deviation of
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the formants  intervals {Fi+1 - Fi}, can be used to evaluate the extent to which the uniform tube

approximation holds.  For example, four formants of 500, 1500, 2500, 3500 Hz (as in a 17.5

cm long uniform tube) would yield a Df of 1000 Hz. However, a set of formants of 700, 1200,

2200, 3700 Hz (as in the human spoken vowel \a\) also yields Df = 1000 Hz, but does not

approximate those of a uniform tube, which has evenly spaced formants. The uniform tube

approximation  is a good one to the extent that the intervals between F1 - F2, F2 -F3, F3 - F4

etc. are nearly equal, in which case the standard deviation of the formant  intervals will be

small.

In summary, the spacing between resonant frequencies of a uniform tube decreases as its

length increases, implying that individuals with longer vocal tracts should show exhibit

formant dispersions.  In this study we tested this prediction by measuring VTL from

radiographs (x- rays) of domestic dogs. We then used linear prediction to measure the

formant frequencies from the growls of the same dogs, calculating the formant dispersion

using Eq. 4 and comparing it with the predicted formant dispersion from Eq. 3.  Finally we

tested the correlation between these variables and body mass to see how closely these

acoustic variables predict body size.

5.2  Materials and Methods

5. 2. 1  Subjects

The subjects were 47 domestic dogs of various ages representing 21 different  breeds.

These dogs were patients at a veterinary practice (Clinic for Small Animals, Freie Universität

Berlin). All dogs were treated for broken legs, an affliction unlikely to have a substantial

impact on the vocalizations of the animal. The animals were between 0.5 and 15 years old,

and between 2.5 and 50 kg in mass. Dogs were weighed using a 100 kg scale (accuracy 100

g). All animals were in the mass range typical of their breed (according to Clark & Brace

1996).

5. 2. 2  Anatomical Measures

Radiographs were taken of 33 anaesthetised dogs immediately after surgery. Each animal

was placed on its side on a radiographic table and lateral images were made of the head and

the neck region. For calibration, a 1 cm-lead-reference-square was positioned at the

midsaggital level of the head. Vocal tract length (VTL) was determined from tracings of the X-

ray images that were scanned using a Microtek MRS-600Z scanner and measured using NIH

Image (version 1.58). Image clarity was sufficient to delineate the outlines of the oral vocal



75

tract, although the glottis itself was not visible in all cases. Therefore the midpoint of the

thyrohyoid bone, which was always visible, was used as the origin of our vocal tract length

measurement. The thyrohyoid always appears on such radiographs just on the cranial side of

the glottis (Gaskel 1974; Kneller 1994). Thus, our measure was slightly less than the actual

vocal tract length, but in a manner consistent from dog to dog. A curvilinear line from the

midpoint of the thyrohyoid cartilage along the line of the soft and hard palates to the front of

the incisors was drawn and measured (Fig. 5.1). The VTL was determined with reference to

the calibration square. The skull length was measured as the distance between the front of

the incisors and the Protuberantia occipitalis externa of the Os occipitale; the latter was

sometimes off the radiograph and thus the skull length measurement was missing in some

cases. The repeatability of these measurements was high: in 10 animals the measurements

were repeated ten times, which yielded standard deviations of 0.5 cm (2.8%) for VTL and 0.1

cm (< 1%) for skull length.

Figure 5.1: Schematic drawing of the anatomical features and the morphometric features
used in this study as observed by radiography. The lines represent 1 vocal tract length (VTL)
and 2 skull length and were measured on digitized images of the radiographs in NIH image
with reference to a 1 cm calibration square.

5. 2. 3  Acoustical Measurements

Dog vocalisations were recorded using a Sony-WMD3 Walkman Professional cassette

recorder and Sennheiser microphone (ME80 head with K3U power module) on BASF

ChromeSuper II tapes whilst the animals were in their stalls in the clinic. Only growl

vocalisations were considered for analysis, since growls are uttered with a nearly closed

mouth and therefore use the full length of the vocal tract. Growling is a low-frequency,

broadband signal, which is uttered in sequences of variable duration consisting of growls with

interspersed pauses. Because of their low frequency and broad bandwidth, growls are well-
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suited for formant estimation. Growling was induced by staring into the dog's eyes (a mild

threat to the animal). If growling could not be provoked in this way, only radiographic data

were used for that individual. This opportunistic approach led to an overlap of anatomical and

acoustical data sets for 12 dogs representing 8 breeds. To enlarge the acoustical data set,

we also recorded growling of 14 dogs from which we did not take radiographs.

Recordings were digitised at 16-bit quantization and 24-kHz sampling rate using an

Audiomedia II sound card and Sound Designer 2 software (Digidesign, Palo Alto, CA).

Linear predictive coding ("LPC") is a spectral modelling technique widely used to estimate

formant frequencies in human speech. LPC uses least-squares curve fitting to estimate the

value of a point in a time-domain waveform based on the past N points, where N is the order

of the LPC analysis. LPC algorithms then construct the best-fitting all-pole model to account

for the waveform. "All-pole" means that only vocal tract resonances ("poles") are estimated,

and not anti-resonances ("zeroes"). Such a spectral model appears to be a valid first-

approximation for most human speech (Markel & Gray, 1976), as well as for the dog growls

we analysed here. The specifics of the many algorithms used to do LPC are well-

documented elsewhere (see Markel & Gray, 1976 for the mathematical details, or Owren &

Bernacki, 1998 for applications in bioacoustics); we used the autocorrelation technique

provided by the signal processing toolbox of MATLAB 4.2 (The Mathworks, Natick, MA) in the

current analysis. This technique provides as output the coefficients of an Nth-order all-pole

digital filter whose frequency response best approximates (in a least-squares sense) the

spectrum of the input signal. Given a broadband source signal and an appropriate model

order (approximately, two plus twice the number of formants), LPC analysis can provide an

extremely accurate estimate of formant center frequencies in both human speech and in

animal sounds (e.g. Fitch, 1997). Signal analysis was done using MATLAB  with 18 to 26

coefficients and preemphasis settings of 0.8 to 0.99. All LPC measurements were visually

verified by superimposing the LPC-derived frequency response over a 512-point fast Fourier

transform (FFT) of the same time slice, allowing the user to select the optimum number of

coefficients for each call by trial and error. When possible, we measured 5 formants in each

growl, but the number of formants which could be extracted was highly subject dependent.
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5.3  Results

Raw data are presented in Table 5.1 and a summary of the data is presented in Table 5.2.

Table 5.1: Raw morphological and acoustic data for 47 individual dogs. VTL – vocal tract
length; Df – formant dispersion; CV – coefficient of variation; F1, F2 – first and second
formant
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n mean d S.E. min Max

age (years) 45 5.4 4.2 0.6 0.5 15

mass (kg) 45 19.3 13.7 2.0 2.5 50.0

log10 body mass (kg) 45 1.15 0.37 0.055 0.39 1.69

skull length (cm) 25 16.0 5.27 1.08 8.1 25.1

VTL (cm) 33 15.7 4.05 0.71 6.9 22.4

Df (Hz) 26 1101 429 88.6 568 1910

F1 (Hz) 26 585 239 49 234 1173

Table 5.2: Basic descriptive data for acoustic and anatomical variables of the dogs used in
the study. (n - sample size, d - the standard deviation, S.E. - standard error of the mean, ‘min’
and ‘max’ - minimum and maximum values, respectiveliy; VTL - vocal tract length, Df -
formant dispersion, F1 - lowest formant frequency).

Of the 33 dogs, vocal tract length varied between 6.9 cm (a Yorkshire terrier) and 22.4 cm (a

Rottweiler). In 12 of these 33 dogs, growls were elicited for acoustic analysis. There were no

significant differences between females and males (unpaired t-test, t= -1.08, nf=19, nm=26

p=0.57) and therefore for further analysis the data for both sexes were combined. Normality

testing indicated that head length, VTL and body mass measurements were not normally

distributed while formant dispersion and age were. All correlation analyses were thus

performed with both Pearson parametric correlation and Spearman non-parametric. No

significant differences in the results of these two analyses were found, so we report only the

Pearson values. Correlation analyses are presented in Table 5.3. High and statistically

significant correlation was found between all of the variables measured except for skull length

and the lowest formant frequency (F1) and VTL and F1. In contrast to F1, correlation

between formant dispersion and VTL or skull length were highly significant (P< 0.001). VTL

increased with body mass and the formant dispersion decreased with increasing size and

with increasing VTL (Fig. 5.2)
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log 10 body

mass

skull length VTL F1

skull length 0.96***

(N=25)

1.00

VTL 0.93***

(N=33)

0.95***

(N=25)

1.00

F1 -0.53**

(N=26)

-0.37ns

(N=12)

P=0.117

-0.38ns

(N=12)

P=0.107

1.00

Df -0.88***

(N=26)

-0.87***

(N=12)

-0.87***

(N=12)

0.62***

(N=26)

Table 5.3: Pearson correlation coefficients between the various acoustic and anatomical
variables measured in this study. *** - significant at P<0.001; ** - significant at P<0.01; * -
significant at P<0.05; ns - not significant p>0.05. (F1 - lowest formant frequency, VTL - vocal
tract length, Df - formant dispersion)

For 12 dogs  (where both anatomical and acoustical data were available) the theoretical

value calculated using the VTL obtained from the radiograph and equation 3 was compared

with that calculated from vocalisation recordings using equation 4. The predicted and

measured formant dispersion were not significantly different (paired t-Test:  t= 0.26; n=12;

p=0.79).
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Figure 5.2: Relationship between (A) vocal tract length, VTL and body mass (m in kg), (B)
VTL and formant dispersion, Df and (C) formant dispersion and body mass. The lines
represent the linear regression lines, with the equations and r² values given in each case.
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Figure 5.3: Waterfall representation of the LPC curves of a growling utterance showing the
formant distribution over approximately one second. This 3-D spectrogram display shows the
Fourier transform spectra of several time slices. The actual time slices are 75% overlapping.

The longest growl that we recorded lasted up to 3 s. The length of the growl sequences from

different dogs varied from a few seconds up to several minutes. In four animals with very long

growl sequences, the stability of formant frequencies was investigated. Within a single growl

utterance, the formant pattern was rather stable (Fig. 5.3 gives a representative example). In

the four animals for whom multiple growls were examined, the formant distribution was found

to vary at least slightly between growls. In particular, certain formants sometimes "dropped

out" of the signal (Fig.5.4), suggesting that the dogs were able to modify their source

characteristics or vocal tract configuration (e.g., via lip or tongue movements) somewhat

during a growl sequence.

Standard deviations of formant spacing ("formant deviation") was quite variable between

dogs ranging from 11% to 71% of the formant dispersion (mean: 42%). Thus some dogs

closely approximated the uniform tube approximation (e.g. dog 1 in Fig. 5.4) while others

deviated from this approximation considerably (e.g. dog 4 in Fig. 5.4).
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Figure 5.4: Consistency of formant frequencies, measured across different growls for each
of four individual dogs. Each growl is represented by a set of formant frequencies. For
instance the first growl of dog 1 has four formant frequencies at approximately 500 Hz, 1800
Hz, 3000 Hz and 4200 Hz.(dog 1: Dachshund; dog 2: Rottweiler; dog 3: Irish Setter; dog 4:
Mix (mass 10kg))

5.4  Discussion

The results presented above indicate that formant frequency spacing (as measured by Df) is

closely correlated to vocal tract length (VTL) (Fig. 5.2b). Because VTL is in turn related to

body size (Fig. 5.2a), the growling signals analysed here provide a reliable indication of the

size of the animal that produced them (Fig. 5.2c). Below, we consider some of the acoustical,

anatomical and methodological issue raised by our data, and end with a brief consideration of

some implications of this data for canine communication.

Formant frequencies are held relatively constant across the duration of an individual growl

(Fig. 5.3), but show some change across growls produced by the same animal (Fig. 5.4).

These changes may result from a process paralleling that used in human speech: active

variation of the shape (mid-saggital cross-sectional area function) of the vocal tract.  Vocal

tract shape can be changed voluntarily by a vocaliser by differing the amount of mouth

opening (Stevens & House, 1955; Ohala, 1984), as has been shown in both monkeys

(Hauser et al., 1993) and birds (Westneat et al., 1993, reviewed in Gaunt & Nowicki, 1998).
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Mouth opening in humans has a stronger effect on the first formant than on other formants

(Stevens & House, 1955).  Vocal tract shape can also be modified by movements of the

tongue body or blade, raising or lowering of the larynx or using the velum to open or close the

nasal passages.  Although such changes have not been documented in nonhumans, the

comparative anatomy suggests that dogs may have similar capabilities to those of humans in

these respects.

The notion that dogs can vary their vocal tract shape receives further support from the data

on deviation from even spacing of the formants.  For a uniform tract the formant spacing is

expected to be constant. This is not the case in all of the dogs' growls we recorded.  The

standard deviations of formant spacing show considerable variability for an individual dog,

with some individuals approaching uniform spacing and others having quite high deviation

from even spacing.  For example, in figure 5.4 we can see that dog 1 has approximately

equal formant spacing (in growls 1 to 4) while dog 4 does not.  Because our radiographs

clearly demonstrate some deviations from uniform cross-sectional areas in many dogs' vocal

tracts, we hypothesise that the deviations observed in the acoustic signal result from non-

uniform vocal tract shapes.  Unfortunately, our data provides only static images of the vocal

tract of anaesthetised dogs, while the relevant vocal tract shape is obviously that adopted

during vocalisation. We are thus unable to determine if different degrees of formant deviation

result from differences across dogs in the vocal posture adopted during growling, though this

seems a plausible hypothesis.  Testing this will require anatomical images of the vocal tract

of dogs taken during vocalisation; cineradiography (moving picture radiography) would be

ideally suited for this task.  Another useful extension of our results would involve 3-D

reconstruction of the vocal tract using non-invasive imaging techniques such as MRI. Such

techniques have proved exceedingly valuable in understanding human speech acoustics

(e.g. Baer et al. 1991, Story et al. 1996), and could be used with other species as veterinary

use of non-invasive imaging techniques increases.

Due to deviations from even spacing, the amount of information contained in any one formant

is less than that contained in the entire ensemble of formants.  A good illustration is that the

lowest formant F1 provided a much less reliable indication of body size than did formant

dispersion (Table 5.3). The correlation coefficient between log body mass and F1 was only -

0.53 (N=12), compared to that between Df and log body mass of -0.88.  In addition, there

was a negative correlation between F1 and VTL, it was not statistically significant (r = -0.38, p

= 0.1), while the correlation between VTL and Df was highly significant (r = -0.87, p < 0.01).

However, it should be noted that the sample size for this analysis is too small (N= 12) to

reliably reject an inverse correlation between F1 and VTL, the difference between the
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findings for F1 and for Df (which had the same sample size) invites some comments.  One

possibility for the higher variance in F1 is measurement error: LPC estimates of lower

formants can be effected by low-frequency or DC poles due to radiation, room reverberation

characteristics or other phenomena. Also, variability in the amount of low frequency energy in

the source signal will have the effect of decreasing the accuracy with which F1 can be

measured (though this decrement would also be suffered by perceivers, and is thus not

restricted to our algorithm).

Physiological explanations for the low reliability of F1 include the deviations from uniform

vocal tract shape mentioned above (changes in mouth opening have a disproportionate effect

on F1, and potential nasal resonances might also play a role in obscuring F1).  Another

important factor may be the effect of tissue compliance.  At low frequencies, the tissues in the

walls of the vocal tract absorb energy, and thus tissue compliance places a bound on F1

below which it cannot fall (approximately 180-200 Hz for humans, Fujimura & Lidqvist, 1970).

Finally, variation in the end conditions (e.g. from a half-open to a fully open tube) will have a

large effect on individual formant frequencies but none on formant spacing (see Introduction).

In summary, an algorithm for estimating body size from formant locations (whether on a

computer or in a perceiver) will be most reliable if it includes information from all formants,

and not focus on a single formant, and especially not on F1, which for the reasons detailed

above is likely to be the least reliable formant of all.

Although dog breeds exhibit high variability in skull shape (Miller, 1964), our results indicate

that this variability does not obscure the strong negative relationship between  formant

dispersion and VTL and/or body size.  Formants therefore provide an indication of a growling

dog's body size.  These results parallel those reported for rhesus macaques by Fitch (1997),

who further discusses the implications of these relationships for acoustic communication.

The artificial selection for brachycephalic or dolichocephalic skull shapes over the course of

domestic breeding seems not to have had a pronounced effect on VTL/body size

correlations. However, there are indications from other work that the shortening of the skull

during domestication in some breeds has had an impact on vocal tract shape, particularly in

the pharyngeal area. In extreme cases of head shortening (brachycephalic breeds such as

bulldogs) a pharyngeal constriction is often observed which is well known to cause

respiratory problems (Wykes, 1991; Hendricks, 1992). More research is required to

determine what acoustic effects might result from this skull and vocal tract shape diversity in

domestic dogs.
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Although the current work has focused only on formant production in canines, earlier work by

Baru (1975) clearly demonstrated that dogs are also capable of perceiving formants with high

accuracy.  It would be quite surprising if dogs could perceive formants in synthetic human

speech but not in their own species-specific vocalisations.  Thus we hypothesise that

formants could play a role in canine communication.  In particular, the information that

formants in growls convey about body size should be available to other listening dogs, and

may well play a role in social behaviour.  Perceptual experimentation will be necessary to

determine if this in fact the case.  For example, a dog could be given the choice between

entering two darkened enclosures.  From one of these, a synthetic growl stimulus with low,

narrowly-spaced formants would emanate, while a growl with widely-spaced formants would

come from the other.  All other acoustic aspects of the stimuli would be held identical.  If dogs

perceive formants as cues to body size, we would predict the dogs to be more willing to enter

the chamber with the "small" dog (widely-spaced formants).

5.5  Conclusion

We found clear evidence that vocal tract length is correlated with body size in domestic dogs,

despite the apparent variation in skull and vocal tract shape induced by selective breeding.

As predicted by acoustic theory, vocal tract length was inversely correlated with the spacing

between formant frequencies, which means that formant spacing provides a reliable cue to

body size (log body mass) in the sample of dogs studied here.  Single formants were less

reliably related to body size or vocal tract length than the ensemble, suggesting that acoustic

estimates of body size will be most reliable by integrating information from multiple formants

rather than just one.  We found some deviations from the first order approximation of a

uniform tube, which likely result from deviations from uniformity in vocal tract shape, as

visible in the radiographs.  However, further data is necessary to test this since our

radiographs came from anaesthetised (not vocalising) dogs.  Because dogs have been

shown to perceive formants in synthetic human speech sounds, it seems plausible that they

could perceive formant data in their own species-specific vocalisations, implying that

formants could play a role in vocal communication between canids.
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Chapter 6 

Summary

Vocal changes during disorders in animals were investigated with spectral signal analysis.

Two approaches were used depending on if we were dealing with originally harmonic

vocalisation or utterances with a considerable amount of noise. First, in harmonic vocalization

we determined the amount of nonlinear phenomena. Second, in vocalizations with harmonic

and nonharmonic the harmonic-to-noise-ratio was applied. Additionally we were interested in

the morphological basis of the vocal changes. In one case study post mortem inspection of

the larynx was undertaken to investigate the anatomical basis of the vocal change. In a group

of normal dogs the role of the vocal tract in the acoustics of the domestic dog was

investigated.

The present work focused on:

1) the quantitative description of subharmonics, biphonation and deterministic chaos (referred

to as nonlinear phenomena) in the vocalisation of disordered animals,

2) the possible anatomical basis for the nonlinear phenomena in animal vocalisation,

3) the application of the harmonic-to-noise-ratio to dog barks and its value for vocal change

description,

4) the role of the vocal tract in the domestic dog vocalisation.

Normal patients of a veterinary clinic as well as animals from zoological institutions were

considered if they expressed vocal changes and if the vocal change could be set into

relationship to the disease.

In the first part of the work, three case studies were undertaken. In the first case study a

Japanese macaque infant (Macaca fuscata) was investigated expressing a high amount of

nonlinear phenomena. On the one hand, this infant showed clear indications of a metabolic

disease. The temporal coincidence between the high amount of irregularities (45 %) in the

vocalisation and the symptoms of a disease gave the idea of a relationship since in human
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cry vocalisation the amount of irregularities increases in several diseases. On the other hand,

irregularities occurred as common components in the vocal repertoire in nine similar aged

healthy infants (on average 13.9 %; min. 3.5 %, max. 41.9 %) but to a lesser extent than in

the ill infant. Therefore the hypothesis was proposed that these phenomena are common in

mammal vocalisation, but they could be increased in frequency in several diseases.

The second case was a juvenile domestic cat. The conspicuous vocalisation of a three month

old cat with craniocerebellar trauma was studied over a period of 8 days in the veterinary

clinic. During the first days in the clinic the cat vocalised often and very loud, an effect

secondary to a reversible hearing impairment. A temporal coincidence between the

improvement of the clinical impression and the change of the vocal utterances were

observed. This vocal change could be observed in relevant acoustic parameters but it was

seen more clearly in nonlinear phenomena (biphonation, subharmonics and deterministic

chaos) in the cat's acoustic repertoire. The vocal change was also recognisable to the

unaided ears. The vocal change was probably due to the hyperphonation during the first days

in the clinic resulting in an exhaustion of the vocal folds. The voice recovered after 60 days.

The third case deals with a dog-wolf-mix. It was reported to the author that a female dog-wolf

mix showed anomalously rough-sounding vocalisation. Spectral analysis of recordings of the

vocalisation revealed frequent occurrences of subharmonics, biphonation and chaos. The

frequency of nonlinear phenomena in the calls was determined for the female and four

additional individuals. It turned out that these phenomena appear, but much less frequently in

the repertoire of the four other animals. The larynges of the female and two other individuals

were dissected post mortem. There was no apparent asymmetry of the vocal folds but a

slight asymmetry of the arytenoid cartilages. The most pronounced difference, however, was

an upward extension of both vocal folds of the female. This feature is reminiscent of 'vocal

lips' (syn. 'vocal membranes') in some primates and bats. Spectral analysis of the female's

voice showed clear similarities with an intensively studied voice of a human who produces

biphonation intentionally.

In the second part of this work the harmonic-to-noise-ratio was applied to dog barks In the

three case studies mentioned above, only harmonic vocalization was considered. The

spectrograms of dog barks show harmonic energy and noise energy to various extent. Vocal

changes of the bark, for instance hoarseness, seem to be founded on a shifting of the ratio of

the energy between harmonic and noisy elements. Additionally, other authors suggest

different communicative relevance according to this energy ratio.
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Thus, a moving average procedure for calculation of the harmonics-to-noise-ratio (HNR) was

applied and tested. First, synthetic sounds with defined HNR confirmed the applicability of the

procedure. Second, human subjects evaluated dog barks as predicted by the HNR measure.

Third, using the ranking of the animals according their HNR values, it was possible to

reproduce the HNR ranking applying multivariate statistics to a parameter set measured on

the barks of the same dogs. The results suggest that dysphonia in dog barks can be

quantified applying the HNR.

In the third part of this work the role of the vocal tract for the acoustics in the domestic dog

vocalisation was investigated. The physical nature of the vocal tract results in the production

of formants during vocalisation. In some animals (including humans) receivers can derive

information (such as body size) about sender characteristics based on formant

characteristics. At least 12,000 years of domestication have resulted in a remarkable diversity

of dog breeds. Dogs range in mass from Chihuahuas to Saint Bernards, a 100-fold

difference. Because of these significant size differences in breeds, it is not obvious that the

correlation between body size, vocal tract length and formant frequencies  documented for

instance for macaques will hold for domestic dogs of different breeds. The goal of this part of

the study was thus to analyse the correlation between vocal tract length, body mass and

formant frequencies in the domestic dog.

Lateral radiographs were made of dogs from several breeds ranging in size from a yorkshire

terrier (2.5 kg) to a German Shepard (50 kg) and used to measure vocal tract length. In

addition we recorded an acoustic signal (growling) from some dogs. Significant correlations

were found between vocal tract length, body weight and formant dispersion, suggesting that

formant dispersion can deliver information about the body size of the vocalizer. Due to the

low correlation between vocal tract length and the first formant we predict a non-uniform

vocal tract shape.

The voice/the vocal utterance is an important instrument in different animal communication

systems. It can be assumed that clues about the sender’s state of health are also reflected by

vocal changes. Vocal changes have been considered several times as clinical symptom in

veterinary medicine, and few data exist on the relevance of vocal changes in animal

communication. This study presented data about the quantification of vocal changes in

different kinds of vocal utterances in animals. Future studies need to show the

communicative relevance of vocal changes, for instance by quantifying them in the natural

repertoire of wild animals and applying play back experiments. Simultaneously, anatomical

aspects of the source and the vocal tract should be taken into account to gain insights into

the generation mechanism of vocal changes.
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Chapter 7 

Zusammenfassung

Stimmveränderungen bei Tieren infolge einer Erkrankung wurden mit Hilfe der spektralen

Signalanalyse untersucht. Es wurden zwei Herangehensweisen angewendet, je nachdem, ob

es sich um natürlicherweise harmonische Lautäußerungen oder um Lautäußerungen mit

starkem Rauschanteil handelte. In harmonischer Vokalisation wurde der Anteil der Laute

bestimmt, die nichtlineare Phänomene aufweisen. In Vokalisation mit Anteilen

nichtperiodischer Energie wurde der Harmonischen-Rausch-Abstand bestimmt. Zusätzlich

wurden in einem Fall post mortem Untersuchungen des Kehlkopfes durchgeführt, um

Mechanismen aufzuklären, die der Stimmveränderung zugrunde liegen. In einem Teil der

Arbeit wurde ausserdem die Frage nach der Rolle des Vokaltraktes beim Hund untersucht.

Die vorliegende Arbeit hatte folgende Schwerpunkte:

1) die quantitative Beschreibung von Subharmonischen, Biphonation und deterministischem

Chaos (zusammengefaßt als nichtlineare Phänomene) in der Lautgebung erkrankter Tiere,

2) die möglichen anatomischen Grundlagen für nichtlineare Phänomene in tierischer

Lautgebung,

3) die Beschreibung von Stimmveränderungen mit Hilfe des Harmonischen-Rausch-

Abstandes,

4) die Untersuchung der Rolle des Vokaltraktes für die Lautgebung des Hundes.

Patienten einer Kleintierklinik und aus zwei verschiedenen zoologischen Einrichtungen

wurden daraufhin untersucht, ob eine Stimmveränderung feststellbar war und, wenn ja, ob

diese in Zusammenhang mit der Erkrankung standen. Diese Methode liefert primär

Einzelfälle, die aber unter Umständen leicht beschreibbare Stimmveränderungen zeigen.

Im ersten Teil der Arbeit wurden drei Einzelfälle beschrieben. Der erste Fall war ein fünf
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Monate altes Japanmakakenweibchen (Macaca fuscata). Es fiel durch folgende Symptome

auf: schwarz pigmentierte Haut und plötzlicher völliger Haarverlust. Bei einem Vergleich

seiner Lautgebung mit der von gleichaltrigen Tieren, fiel ein erhöhter Anteil von

Subharmonischen, Biphonation und Frequenzsprüngen auf. Bei den übrigen Tieren waren

diese Phänomene ebenfalls zu finden, aber zu einem deutlich geringeren Anteil.

Als zweiter Fall wurde die Lautgebung einer drei Monate alten Katze mit Schädel-Hirn-

Trauma während ihres achttägigen Klinikaufenthaltes untersucht. Während der ersten

Kliniktage vokalisierte das Tier häufig und sehr laut, vermutlich infolge einer reversiblen

unfallbedingten Taubheit. Am siebenten Tag der Hospitalisierung trat eine

Stimmveränderung auf. Gleichzeitig mit der Stimmveränderung wurde eine Verbesserung

des klinischen Gesamteindrucks beobachtet. Die Stimmveränderung wurde deutlich durch

das gehäufte Auftreten von nichtlinearen Phänomenen. Die Stimmveränderung war auch mit

bloßem Ohr hörbar. Die Stimmveränderung wurde auf eine Überlastung der Stimmlippen

infolge sehr lauter Vokalisation während der ersten Kliniktage zurückgeführt.

Die dritte Fallstudie behandelt eine Wolf-Haushund-Mischlingshündin. Sie fiel durch eine

rauhe Stimme während des Chorheulens auf. Die spektrale Analyse bestätigte das gehäufte

Auftreten von Subharmonischen, Biphonation und Chaos. Die nichtlinearen Phänomene

traten bei dem untersuchten Tier häufiger auf als bei vier Vergleichstieren des gleichen

Rudels. Der Kehlkopf der Weibchens und die zweier weiterer Tiere des Rudels wurden post

mortem auf Auffälligkeiten untersucht. Es lag eine geringe Asymmetrie im Bereich der

Aryknorpel, nicht jedoch bei den Stimmlippen, vor. Am aufälligsten war eine Schleimhautfalte

auf dem Rand beider Stimmlippen bei dem Tier mit der auffälligen Stimme. Eine solche

Schleimhautfalte ist als 'vocal lip' (syn. vocal membrane) bei Prosimiern und bei Chiropteren

bekannt. Diese Bildung scheint unregelmäßig bei Caniden vorzukommen. Diese

Schleimhautfalte kann Ursache für die Stimmveränderung sein. Die spektrale Analyse der

Stimme lieferte zusätzlich Hinweise für eine Abstimmung von Quelle und Trakt, nämlich die

Übereinstimmung von Grundfrequenz und erster Formanten. Zusätzlich wurde ein erhöhter

subglottischer Druck während biphoner Lautgebung beobachtet. Modellvorstellungen

bestätigten, daß 'vocal lips' unter bestimmten Voraussetzungen (leichte Asymmetrie der

Stimmlippen, Quelle-Trakt-Abstimmung, erhöhter subglottischer Druck) das Auftreten

nichtlinearer Phänomene begünstigen.

Diese drei Fallstudien unterstützen die Hypothese, daß nichtlineare Phänomene im normalen

Repertoire vorkommen, aber bei bestimmten Erkrankungen vermehrt auftreten.

Im zweiten Teil der Arbeit wurde das Bellen des Hundes untersucht. Das Hundebellen ist

eine kurze, stark frequenz- und amplitudenmodulierte Lautform. Außerdem weißt es einen

bestimmten regelmässigen Geräuschanteil auf. In früheren Untersuchungen wurden
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Veränderungen im Bellen u.a. als Heiserkeit beschrieben, was auf eine Verschiebung im

Verhältnis von periodischen und nichtperiodischen Energieanteilen schliessen lässt. Es sollte

deshalb getestet werden, ob der Harmonischen-Rausch-Abstand (HNR) ein genügend

verlässliches Mass zur Beschreibung von Stimmveränderungen bzw. des globalen

Stimmeindruckes darstellt. Der HNR representiert das Verhältnis von periodischer Energie zu

nichtperiodischer Energie dar. Das Niveau der nichtperiodischen Energie wurde im Spektrum

geschätzt durch Berechnung des gleitenden Mittelwertes über die Spektrumkurve. Der

grösste Abstand zwischen gleitender Mittelwertkurve und originaler Spektrumkurve wurde als

HNR definiert.

Es liegen im wesentlichen drei Ergebnisse vor. Erstens, das Verfahren wurde an

synthetischen Lauten mit definiertem HNR erfolgreich getestet. Zweitens, es wurde gezeigt,

dass die subjektive Beurteilung von Hundebellen bezüglich Heiserkeit gut mit den HNR

Werten korrespondiert. Drittens, in einem letzten Schritt wurde versucht das Ergebnis der

HNR Analyse mit Hilfe der multiparametrischen Analyse zu reproduzieren. Die HNR

Berechnung lieferte eine Rangfolge der Hunde. Mit Hilfe multivariate Statistik angewandt auf

ein Parameterset, das an der gleichen Stichprobe Hundebellen gewonnen wurde, war es

möglich die HNR Rangfolge zu reproduzieren. Die Ergebnisse deuten daraufhin, dass das

HNR Stimmveränderungen im Hundebellen beschreiben kann.

Im dritten Teil der Arbeit wurde die Rolle des Vokaltraktes für die Akustik der Lautgebung des

Hundes untersucht. Die Existenz eines Vokaltraktes resultiert in der Produktion von

Resonanzfrequenzen (Formanten) während der Lautgebung. Bei einigen Tierarten ist sogar

bekannt, daß der Empfänger in der Lage ist Formantinformation zu erkennen und zu nutzen.

Moderne Vokaltraktuntersuchungen bei Tieren wiesen nach, daß Formantcharakteristik

zuverlässig Information über die Körpergröße vermitteln kann. Diese Fragestellung nahmen

wir als Ausgangspunkt, um zu sehen, ob beim Hund trotz Domestikationseffekten, die bei

Wildtieren gefundene Beziehung zwischen Körpergröße und Formantcharakteristik noch

zutrifft. Laterale Röntgenaufnahmen wurden von Hunden verschiedener Rassen angefertigt,

um die Vokaltraktlänge zu messen. Von einigen dieser Hunde wurden ebenfalls

Tonaufnahmen angefertigt. Es wurden signifikante Korrelationen gefunden zwischen

Vokaltraktlänge, Körpergewicht und Formantdispersion (mittlerer Formantabstand). Die

Formantdispersion kann also Informationen über die Körpergröße des Sender übermitteln.

Wir fanden jedoch nur eine schwache Korrelation zwischen Vokaltraktlänge und der Lage der

ersten Formanten, was dafür spricht, daß der Vokaltrakt nicht an allen Stellen gleichmäßig im

Durchmesser ist.

Wie bereits in der Einleitung erwähnt ist die Stimme ein wichtiges Instrument in



92

verschiedenen Kommunikationssystemen. Bei der Fülle von Lebensäußerungen, die

nachweislich zur Beurteilung eines Senders dienen können, sollte man annehmen, dass

auch in der Stimme Merkmale über den Gesundheitszustand zu finden sind. Diese Annahme

wird unterstützt durch den Sachverhalt, dass die Stimme sensibel auf Einflüsse reagieren

kann. Solche Einflüsse können mechanischer Natur an den Stimmlippen sein, es können

systemische Erkrankungen bzw. physiologische Veränderungen oder biopsychische Aspekte

sein. Stimmveränderungen wurden bereits als klinisches Symptom in der Veterinärmedizin

erwähnt, über ihre Rolle in der Kommunikation bei Tieren ist jedoch wenig bekannt. In dieser

Studie wurde versucht Stimmveränderungen zu quantifizieren. Zukünftige Studien sollten

nach der kommunikativen Bedeutung von Stimmveränderungen fragen, nämlich welchen

Einfluss sie auf das Sender - Empfängersystem haben. Dies könnte durch die

Quantifizierung von Stimmveränderungen im natürlichen Repertoire von freilebenden Tieren

und zusätzliche playback-Experimente erfolgen. Gleichzeitig vorliegende Informationen über

die Anatomie von Quelle und Vokaltrakt des Senders würden Einsichten in die

Generierungsmechanismen dieser Stimmveränderungen liefern.



93

Chapter 8 

References

Althaus, T. (1982): Die Welpenentwicklung beim Sibirian Husky. Diss. Universität Bern.

Andrew, R.J. (1976): Use of formants in the grunts baboons and other nonhuman primates.
Ann (N.Y.) Acad. Sci. 280: 673-693.

Awan, S.N., Frenkel, M.L. (1994): Improvements in estimating the harmonics-to-noise ratio of
the voice. J. Voice 8: 255-262.

Baer, T., Gore, J. C., Gracco, L. C., & Nye, R. W. (1991). Analysis of vocal tract shape and
dimensions using magnetic resonance imaging: Vowels. J. Acoust. Soc. Am. 90: 799-828.

Bagley, R.S., Stefanacci, J.D., Hansen, B., Kornegay, J.N. (1993): Dysphonia in two dogs
with cranial cervical intervertebral disk extrusion. J. Am. Anim. Hosp. Assoc. 29:557-559.

Bailey, W.J. (1991): The acoustic behaviour of insects. Chapman and Hall, London.

Baru, A.V. (1975): Discrimination of synthesized vowels [a] and [i] with varying parameters
(fundamental frequency, intensity, duration and number of formants) in dog. In Auditory
analysis and perception of speech. G. Fant, M.A.A. Tatham (eds.), Academic Press, New
York.

Berry, D.A., Herzel, H., Titze, I.R., Krischer, K. (1994): Interpretations of biomechanical
simulations of normal and chaotic vocal fold oscillations with empirical eigenfunctions. J.
Acoust. Soc. Am. 95: 3595-3604.

Bleicher, N. (1963): Physical and behavioral analysis of dog vocalization. Am. J. vet. Res. 24:
415-427.

Bogert, B.P.; Peterson, G.E. (1957): The acoustics of speech. In L.E. Travis (Ed.) Handbook
of speech pathology (pp. 109-173). New York: Appleton-Century-Cofts.

Bradbury, J.W., Vehrencamp, S.L. (1998): Principles of Animal Communication. Sinauer



94

Association, Sunderland MA.

Brown, C.H., Cannito, M.P. (1995): Modes of vocal variation in Sykes's Monkey
(Cercopithecus albogularis) squeals. J. Comp. Psychol. 109: 398-415.

Buchanan, K.L., Catchpole, C.K., Lewis, J.W., Lodge, A. (1999): Song as an indicator for
parasitism in the sedge warbler. Animal behaviour 57: 307-314.

Buchwald, J.S., Shipley, C. (1985): A comparative model of infant cry. In: Lester, B.M.,
Boukydis, C.F.Z. (eds.) Infant crying: theoretical and research perspectives. Plenum, New
York: 279-305.

Buhr, R. and Keating, P. (1977): Spectrographic effects of register shifts in speech
production. J. Acoust. Soc. Am. Suppl. 1 62, S25.

Carlisle, C.H.; Biery, D.N.; Thrall, D.E. (1991): Tracheal and laryngeal tumors in the dog and
cat: literature review and 13 additional patients. Veterinary Radiol. 32: 229-235.

Cahil, J.I., Goulden, B.E. (1987): The pathogenesis of equine laryngeal hemiplegia - a
review. New Zealand Vet. J. 35: 82-90.

Carterette, E.C., Shipley, C., Buchwald, J.S. (1979): Linear prediction theory of vocalization
in cat and kitten. In: Frontiers of speech communication research. Lindblom, B., Öhman, S.
(eds.) Academic Press, London.

Catchpole, C.K. (1980): Sexual selection and the evolution of complex songs among
warblers of the genus Acrocephalus. Behaviour 74: 149-166.

Cheney, D.L., Seyfarth, R.M. (1990): How monkeys see the world. University of Chicago
Press, Chicago.

Clark, A. R., Brace, A.H. (eds.) (1996): The international ecyclopedia of dogs. Batsford,
London.

Clutton-Brock, J. (1995): Origins of the dog: domestication and early history. In J. Serpell
(ed.) The domestic dog. Cambridge Uni. Press.



95

Coppinger, R., Feinstein, M. (1990): Hark, hark! The dogs do bark...and bark and bark.
Smithsonian. 6: 119-123.

Darwin, C (1872): The expression of the emotions in man and animals. John Murray, London.

Dewson, J.H. (1964): Speech sound discrimination by cats. Science 141: 555-556.

de Krom, G. (1993): A cepstrum-based technique for determining a harmonics-to-noise ratio
in speech signals. J. Speech and Hearing Res. 36: 254-266.

Dolansky, L., Tjernlund, P. (1968) On certain irregularities of voiced-speech waveforms. IEEE
Transactions, AU-16: 51-56.

Duckworth, W.L.H. (1912): On some points in the anatomy of the plica vocalis. J. Anat.
Physiol. 67: 80-115

East, M.L., Hofer, H. (1991): Loud calling in a female-dominated mammalian society: I.
Structure and composition of whooping bouts of spotted hyaenas, Crocuta crocuta. Anim.
Behav. 42: 637-649.

Elias, H. (1908): Zur Anatomie des Kehlkopfes der Mikrochiropteren. Morphologische
Jahrbücher 37: 70-119.

Elsner, N. (1994): The search for  the neural centers of cricket and grasshopper sond. In
Neural basis of behavioural adaptations (eds: Schildberger, K., Elsner, N.), Gustav Fischer,
Stuttgart.

Evans (1994): Cold-induced calling and shivering in young American white Pelican: honest
signalling of offspring need for warmth in a functionally integraded thermoregulatory system.
Behaviour 129: 13-34.

Falls, J.B. (1982): Individual recognition by sounds in birds. In Acoustic communication in
birds (Eds. D.E. Kroodsma, E.H. Miller), pp 237-278. New York, Academic Press.

Fant, G. (1960): Acoustic theory of speech production. Mouton, The Hague.

Feddersen, D. (1978): Ausdrucksverhalten und soziale Organisation bei Goldschakalen,



96

Zwergpudeln und deren Gefangenschaftsbastarden. Diss. TH Hannover.

Feddersen-Petersen, D.U. (1996): Ist Bellen für Haushunde kommunikativ? KTBL-Schrift
(Aktuelle Arbeiten zur artgemäßen Tierhaltung, Darmstadt.) 376: 59-71.

Fee, M.S.; Shraiman, B.; Pesaran, B.; Mitra, P.P. (1998): The role of nonlinear dynamics of
the syrinx in the vocalizations of a songbird. Nature 395: 67-71.

Fex, B., Fex, S. (1986): Small vocal fold abnormalities and their influence on phonation. In
Vocal fold histopathology (ed. J.A. Kirchner) San Diego, College Hill Press, pp 35-38.

Fields, V.A. (1973): Review of the Literature on Vocal Registers. - In J.W. Large (ed.) Vocal
Registers in Singing. Proceedings of a Symposium. Mouton.

Fischer, J. (1996): Perzeption von Lautkategorien bei Berberaffen (Macaca sylvanus). Diss.
Thesis FU Berlin.

Fischer, J. (1998): Barbary macaques categorize shrill barks into two call types. Anim.
Behav. 55: 799-807.

Fitch, W.T. (1997): Vocal tract length and formant frequency dispersion correlate with body
size in rhesus macaques. J. Acoust. Soc. Am. 102: 1213-1222.

Fitch, W.T., Hauser, M.D. (1995): Vocal production in nonhuman primates:acoustics,
physiology, and functional constrains on 'honest' advertisement. Am. J. Primatol. 37: 191-
219.

Fitch, W.T., Giedd, J. (1999): Morphology and development of the human vocal tract: a study
using magnetic resonance imaging. J. Acoust. Soc. Am. 106: 1511-1522.

Fletcher, N.H. (1992): Acoustic systems in biology. Oxford Uni. Press, Oxford.

Fogelman, V., Fischman, H.R., Horman, J.T., Grigor, J.K. (1993): Epidemiologic and clinical
characteristics of rabies in cats. J. Am. Vet. Med. Assoc. 202: 1829-1833.

Fox, M.W. (1978): The dog: Its domestication and behaviour. Garland STPM Press, New
York.



97

Frey, R., Hofmann, R. (in press): The larynx of the takin.

Frommolt, K., Kaal, M.L., Paschina, N.M., Nikolskij, A. (1988): Die Entwicklung der
Lautgebung beim Wolf (Canis lupus L., Canidae) während der postnatalen Ontogenese.
Zool. Jb. Physiol. 92: 105-115.

Fujimura, O., & Lindqvist, J. (1970): Sweep-tone measurements of vocal tract characteristics.
J. Acoust. Soc. Am. 49: 541-548.

Furlow, F.B. (1997): Human neonatal cry quality as an honest signal of fitness. Evol. Human
Behav. 18: 175-193.

Gaskell, C.J. (1974): The radiographic anatomy of the pharynx and the larynx of the dog. J.
Small Anim. Pract. 14: 89-100.

Gaunt, A.S., Nowicki, S (1998): Sound production in birds: Acoustic and physiology revisited.
In Hopp, S.L., Owren, M.J., Evans, C.S. (eds.) Animals Acoustic Communication. Springer
Berlin.

Gerhardt, H.C. (1991): Female mate choice in treefrogs: static and dynamic acoustic criteria.
Anim. Behav. 42: 615-635.

Goller, F., Larson, O.N. (1997): A new mechanism of sound generation in song birds. Proc.
Natl. Acad. Sci. USA 94: 14787-14791.

Gouzoules, H, Gouzoules, S. (1990): Matrilineal signitures in the recruitment screams of
pigtail macaques, Macaca nemestrina. Behaviour 115: 327-347.

Gray, S.D.; Titze, I.; Lusk, R.P. (1987): Electron microscopy of hyperphonated canine vocal
cords. J. Voice 1: 109-115.

Gray, S.D.; Titze, I. (1988): Histologic investigation of hyperphonated canine vocal cords.
Ann. Otol. Rhinol. Laryngol. 97: 381-388.

Green, S. (1975): Variation of vocal pattern with social situation in the Japanese Monkey
(Macaca fuscata): a field study. - In: Primate Behavior (L.A. Rosenblum, ed.) Academic



98

Press, New York. 1-102.

Grevel, V., Schwartau, K. (1997a): Die Hemilaminectomie beim thorakolumbalen
Bandscheibenvorfall des Hundes, 1.Teil. Kleintierpraxis 42: 5-20

Grevel, V., Schwartau, K. (1997b): Die Hemilaminectomie beim thorakolumbalen
Bandscheibenvorfall des Hundes, 2.Teil. Kleintierpraxis 42: 173-196

Grosser, O. (1900): Zur Anatomie der Nasenhöhle und des Rachens der einheimischen
Chiropteren. Morphologische Jahrbücher 29: 1-44.

Hammerschmidt, K., Todt, D. (1995): Individual differences in vocalizations of young Barbary
macaques (Macaca sylvanus): A multi-parametric analysis to identify critical cues in acoustic
signalling. Behaviour 132: 381-399.

Hammerschmidt, K., Newman, J.D., Champoux, M., Suomi, S.J. (in press): Changes in
rhesus macaques coo vocalization during early development.

Harrington F.H. (1989): Chorus howling by wolfes: Acoustic structure, pack size and the beau
geste effect. Bioacoustics 2: 117-136.

Harrington F.H., Mech L.D. (1979): Wolf howling and its role in territory maintenance.
Behaviour 68: 207-249.

Harrison, D.F.N. (1995): The anatomy and physiology of the mammalian larynx. Cambridge
University Press.

Hauser, M.D. (1996): The evolution of communication. MIT Press, Cambridge MA, London
England.

Hauser, M.D., Evans, C.S., Marler, P. (1993): The role of articulation in the production of
rhesus monkey (Macaca mulatta) vocalizations. Anim. Behav. 45: 423-433.

Hecker, M.H.L., Kreul, E.J. (1970): Description of the speech of patients with cancer of the
vocal folds. Part II: Judgements of age and voice quality. J. Acoust. Soc. Am. 49: 1283-1287.

Hendricks, J.C. (1992): Brachycephalic airway syndrome. Vet. Clin. North America: Small



99

Animal Practice 22: 1145-1153.

Herrmann, L. (1890): Phonophotographische Untersuchungen. Pflügers Arch. f. d. ges.
Physiologie 47/48.

Herzel, H (1993): Bifurcation and chaos in voice signals. Appl. Mech. Rev. 46: 399-413.

Herzel, H., Berry, D., Titze, I.R., Saleh, S. (1994): Analysis of vocal disorders with methods
from nonlinear dynamics. J. Speech Hearing Res. 37: 1008-1019.

Herzel, H., Berry, D., Titze, I.R., Steinecke (1995): Nonlinear dynamics of the voice: Signal
analysis and biomechanical modelling. Chaos 5: 30-34.

Herzel, H., Holzfuss, J., Kowalik, Z.J., Pompe, B., Reuter, R. (1998): Detecting bifurcations in
voice signals. In Kantz, H., Kurths, J., Mayer-Kress, G. (eds.) Nonlinear analysis of
physiological data. Springer Berlin pp325-344.

Herzel, H, Reuter, R. (1996): Biphonations in voice signals. In: Nonlinear, Chaotic, and
Advanced Signal Processing Methods for Engineers and Scientists (Ed. by R.A. Katz, T.W.
Frison, J.B. Kadke, A.R. Bulsara), Woodbury: American Institute of physics pp. 644-657.

Herzel, H., Reuter, R. (1997): Whistle register and biphonation in a child's voice. Folia
phoniatr. Logop 49: 216-224.

Herzel, H., Wendler, W. (1991): Evidence of chaos in phonatory samples. In ESCA, editor,
Proc. EUROSPEECH (Genova): 263-266.

Hienz, R.D., Sachs, M.B., Sinnott, J.M. (1981): Discrimination of steady-state vowels by
blackbirds and pigeons. J. Acoust. Soc. Am. 70: 699-706.

Hienz, R.D., Brady, J.V. (1988): The aquisition of vowel discrmination by nonhuman
primates. J. Acoust. Soc. Am. 84: 186-194.

Hirano, M., Kurita, S., Nakashima, T. (1981): The structure of the vocal folds. In K. Stevens,
M. Hirano (eds.)The vocal fold physiology. Univ. of Tokyo.

Hirano, M., Kurita, S., Yukizane, K., Hibi, S. (1989): Asymmetry of the laryngeal framework: a



100

morphometric study of cadaver larynges. Ann. Otol. Rhinol. Laryngol. 98: 135-140.

Hopp, S.L., Morton, E.S. (1998): Sound playback studies. In: Animal acoustic
communication. (eds: Hopp, S.L., Owren, M.J., Evans, C.S.) Springer, Berlin, pp. 323-352.

Hudson, L.C., Weinstock, D., Jordan, T., Bold-Fletcher, N.O. (1996): Clinical features of
experimentally induced rabies in cattle and sheep. J. of Vet. Med. series B 43: 85-95.

Jiang, J.J., Titze, I.R., Wexler, D.B., Gray, S.D. (1994): Fundamental frequency and
amplitude pertubation in reconstructed canine vocal folds. Ann. Otol. Rhinol. Laryngol. 103:
145-148.

Jones, D.L. (1994): Squamous cell carcinoma of the larynx and the pharynx in horses.
Cornell Vet. 84: 15-24.

Joslin, P.W.B. (1967): Movements and homesites of timber wolfs in Algonquin Park.
American Naturalist 107: 775-785.

Jouventin, P.; Aubin, T.; Lengagne, T. (1999): Finding a parent in a king pinguin colony: the
acoustic system of individual recognition. Anim. Behav. 57: 1175-1183.

Juntunen, K., Sirviö, P., Michelsson, K. (1978): Cry analyses in infants with severe
malnutrition. - Europ. J. Pediatr. 128: 241-246.

Jürgens, U. (1995): Neuronal control of vocal production in nonhuman and human primates.
In: Zimmermann, E., Newman, J.D., Jürgens, U. (eds.) Current topics in primate vocal
communication. Plenum Press, NY and London, pp. 199-206.

Jürgens, U., Hast, M., Pratt, R. (1978): Effects of laryngeal nerve transsection on Squirrel
monkey calls. J. comp. Physiol. A, 123: 23-29.

Kasuya, H., Ogawa, S., Kikuchi, Y. (1986): An adaptive comb filtering method as applied to
acoustic analysis of pathological voice. ICASSP 86, Tokyo, pp. 669-672.

Keating, P. (1980): Patterns of Fundamental frequency and vocal registers. - In Murry, T.,
Murry, J. (eds.) Infant communication: cry and early speech. College-Hill Press, Houston,
Texas, pp. 209-233.



101

Keating, P., Buhr, R. (1978): Fundamental Frequency in the speech of infants and children. J.
Acoust. Soc. Am. 63: 567-571.

Kent, R.D. (1978): Imitation of synthesized vowels by preschool children. J. Acoust. Soc. Am.
63: 1193-1198.

Kent, R.D. (1979): Isovowel lines for the evaluation of vowel formant structure in speech
disorders. J. of Speech and Hearing disorders, 44: 513-521.

Kent, R.D. and Murray, A. N. (1982): Acoustic features of infant vocalic utterances at 3, 6,
and 9 months. J. Acoust. Soc. Am. 72: 353-356.

Kiritani, S., Hirose, H., Imagawa, H. (1991): Vocal fold vibration and the speech waveform in
diplophonia. Ann. Bull. Res. Inst. Logopedics and Phoniatrics, Univ. Tokyo: 55-62.

Kiritani, S., Hirose, H., Imagawa, H. (1993): High-speed digital image analysis of the vocal
fold vibration in diplophonia. Speech Communication 13: 23-32.

Kitajima, K. (1981): Quantitative evaluation of the noise level in pathologic voises. Folia
phoniatrica 33: 115-124.

Klinghammer, Laidlaw (1979): Analysis of 23 months of daily howl records in a captive grey
wolf pack (Canis lupus). In E. Klinghammer (ed.) The behaviour and ecology of wolves. New
York , 153-182.

Kneller, S.K. (1994): The larynx, the pharynx and the trachea. In Textbook of veterinary
diagnostic radiology. (Kneller, S.K., Thrall, D.E., eds.) W.B. Saunders, Philadelphia, pp. 227-
233.

Kohler, K.J. (1996): Articulatory reduction in German spontaneous speech. In ESCA, editor,
Proc. 4th Speech Prod. Seminar, pp.1-4, Sinauer Publishing Group, San Diego.

Kojima, H., Gould, W.J., Lam,biase, A., Isshiki, N. (1980): Computer analysis of hoarseness.
Acta Otolaryngol. 89: 547-557.

Kroodsma, D.E., Miller, E.H. (1996): Ecology and evolution of acoustic communication in



102

birds. Ithaka, NY: Cornell Univ. Press.

Kurita, S., Nagata, K., Hirano, M. (1986): Comparative histology of mammalian vocal folds. In
Vocal fold histopathology (ed. J.A. Kirchner) San Diego, College Hill Press, pp 1-10.

Leonard, R., Senders, C., Charpied, G. (1992): Effects of long-term intubation on vocal fold
mucosa in dogs. J. Voice 6: 86-93.

Lieberman, P. H., Klatt, D. H., & Wilson, W. H. (1969). Vocal tract limitations on the vowel
repertoires of rhesus monkey and other nonhuman primates. Science 164, 1185-1187.

Markel, J.D., Gray, A.H. (1976): Linear Prediction of Speech. Springer-Verlag, New York.

McComb, K. E. (1988). Roaring and reproduction in red deer Cervus elaphus. PhD thesis,
Cambridge.

Mehwald, D. (1998): Gruppenvokalisation des Wolfes (Canis lupus) und des Haushundes
(Canis lupus f. familiaris). Diplomarbeit, Humboldt-Universität zu Berlin, unpublished.

Mende, W., Herzel, H., Wermke, K. (1990): Bifurcations and chaos in newborn infant cries.
Phys. Lett. A 145: 418-424.

Mergell, P. (1998): Nonlinear dynamics of phonation - high-speed glottography and
biomechanical modeling of vocal fold oscillation. PhD Thesis TU Berlin.

Mergell, P., Herzel, H. (1997): Modelling biphonation - the role of the vocal tract. Speech
Communication 22: 141-154.

Mergell, P., Fitch, W.T., Herzel, H. (1999): Modeling the role of non-human vocal membranes
in phonation. J. Acoust. Soc. Am. 105: 2020-2028.

Michaelis, D., Gramss, T., Strube, H.W. (1995): Glottal-to-noise ratio - a new measure for
describing pathological voices. Acustica 81: 700-706.

Michelsson, K. (1971): Cry analyses of symptomless low birth weight neonates and of
asphyxiated newborn infants. - Acta Peadiatrica, Suppl. 216.



103

Michelsson, K. (1980): Cry characteristics in sound spectrographic cry analysis. in Infant
communication: Cry and early speech. Murry, T, Murry, J. (eds.) College-Hill, Houston, pp.
85-105.

Michelsson, K., Sirviö, P., Wasz-Höckert, O. (1977): Sound spectrographic cry analyses of
infants with bacterial meningitis. - Develop. Med. Child Neurol. 9: 309-315.

Miller, M.E. (1964): Anatomy of the dog. Saunders, Philadelphia.

Mitani, J. C., Hunley, K.L., Murdoch, M.E. (1999): Geographic variation in the calls of wild
chimpanzees: a reassessment. Am. J. Primatol. 47: 133-151.

Møller, A.P. (1991): Parasite load reduces song output in a passerine bird. Anim. Behav. 41:
723-730.

Monroe, W.E. (1989): Clinical signs associated with pseudorabies in dogs. J. Am. Vet. Med.
Ass. 195: 599-601.

Monsen, R.B. (1979): Acoustic qualities of phonation in young hearing-impaired children. J.
Speech Hear. Res. 22: 270-288.

Moore, D.M., Berke, G.S., Hanson, D.G., Ward, P.H. (1987): Videostroboscopy of the canine
larynx: the effect of asymmetric laryngeal tension. Laryngoscope 97: 543-553.

Morey, D.F. (1992): Size, shape and development in the evolution of the domestic dog. J.
Archaeol. Sci. 19: 181-204.

Nawka, T., Anders. L.C., Wendler, J. (1994): Die auditive Beurteilung heiserer Stimmen nach
dem RBH-System. Sprache, Stimme, Gehör 18: 130-141.

Negus, V.E. (1929): The mechanism of the larynx. Heinemann LTD. London.

Negus, V.E. (1949): The comparative Anatomy and Physiology of the Larynx. New York:
Hafner Publishing Company.



104

Netsell, R. (1981): The aquisition of speech motor controll: A perspective with directions for
research. In R. Stark (ed.) Language behavior in Infancy and childhood. Elsevier-North
Holland.

Nickel, R., Schummer, A., Seiferle, E. (1998): Lehrbuch der Anatomie der Haustiere. Berlin,
Paul Parey, Band 2.

Nowicki, S. (1987): Vocal tract resonances in oscine bird sound production: evidence from
bird songs in a helium atmosphere. Nature 325: 53-55.

Nowicki, S., Capranica, R.R. (1986): Bilateral syringeal interaction in vocal production of an
oscine bird sound. Science 231: 1297-1299.

Ohala, J. J. (1984). An ethological perspective on common cross-language utilization of F of
voice. Phonetica 41: 1-16.

Ohnesorge, B., Deegen, E., Miesner, K., Geldermann, H., (1993): Hemiplegia laryngis bei
Warmblutpferden - eine Untersuchung der Hngste, Stuten und deren Nachkommen. J. Vet.
Med. A 40: 134-154.

Omori, K., Kojima, H., Kakani, R., Slavit, D.H., Blaugrund, S.M. (1997): Acoustic
characteristics of rough voice: subharmonics. J. Voice 11: 40-47.

Owren, M.J. (1990): Acoustic classification of alarm calls by vervet monkeys (Cercopithecus
aethiops). J. Acoust. Soc. Am. 101: 2951-2963.

Owren, M.J., Bernacki, R.H. (1988): The acoustic features of vervet monkey alarm calls. J.
Acoust. Soc. Am. 83: 1927-1935.

Owren, M.J., Bernacki, R.H. (1998): Applying Linear Predictive Coding (LPC) to frequency-
spectrum analysis of animal acoustic signals. In Hopp, S.L., Owren, M.J., Evans, C.S. (eds.)
Animals Acoustic Communication. Springer Berlin, pp. 129-162.

Owren, M.J., Randell (1997): An affect-conditioning model of nonhuman primate vocal
signalling. In Persperctives in Ethology, 12: Communication, Owings, D., Beecher, M.,
Thompson, N. (eds), pp. 299-346.

Owren, M.J., Seyfarth, R.M., Cheney, D.L. (1997): The acoustic features of the vowel-like



105

grunt calls in chacma baboons (Papio cynecephalusursinus): Implications for production
processes and function. J. Acoust. Soc. Am. 101: 2951-2963.

Paulsen, K. (1967): Das Prinzip der Stimmbildung in der Wirbeltierreihe und beim Menschen.
Frankfurt/M, Akad. Verlagsgesellschaft.

Peterson, G.E.; Barney, H.L. (1952): Control methods used in a study of vowels. J. Acoust.
Soc. Am. 24: 175-184.

Plonait, H., Bickhardt, K. (1997): Lehrbuch der Schweinekrankheiten. 2. Aufl. , Parey, Berlin.

Ploog, D. (1988): Neurobiology and pathology of subhuman vocal communication and human
speech. In Todt, D., Goedeking, P., Symmes, D. (eds.) Primate vocal communication.
Springer Verlag, Berlin, pp. 195-212.

Ptok, M., Sesterhenn, G., Arold, R. (1993): Bewertung der laryngealen Klanggeneration mit
der FFT-Analyse der glottischen Impedanz bei Patienten mit Rekurrenzparese. Folia
Phoniatr. 45: 182-197.

Puppe, B. (1996): Wohlbefinden bei Nutztieren: eine verhaltensbiologische Übersicht. Biol.
Zent.bl. 115: 3-15.

Pye, J.D. (1967): Synthesizing the waveforms of bat’s pulses. Animal sonar systems 1: 43-
65.

Regodon, S., Vivo, J.M., Mayoral, A.I., Robina, A., Lignereux, Y. (1990): Étude radiologique
des variations topographiques cranio-encéphaliques chez les chiens: dolicho-, méso-,
brachycéphales. Rev. Méd. Vét. 141: 479-483.

Rendall, D., Owren, M.J., Rodman, P.S. (1998): The role of vocal tract filtering in identity
cueing in rhesus monkey (Macaca mulatta) vocalization. J. Acoust. Soc., Am. 103: 602-614.

Reuter, R., Herzel, H. (1999): Simulations of vocal fold vibrations with an analog circuit. Int. J.
Bifurcations and chaos, in press.

Riede, T. (1997): Individual differences in vocalization of Japanese macaque infants (Macaca
fuscata). Primate Report 47: 31-47.



106

Riede, T., Wilden, I., Tembrock, G. (1997): Subharmonics, biphonations, and frequency
jumps - common components of mammalian vocalization or indicators for disorders. Z.
Säugetierkunde 62, Suppl. 2: 198-203.

Riede, T., Stolle-Malorny, A. (1998): Spektrale Analyse der Stimmveränderung bei einem
Kater mit Schädel-Hirn-Trauma. Kleintierpraxis 43: 773-780.

Riede, T., Stolle-Malorny, A. (1999): The vocal change of a kitten with craniocerebellar
trauma - a case study. Bioacoustics 10: 131-141.

Riede, T., Fitch, T. (1999): Vocal tract length and acoustics of vocalization in the domestic
dog (Canis familiaris). J. Exp. Biol. 202: 2859-2867.

Riede, T., Herzel, H., Mehwald, D., Seidner, W., Trumler, E., Tembrock, G., Böhme, G. (in
press): Nonlinear phenomena and their anatomical basis in the natural howling of a female
dog-wolf breed. J. Acoust. Soc. Am.

Robb, M.P. and Saxman, S.H. (1988): Acoustic observations in young children's non-cry
vocalizations. J. Acoust. Soc. Am. 83:1876-1882.

Romand, R., Ehret, G. (1984): Development of sound production in normal, isolated, and
deafened kittens during the first postnatal months. Dev. Psychobiol. 17: 629-649.

Romanovsky, A.A., Simons, C.T., Szekely, M., Kulchitsky, V.A. (1997): Febrile
irresponsiveness of vagotomized rats to a pyrogenic signal. Annals New York Academy
Sciences: 437-444.

Ryalls, J. H., & Lieberman, P. (1982). Fundamental frequency and vowel perception. J.
Acoust. Soc. Am. 72: 1631-1634.

Schneider, R. (1964): Der Larynx der Säugetiere. In Handbuch der Zoologie, 8.Band, 5: 1-
128.

Schön, P.C., Puppe, B., Gromyko, T., Manteuffel, G. (1999): Common features and individual
differences in nurse grunting of domestic pigs (Sus scrofa): a multiparametric analysis.
Behaviour 136: 49-66.



107

Schön-Ybarra, M.A. (1995): A comparative approach to the non-human primate vocal tract:
implications for sound production. In: Current topics in primate vocal communication
Zimmermann, E., Newman, J., Jürgens, U. (eds), Plenum Press, New York, pp. 185-198.

Schrader, L. (1996): Streßreaktionen und Lautcharakteristika beim Hausschwein (Sus scrofa
domestica). PhD thesis, Freie Universität Berlin.

Schrader, L., Hammerschmidt, K. (1997): Computer-aided analysis of acoustic parameters in
animal vocalizations: a multiparametric approach. Bioacoustics 7: 247-265.

Shipley, C., Buchwald, J.S., Carterette, E.C. (1988): The role of auditory feedback in the
vocalization of cats. Exp. Brain Res. 69: 431-8.

Shipley, C, Carterette, E.C., Buchwald, J.S. (1991): The effect of articulation on the
acoustical structure of feline vocalization. J. Acoust. Soc. Am. 89: 902-909.

Sirviö, P., Michelsson, K. (1976): Sound spectrographic cry analysis of normal and abnormal
newborn infants. Folia phoniatr. 28: 161-173.

Smith, H.J., Newmann, J.D., Hoffmann, H.J. & Fetterly, K. (1982): Statistical discrimination
among vocalization of individual squirrel monkeys. - Folia Primatol. 37: 267-279.

Solomon N.P., Luschei E., Kang, L. (1994): Fundamental frequency and tracheal pressure
during three types of vocalizations elicited from anaesthetized dogs. J. Voice 9: 403-412.

Sommers, M.S., Moody, D.B., Prosen, C.A., Stebbins, W.C. (1992): Formant frequency
discrimination by Japanese macaques (Macaca fuscata). J. Acoust. Soc. Am. 91: 3499-3510.

Specht, R. (1998): Avisoft-Sonagraph Pro, Software Handbuch, Avisoft, R. Specht.

Stamp-Dawkins, M. (1982): Leiden und Wohlbefinden bei Tieren. Eugen Ulmer Verlag,
Stuttgart.

Stark, R., Rose, S. and McLagen, M. (1975): Features of infant sounds: The first eight weeks
of life. J. Child Lang. 2: 205-221.

Steinecke, I., Herzel, H. (1995): Bifurcations in an asymmetric vocal fold model. J. Acoust.



108

Soc. Am. 97: 1874-1884.

Stevens, K. N., House, A. S. (1955): Development of a quantitative description of vowel
articulation. J. Acoust. Soc. Am. 27: 484-493.

Story, B. H., Titze, I. R., & Hoffman, E. A. (1996). Vocal tract area functions from magnetic
resonance imaging. J. Acoust. Soc. Am. 100: 537-554.

Suthers, R.A., Goller, F. (1997): Motor correlates  of vocal diversity in songbirds. Current
Ornithology 14 : 235-288.

Szekely, M., Balasko, M, Romanovsky A.A. (1997): Peripheral neural inputs: their role in
fever development. Annals New York Academy Sciences: 427-434.

Tembrock, G. (1976): Canid vocalizations. Behavioural Processes 1: 57-75.

Tembrock, G. (1977): Tierstimmenforschung. Wittenberg, Lutterstadt.

Tembrock, G. (1990): Verhalten als Bioindikator: Aktuelle Trends. Wiss. Zeitschrift der
Humboldt-Universität zu Berlin 39: 367-372.

Tembrock, G. (1996a): Communication by falsetto. Bioacoustics 6: 309.

Tembrock, G. (1996b): Akustische Kommunikation der Säugetiere. Wissenschaftl.
Buchgesell., Darmstadt.

Theberge, J.B., Falls, J.B. (1967): Howling as a means of communication in Timber wolves.
Am. Zool. 7: 331-338.

Tigges, M., Mergell, P., Herzel, H., Wittenberg, T., Eysholdt, U. (1997): Observation and
moddelling of glottal biphonation. Acoustica 83: 707-714.

Titze, I.R. (1994): Principles of Voice Production. Prentice-Hall, Englewood Cliffs, NJ, USA.

Titze, I. R., Baken, R., Herzel, H. (1993): Evidence of chaos in vocal fold vibration. In: Vocal
fold physiology. New frontiers in basic science. (Ed. by I. R. Titze)  pp. 143-188, San Diego:



109

Singular Publishing Group.

Todt, D., Hammerschmidt, K., Ansorge, V., Fischer, J. (1995): The vocal behaviour of
barbary macaques (Macaca sylvanus): Call features and their performance in infants and
adults. In: Zimmermann, E., Newman, J.D., Jürgens, U. (eds.) Current topics in primate vocal
communication. Plenum Press, NY and London, pp. 141-160.

van den Berg, J. (1958): Myoelastic-aerodynamic theory of voice production. J. Speech
Hearing Res.1: 227-244.

Venker-van Haagen, A.J. (1992): Diseases of the larynx. Veterinary clinics of North America:
Small animal practice. 22: 1155-1172.

Vila, C., Savolainen, P, Maldonado, J.E., Amorim, I.R., Rice, J.E., Honeycutt, R.L., Crandell,
K.A., Lundeberg, J., Wayne, R.K. (1997): Multiple and ancient origins of the domestic dog.
Science 276: 1687-1689.

Weary, D.M., Ross, S., Fraser, D. (1997): Vocalizations by isolated piglets: a reliable
indicator of piglet need directed towards the sow. Appl. Anim. Behav. Sci.: 53: 249-257.

Wells, K.D. (1988): The effect of social interactions on anuran vocal behavior. In The
evolution of the amphibian auditory system (eds.: Fritszch, B., Wilczynski, W., Ryan, M.J.,
Hetherington, T., Walkowiak, W.), Wiley, New York, p433.

Wendler, J. (1993): Stroboskopie. Atmos, Lenzkirch.

Wendler, J., Seidner, W., Kittel, G., Eysholdt, U. (1996) Lehrbuch der Phoniatrie und
Pädaudiologie. 3. Aufl. Thieme, Stuttgart, NY.

Wermke, K. (1986): Begründung und Nachweis der Eignung des Säuglingschreies als
Indikator für zentralnervöse Funktionsstörungen des Neugeborenen - Fallstudien unter
Einsatz eines speziellen Computerverfahrens. - Diss. theses, Humboldt-Uni. Berlin.

Westneat, M. W., Long, J.H., Hoese, W., Nowicki, S. (1993): Kinematics of bird song:
functional correlation of cranial movements and acoustic features in sparrows. J. Exp. Biol.
182: 147-171.

Wheeldon, E.B.; Suter, P.F., Jenkins, T. (1982): Neoplasia of the larynx in the dog. J. Am.



110

Vet. Med. Ass. 180: 642-647.

White, R.G., DeShazer, J.A., Tressler, C.J., Borcher, G.M., Davey, S., Waninge, A.,
Parkhurst, A.M., Milanuk, M.J., Clemens, E.T. (1995): Vocalization and physiological
response of pigs during castration with and without a local anesthetic. J. Anim. Sci. 73: 381-
386.

Wilden I. (1997): Phonetische Variabilität in der Lautgebung Afrikanischer Wildhunde (Lycaon
pictus) und deren frühe Ontogenese. PhD thesis Humboldt-University Berlin.

Wilden, I., Herzel, H., Peters, G., Tembrock, G. (1998): Subharmonics, biphonation, and
deterministic chaos in mammal vocalization. Bioacoustics 9:171-196.

Wilden, I., Tembrock, G. (1994): Zum Lautrepertoire des Afrikanischen Wildhundes (Lycaon
pictus, Canidae) und zu dessen postnataler Ontogenese. Z Säugetierkunde, Bd 59,
Sonderheft: 50.

Wintzer, H.J. (ed.)(1997): Krankheiten des Pferdes. Paul Parey, Berlin, 2. Auflage.

Wykes, P.M. (1991): Brachycephalic airway obstructive syndrome. Problems in Vet. Med. 3:
188-197.

Yumoto, E., Gould, W.J., Baer, T. (1982): Harmonic-to-noise-ratio as index of the degree of
hoarseness. J. Acoust. Soc. Am. 71: 1544-1550.

Zimmermann, E. (1995): Loud calls in nocturnal prosimians: structure, evolution and
ontogeny. In: Zimmermann, E., Newman, J.D., Jürgens, U. (eds.) Current topics in primate
vocal communication. Plenum Press, NY and London, pp. 47-72.



111

Erklärung

Hiermit erkläre ich, dass ich die Dissertation: Vocal changes in animals during disorders.,

ohne sonstige Hilfe selbst durchgeführt und bei der Abfassung der Arbeit keine anderen als

die in der Dissertation angeführten Hilfsmittel benutzt habe.

Berlin, 07.02.2000

Tobias Riede


