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ABSTRACT

A series of five experiments were performed to determine if musical sound had a
different effect than non-musical sound on the germination of zucchini and okra seeds
when compared to a control. Musical sound for this study was a collection of improvised
works performed by R. Carlos Nakai and Paul Horn. Predominant instrumentation was
different types of flute with some selections for soprano saxophone or bass voice. Nonmusical sound was "pink" noise used to test loudspeakers. The first three experiments
compared musical sound to a control. The last two experiments compared musical sound
to non-musical sound to a control. The number of seeds that had sprouted was counted
every 12 hours over a 72-hour time span.
Data from the germination of 3,600 seeds over a total of 14 runs for the five
experiments were examined using five-way analyses of variance of mixed design. The
main effect for musical sound versus control over all five experiments was highly
significant (p<0.002). Positional location, temperature and seed type were shown not to
be factors. Over the eight runs of the last two experiments (2,400 seeds) there were no
significant interactions between non-musical sound and control. The two-way interaction
between condition and time for the three conditions of musical sound, non-musical sound
and control was statistically significant (p<0.03) indicating that the musical sound used
for this study had a greater effect than the non-musical sound. These results imply that
effects of musical sound extend beyond the psychological and suggest the possibility that
musical sound can have physiological effects on biological systems.
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CHAPTER 1
INTRODUCTION

Musical sound has an organized, dynamic quality to it. It has motion and natural
cycles. These cycles include the length of a note, the length of a phrase, the length of a
composition and the length of an album. Elements of sound, vibration and time can be
organized in such a way that we recognize some sounds as musical and others as nonmusical (Berendt 1983; Butler 1992; Pierce 1992; Marsden 2000). Although notable
aesthetic ideals may question these assumptions [see, for example,(Pritchett 1993)], a
scientific study of the effects of musical sound on living systems requires a limiting
definition to enable quantitative measures that delineate what is defined as musical sound
and what is defined as non-musical sound.
All living organisms have natural cycles and resonate with their environment
(Schwartz and Russek 1999). These cycles include the beating of a heart (a short cycle),
the length of a day (a longer cycle), or the seasons of the year (a long cycle). Because
living organisms resonate with the natural cycles of their environment, it can be
hypothesized that they should respond in some way to musical sound. If this response is
related to the organized and dynamic properties of musical sound, it should be different
from the response to non-musical sound.
This study investigates the interaction between musical resonance and biological
systems. There have been many studies within the fields of psychology of music
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(Radocy and Boyle 1997; Deutsch 1999) and music therapy (Kenny 1995; Wigram et al.
1995) that have investigated the effects of music on human systems. However, studies
with human subjects have built in biases due to the preferences of the subjects. All
people have music they like as well as music they would rather not listen to. These
biases tend to skew the outcome of experiments with human subjects.
Another problem with experiments using human subjects is that because
researchers have to control so many variables to show that there is an effect, the
experiment often interferes with the effect they want to study. To look at effects without
the biases of human subjects it is desirable to study effects on biological systems other
than humans (Dossey 2001). Seeds were chosen as subjects for this study because a
controlled experiment could be designed to determine if music has a direct physiological
effect on a biological system.

Review of Prior Research
During the late 1960's and early 1970's a series of experiments were conducted
on the effects of musical sound on the growth of plants (Klein and Edsall 1965;
Tompkins and Bird 1973). The research of Retallack and Broman at Temple Buell
College in Denver attracted the national press (Cronkite 1970; Curtis 1970). Their work
contained the first scientifically controlled experiments showing that plants apparently
responded differently to different types of music (Retallack and Broman 1973). Their
plants seemed to prefer the music of Ravi Shankar and J.S. Bach to acid rock. During
multiple experimental runs plants repeatedly grew towards the speaker for Shankar and

Bach and away from the speaker for acid rock. This work was published as a monograph
rather than in a refereed scientific journal (Retallack 1973). These results are compelling,
but their procedures have not been verified by independent replication. A couple of
research studies have tried to disprove the notion that music can affect plant growth, but
their data are inconclusive (Klein and Edsall 1965; Galston and Slayman 1979).
The scientific literature contains many studies on the effects of subjecting seeds
and plants to sound waves. This is commonly referred to as sonication (Suslick 1989;
Joersbo and Brunstedt 1992). The vast majority of these papers deal with ultrasonic
(above audible) or sub-sonic (below audible) frequencies studying effects at the genetic
and cellular levels. Little has been done with audible frequencies on seeds or whole
plants and what has been done is mostly with single frequencies (Measures and
Weinberger 1970; Weinberger and Das 1972; Weinberger and Graefe 1973; Hageseth
1974; Weinberger and Measures 1978). Studies have shown that some frequencies affect
seed germination and the growth of plants differently than others (Hageseth 1974;
Weinberger and Measures 1978). Other studies seem to indicate that the largest effects
are in the earliest stages of growth (Weinberger and Das 1972). Weinberger and Graefe
(1973) published a study looking at the effects of agrarian folk tunes on various crop
plants (cucumber, com, oats and wheat). They noted some effects relative to the type of
instrument or the type of song, but the effects varied and were not quantified or correlated
with the music.
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Motivation for This Study
Beyond Weinberger and Graefe the scientific community has not rigorously
undertaken studies looking at the effect of music on the growth of plants. Furthermore,
studies other than Retallack's have not involved musicians. Because of the nature of
musical sound, many parameters need to be considered when using it in a scientific
experiment. Among aspects that could be investigated are pitch (frequency), harmony,
rhythm, timbre (tonal color) and instrumentation (e.g. a flute or an electric guitar).
However, the controversial nature of this topic and the controversy within the published
literature requires first answering the basic question of whether or not musical sound
affects the growth of plants.
The intent of this research was to combine experimental techniques that have been
used to study the effects of single audible and ultrasonic frequencies on the germination
of seeds (Hageseth 1974) and the growth of young plants (Weinberger and Das 1970)
with the types of musical sound controls used by Retallack and Broman (1973).
Integrating standardized experimental techniques enables performing yoked parametric
studies to isolate variables.
If musical sound can be shown to directly affect the growth of a biological
system, this result can have significant implications to effects on other biological
systems, including human systems. Since musical sound has resonant effects, there may
also be implications for bioelectromagnetic resonance effects within biological systems
directly related to the musical sound creating them (Creath and Schwartz 2002).

Dissertation Contents
The research conducted for this dissertation involved a series of five controlled
experiments to look at the effects of musical sound versus non-musical sound on the
germination of seeds. This chapter continues by outlining the research questions for this
dissertation. Chapter 2 introduces the definitions of musical sound (an organized,
dynamic vibration) and non-musical sound (a random, static vibration) used for this study
and illustrates the differences between them. Chapter 3 describes the methodology for
the experimental studies. Chapter 4 presents results of analyses of variance on the data
from the five experiments. Chapter 5 summarizes and discusses the implications of these
results.

Research Questions
The purpose of this study has been to investigate the effect of musical sound (an
organized, dynamic vibration) and non-musical sound (a random, static vibration) on the
germination (sprouting) of zucchini and okra seeds. My hypothesis was that musical
sound increases the germination rates of zucchini and okra seeds more than non-musical
sound when compared to an ambient' sound environment.
The following questions are addressed in this dissertation:
1. Do seeds exposed to musical sound 16 hours a day in a controlled environment
germinate at a faster rate than seeds in an ambient sound environment?
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2. Do seeds exposed to musical sound 16 hours a day in a controlled environment
germinate at a faster rate than seeds exposed to non-musical sound 16 hours a day
in an identically controlled environment?
3. Do a larger percentage of seeds (total number) germinate when exposed to musical
sound 16 hours a day in a controlled environment than seeds in an ambient sound
environment?
4. Do a larger percentage of seeds germinate when exposed to musical sound 16 hours a
day in a controlled environment than seeds exposed to non-musical sound 16
hours a day in an identically controlled environment?
5. Is the scoring unbiased?
6. Do variations in temperature matter?
7. Are the effects independent of position of the sound conditions relative to one
another? Does it matter which sound condition is in which growth chamber?
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CHAPTER 2
CHARACTERISTICS OF MUSICAL SOUND

This dissertation presents a study involving a series of five experiments utilizing
different sound conditions as an independent variable to determine if there are effects on
the germination of zucchini and okra seeds due to musical or non-musical sound relative
to a control. This chapter looks at the characteristics and qualities of the sound selections
used in the experiments.

Defining Musical and Non-Musical Sound
Sound in its most basic sense is a vibration, a transverse pressure wave. This
vibration is sensed and perceived by humans as being either musical or non-musical.
Definitions of musical sound generally utilize perceptual quantities. Our ears and brains
act as filters. Some fi^equencies are perceived as different notes (pitch) and other
frequencies are sensed as rhythm (metrical variations in time). Most perceptual models
of musical sound are two-dimensional with axes corresponding to pitch and rhythm that
delineate differences in perceived frequency and time (Pierce 1992; Howard and Angus
1996; Radocy and Boyle 1997).
As listeners and experiencers of music, we tend to focus on the perceptual aspects
of music rather than the physical aspects of music. Music theory, music therapy and the
psychology of music rarely address physical differences in the qualities of different
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sounds that may help to quantify or codify what is musical sound. However, for a study
using seeds, musical sound and non-musical sound need to also be thought of in terms of
physical quantities rather than as only perceptual qualities.
Using a dictionary definition, musical sound can be described as "sounds arranged
in an orderly sequence so as to produce a unified and continuous composition." The
nature of compositional intent is inherent in music. It is the organized and orderly
qualities that help us recognize a musical composition. Even though composers of
aleatoric music strive to create random sequences of sound arrived at by chance
containing a low degree of order, the act of establishing placement and grouping of
sounds inherently produces some degree of order and organization. The utilization of
sounds many consider noise often produces interesting effects that musicians find
fascinating and applicable. Such interesting effects may or may not appear in musical or
non-musical sound. It is the ordering and organization of sounds through human
creativity that we associate with music and musical sound.
But what makes musical sound different from non-musical sound? For the
purposes of this study, definitions delineating musical sound from non-musical sound
were necessary in order to distinguish differences in the physical aspects of the two types
of sound. Physical aspects of the sound we can quantify are the range of frequencies
(pitch range and key center) as well as temporal aspects such as the lengths of notes,
phrases and tracks on a CD. However, we need to keep in mind that all of sound is
vibration and those vibrations all can be physically quantified in terms of frequency.
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Delineating pitch from time is a frinction of the way humans perceive sound. For
the analyses in this dissertation, spectral representations were used to pictorially represent
sound as frequency and amplitude versus time. This representation was chosen as a way
to illustrate differences between musical and non-musical sound. Analytic delineations
for the pictorial representations were made on time scales that correspond to human
perception. This type of analysis offers a bridge to enable looking at both the musical
structure as well as the physical characteristics of the sound. Pictorially we can make a
distinction between musical sound and non-musical sound to help understand what seeds
may be responding to physiologically.
For the purposes of this study, musical sound was chosen to be as different from
non-musical sound as possible. Musical sound is defined as organized and arranged
containing intermittent sounds. In terms of perceptual qualities, musical sound is
dynamically guided by the performer and is perceived as changing in time. Non-musical
sound is defined as statistically random with a known distribution over frequency. It is a
continuous wall of sound not guided by a performer. Even though it can change very
rapidly on an imperceptibly short time scale, non-musical sound as defined for this study
is perceived to be static and unchanging in time.
This definition of musical and non-musical sound is not black and white. There
are shades of gray that need to be acknowledged and are often used by composers and
musicians in very creative ways. But, for the purposes of conducting a controlled
experiment it is necessary to define and choose musical and non-musical sounds that are
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as different from one another as was possible while being recognized by most humans as
musical and non-musical.

Illustrating Sound in Time
Pictorial and graphical representations of sound frequency and amplitude versus
time were chosen as a means of illustrating the differences between musical and nonmusical sound. The methods used to create these representations are described in this
section. Familiar examples are presented that will be compared later to the specific
selections chosen for this study.

Non-Musical Sound
White noise is an example of non-musical sound. As with all sounds, it can be
used in combination with other sounds to produce an organized, perceptively dynamic
environment. However, on its own, white noise exhibits the random, perceptively static
nature of non-musical sound having all frequencies present equally. Even though it
fluctuates very rapidly on a short time scale, it appears to be constant with time.
White noise has all frequencies present equally. There is no definite pitch. A plot
of the power in an audio signal of white noise as a function of frequency [Figure 2.1(A)]
shows that the frequency spectrum is flat except for a slight roll-off at the highest
frequencies that is due to fidelity of the recording. This plot represents what is called the
power spectral density (PSD). The corresponding representation of the audio signal is
shown in Figure 2.1(B).

The audio signal looks constant in time. Aside from the
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randomness there is no apparent difference in the signal from beginning to end. It
appears static, continuous and unchanging in time.

y -100

1
2.2
Frequency (Hz x 10"^)

30

Time (sec)

(A)

(B)

Figure 2.1 White noise. (A) Power spectral density averaged over 60 seconds.
(B) Audio signal.

To further illustrate non-musical sound, a plot displaying frequency versus time is
shown in Figure 2.2. This is called a frequency spectrogram (Oppenheim and Schafer
1989).
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Figure 2.2 Frequency spectrogram of white noise.

60

Frequency (in the y-direction) is determined via a sliding 4096-point fast-Fourier
transform. These plots were generated using the signal-processing toolbox in the
computer program Matlab. The first column of the image is calculated from the first
4096 points. This corresponds to 93 milliseconds (ms) of time (less than a tenth of a
second) and enables looking at frequencies from 21.5 Hz^ (determined from twice the
length of the 4096 point window) to 22,100 Hz (the Nyquist sampling frequency limit).
The upper limit of this frequency range is the standard used for compact disc
recordings and is at the upper limit of human aural perception (Pierce 1992). Most
people do not hear frequencies much beyond 5,000 Hz (half an octave above the top note
on the standard piano keyboard), but the content of harmonies at these high frequencies is
affected by the harmonics and timbre of sounds as they interfere to produce beat signals
with lower harmonics (Howard and Angus 1996). The lower limit of this frequency range
(21.5 Hz) corresponds to approximately an F below the lowest A on the piano. This is
close to the lowest frequency we can hear (~16 Hz). Frequencies below 20 Hz are felt
kinesthetically more than they are heard until we get to a low enough frequency that our
brain perceives rhythm (somewhere around 8-10 Hz).
Each column of the frequency spectrogram corresponds to a 93 ms window of
time. For 60 seconds of audio sound there are 645 columns of calculated frequency data.
The time length of the column window corresponds to the highest frequencies we
perceive as rhythm and enables rhythmic patterns to be seen in time.
When we look closely at Figure 2.2 we see a speckled picture. The strongest
frequencies are depicted as black spots while the weakest as white spots. Because of the
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randomness of the white noise, this picture almost looks like grains of sand. Looking at a
single column there are some frequencies that are stronger than others. Each column is
slightly different from the previous one, but taken as a whole there are no features that
stick out. When musical sound is illustrated in this type of pictorial representation, notes
and rhythms will be seen as distinct patterns in the picture.

Musical Sound
The first movement of Mozart's Eine Kleine Nachtmusik, K.525 will be used as
an example to pictorially illustrate musical sound. This familiar tune will be used to
illustrate differences in representing isolated pitches compared to representations of
harmonies produced by multiple instruments as well as phrasing and dynamics over time.
Figure 2.3 shows the opening four measures of this example as played on a
soprano recorder and recorded using a low fidelity microphone. Figure 2.3(A) shows the
musical notation. Figure 2.3(B) is a representation the audio signal showing amplitude as
a function of time. Pulses in the amplitude of the audio signal correspond to each note of
the melody and are lined up with the musical notation for each note. Pitch cannot be
determined from this type of graph because it is related to frequency, which is not
depicted in this graph.
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Figure 2.3 Opening four measures of Mozart K.525. (A) Musical notation. (B) Audio
signal as recorded with a single instrument. (C) Corresponding frequency spectrogram
with pitches labeled.

However, a frequency spectrogram can show pitch. The dark patches in Figure
2.3(C) correspond to different pitches.^ The unlabeled dark patches in the upper left part
of the plot are octave harmonics of the lower D pitch. Rhythm, length of note, and length
of phrase can be seen along the time scale. Relative amplitude is seen in the gray scale
where the darkest points are those with the most amplitude (relating to relative loudness).
The gray scale has been enhanced to bring out features of the musical sound and to
compare with other examples.
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Time and pitch scales appear obvious in this simple example; however, these
pictorial representations get much more complex as parts are added. Figure 2.4 shows
the same four-measure example as played by an orchestra. Even though this opening
section is a unison tutti, the spectrogram is much more complex than with a single

,

instrument. Notice the octave unisons as well as the presence of more harmonics.
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Figure 2.4 Opening four measures of Mozart K.525. (A) Musical notation. (B) Audio
signal lined up note for note from an orchestral recording. (C) Corresponding frequency
spectrogram with pitches labeled.

Further information about this selection can be obtained by looking at the power
spectral density (PSD). Figure 2.5 shows the PSD averaged over the first four measures
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of the Mozart example played by an orchestra. This is calculated again using a 4096point window. It is similar to the spectrogram but averaged over time. The PSD
illustrates the average power for each frequency. Higher frequencies have less power
than lower frequencies because the harmonics are not as strong as the fLindamentals. This
graph looks much different than the one for the white noise example of non-musical
sound [Figure 2.1(A)].
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Figure 2.5 Power spectral density plot for recording of first four measures of Mozart
K.525 from an orchestral recording showing the entire frequency range.

To further illustrate physical differences, Figure 2.6 shows the frequency spectra
for a single note rather than a whole phrase. This representation is calculated over the
first half second of the audio signal. The frequency scale shows the same range as the
Mozart example. The peak(s) corresponding to the pitch G are indicated. Note the
differences between the single instrument and the full orchestra. For the orchestral
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recording, there are peaks corresponding to all 4 octaves of the unison tutti as well as the
harmonics of theses pitches, whereas the single instrument has one predominant peak.
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Figure 2.6 Power spectral density plots averaged over the first note (1/2 second) of
Mozart K.525. (A) Single instrument. (B) Orchestral recording.

This type of graph clearly illustrates the differences in the complexity of the
frequencies that can be present for musical sound. For white noise, these plots would be
a noisy straight line similar to Figure 2.1(A). Features in the PSD directly correlate to
quantities that we perceive as musical and can be physically quantified.
These same types of plots can be used to observe longer periods of time to
determine the length of phrases as well as the length of notes. This provides an image
illustrating the passage of musical time. Figure 2.7 shows the first 60 seconds of the
Mozart example (to the downbeat of measure 35). The frequency range has been
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expanded to 4,000 Hz to use as a comparison to the white noise (Figure 2.2). This
frequency range is used for subsequent analyses of sound selections in this study.
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Figure 2.7 Opening 60 seconds of Mozart K.525. (A) Audio signal.
(B) Averaged PSD over entire frequency range. (C) Spectrogram.
(D) PSD averaged over first second of selection.

Phrase length appears obvious from these plots. The white space at 17.5 seconds
is the rest on beat four of measure ten. A crescendo takes place from 25-40 seconds.
This set of graphs enables the comparison of recorded sound selections to examine
features that differentiate musical from non-musical sound.
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Choice of Sound for This Study
The sounds used for this study were chosen to be at the extremes of the
definitions outlined earlier in this chapter. They are representative of the described
physical and perceptible differences between musical and non-musical sound.

Non-musical Sound
The non-musical sound track selected for these experiments was a three-minute
sample of "pink" noise from Behringer Audio created to test loudspeaker systems. It is a
random, perceptively static selection that has similar characteristics to white noise, but
seems less harsh to the ears. It sounds like radio station static. One of the reasons this
noise selection was chosen rather than white noise was because it is closer to the type of
noise experienced in natural settings such as the noise of wind or surf
The signal, spectrogram and PSD for this track are shown in. The spectrum is flat
in the middle, the lows are boosted and the highs roll off as seen in Figure 2.8(B). The
audio signal looks very similar to that of white noise shown in Figure 2.1.

A notable

difference from the white noise can be seen in the spectrogram Figure 2.2(C). The dark
band at the bottom of the image indicates that the lower frequencies have more power
than the frequencies above it that look almost the same as the white noise.
This non-musical sound appears to be continuous without pause. The random
fluctuations on a short time scale are obvious from the graininess and apparent
homogeneity of the texture over time. There are no obvious pitches, phrases or dynamics
present. This fits the definition of non-musical sound as outlined earlier.
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Figure 2.8 Non-musical sound track - Behringer Audio "pink" noise track.
(A) Audio signal. (B) PSD over entire frequency range. (C) Spectrogram.
(D) PSD averaged over one second and same frequency range as spectrogram.

An interesting aspect about this non-musical sound is that when setting equal
average power levels for non-musical and musical sound in these experiments, this noise
seems less loud to our ears than the musical sound. One reason for this is that the
musical sound used in this study has spaces of silence whereas this noise is continuous.
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Musical Sound
The musical sound chosen for this study comprises 74 minutes of music taken
from two different albums. It includes all 18 selections from Inside Canyon de Chelley
recorded by Paul Horn and R. Carlos Nakai (1997) as well as nine selections from
Emergence by R. Carlos Nakai (1992) as listed in Table A.l. This musical sound is
organized in orderly units as well as being perceptively dynamic. It is free flowing,
mostly improvised and changing in time. It was purposefully chosen because it does not
have a regular rhythmic component to it. Not having a regular rhythmic component
enables studying effects of melodic musical sound without the influence of regular
metrical effects caused by vibrations from regular pulses due to a rhythmic beat.
This set of selections has simple melodies and many improvised duets with no
percussion. Many tracks include sounds of nature such as echoes from canyon walls,
wind and birds. Although isolated sounds of nature may not necessarily be considered
musical sound, these performers intentionally interact with these sounds as part of their
musical compositions making them part of the musical sound. The instrumentation is
primarily different kinds of flutes except for two tracks of soprano saxophone, two tracks
of bass vocal chant and some tracks with a synthesized echo (see Table A.l). In making
the CD (compact disc) used in this study, all tracks were mixed down from stereo to
9
mono. This CD was played continuously throughout all runs of the experiment.
Table 2.1 shows the distribution of the instrumentation in terms of percentage of
total time on the CD tabulated on a track basis. Note that the numbers sum up to more
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than 100% because some tracks have more than one instrument such as flute and voice.
These numbers show the relative amounts of time that each instrument or combination of
instruments is present. As an example, 74.4% of the time the seeds were exposed to a
track of musical sound with the Native American flute present in the soundscape.

Table 2.1 Instrumentation distribution as percentage of CD length.
Instrumentation

Percentage

Flute (includes five types)

85.6%

Solo Flute (all types)

52.7%

Flute Duet (all types)

28.8%

Flute & voice

4.2%

Types of flutes:
Native American Flute

74.4%

C Flute

15.7%

Alto Flute

8.2%

Chinese Flute

4.5%

Nose Flute

2.6%

Voice

12.0%

Soprano Saxophone

6.6%

This musical sound can be described as mellow, but it has places where some
tension is built up and released. The pitch range is relatively high except for the vocal
chants that are for bass voice. Most of the selections are in the pentatonic scale of the
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Native American flute. Beginning on C, this scale is C Eb F G Bb. The phrases are the
length of breaths and are generally four to eight seconds long.

Illustrating Pitch Distributions
The frequency of occurrence of pitches in an audio recording can be examined
quantitatively. For Table A.l the most frequent pitches were determined using the
computer program PsySound 2.05 by Densil Cabrera (Cabrera 1999).'° This software
reads in a standard audio signal at 44.1 kHz. It uses psychoacoustic models to determine
chromatic pitch salience illustrating the relative length of time each pitch is sounded in
the audio file. It assumes equal temperament with A4=440 Hz unless otherwise
specified. It divides the frequency spectrum into bins that are indicated as pitches. An
out of tune note can end up as one of two adjacent pitches. It uses established models for
dealing with harmonics and aural perception of pitch.
As an sample illustration, Figure 2.9 shows a representation of the mean pitch
salience for the first 60 seconds of Mozart's K.525. Each box corresponds to a separate
pitch where each column represents a different pitch class and each row represents a
different octave. Pitches with darker shades have greater salience and occur for longer
periods of time than notes with lighter shading. In this example the predominant pitches
are G and D. These are the key centers of the piece. Since B has a greater salience value
than Bb, the tonality is G major. This software enables simple analyses of audio signals
to determine key centers as long as the piece is not too complex and the software has
been calibrated to the pitch standard used in the recording.
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Figure 2.9 Mean pitch salience as determined by PsySound 2.05 for first 60 seconds of
Mozart's K.525. A4=440 Hz.

Analysis of Musical Sound Selections
The spectral and temporal characteristics of the musical sound selections used in
this study can be visualized utilizing the techniques outlined earlier in this chapter. The
first selection to be illustrated here is the opening 60 seconds of Track 1 - Within the
Rocks. This piece is for solo Native American flute. Each pulse in the audio signal
[Figure 2.10(A)] is a separate phrase. Phrases are the length of breaths lasting on the
order of four to eight seconds. These phrases are readily apparent in the spectrogram
[Figure 2.10(C)]. Since a solo instrument performs this piece, each note is easily visible
as are the harmonics of each note.
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Figure 2.10 Within the Rocks for solo Native American flute. (A) Audio signal showing
phrases. (B) Averaged PSD over entire frequency range. Note fall-off above lOkHz. (C)
Spectrogram showing phrases and harmonics. (D) PSD averaged over 1 second showing
fundamental and harmonics.

The individual notes for each phrase can be seen in an expanded version of the
spectrogram shown in Figure 2.11. The opening two phrases are transcribed here with
the notation quantized to quarter notes. The time signature is for convenience and is not
an indicator of stressed notes. The first phrase is five seconds long. The second phrase is
six seconds long. There are pauses of about three seconds between phrases. Each phrase
lingers before the next is played. This musical sound has more silence between phrases
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than most typical western classical music. Characteristically, this makes the musical
sound intermittent in contrast to the wall of sound of the non-musical sound.
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Figure 2.11 First two phrases of Within the Rocks. (A) Notated pitches quantized to
quarter notes. (B) Audio signal. (C) Spectrogram with pitches noted.

Using PsySound, a plot of the mean pitch salience over this 14-second excerpt
(Figure 2.12) shows that Bb5 is the predominant note. Transcription of the piece
indicates the piece is in C pentatonic as is indicated in the column labeled key center of
Table A.1. Over the entire track PsySound indicates that the predominant notes are G
and Bb. Thus these two pitches are sounded more often over a larger percentage of the
recording in terms of time.
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Figure 2.12 Mean pitch salience for the 14 second excerpt in Figure 2.11.
Note the predominant note is Bb5.

As a comparison of this freely improvised musical selection to a piece of western
notated music, Debussy's Syrinx for solo flute (Figure 2.13) appears very similar. The
phrases in the Debussy are longer - on the order of ten seconds. The harmonics of the
classical C flute are visible in this spectrogram and more clearly defined than those of the
Native American flute because the two instruments have different timbres. Some of the
more noticeable harmonics are due to the higher fidelity recording in a studio rather than
the previous example, which was recorded outside in a natural setting.
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Figure 2.13
by Debussy (1913) for solo flute. (A) Audio signal. (B) Averaged
PSD over entire frequency range. (C) Spectrogram. (Note the harmonics.) (D) PSD
averaged over first second.

The mean pitch salience over the entire piece is shown in Figure 2.14. The piece
is notated in Db major. It is more chromatic in comparison to the musical sound used for
this study. The predominant pitches are Db, Eb and B. There is less variation in the
salience of different pitches due to the chromaticity.
Key center and chromaticity indicate how pitches relate to one another in a
composition and are thereby more perceptual in nature than physical quantities such as
pitch and lengths of notes and phrases. They help our ears differentiate between different
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types of musical sound. This example shows that although the illustrations showing
frequency and amplitude versus time (such as Figure 2.13) can easily show physical
quantities such as relative timbres, notes, phrases and dynamics, a different type of
analysis is necessary to extract qualities such as key center and chromaticity (Figure
2.14).
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Figure 2.14 Mean pitch salience for Syrinx (entire piece).

The musical selections for this study also include a couple of pieces for soprano
saxophone. One of these pieces Raven Rendezvous is shown in Figure 2.15. Note that
the harmonics of the saxophone are different from the flute and are not as prevalent as the
classical flute but much more predominant than with the Native American flute. Some of
the harmonic structure is likely due to live recordings made outside rather than in
artificial conditions inside a studio. This piece features an interaction between a naturally
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occurring sound produced by a raven and the saxophone. Paul Horn mimics the birdcalls
with his improvisation. The selection shown includes a series of very clearly visible
birdcalls between 25 and 30 seconds. Much of this music recorded inside Canyon de
Chelley has naturally occurring sounds featured such as water, insects and a passing
airplane. In many of the selections the performers are playing with the echoes off the
canyon walls.
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Figure 2.15 Raven Rendezvous by Paul Horn for soprano saxophone and raven.
(A) Audio signal. (B) Averaged PSD over entire frequency range. (C) Spectrogram. (D)
PSD averaged over first second.
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The final selection for more detailed analysis is a duet for Native American flute
and alto flute. Figure 2.16 shows an excerpt from Anasazi Journeys where both
instruments are playing simultaneously. Note the increased complexity in the
spectrogram from having two instruments playing rather than a single instrument.
Interference between harmonics brings out some harmonics and dampens others.
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Figure 2.16 Anasazi Journeys a duet for Native American flute and alto flute. (A) Audio
signal. (B) Averaged PSD over entire frequency range. (C) Spectrogram. (D) PSD
averaged over first second.

These examples highlight the spectral and temporal characteristics of the musical
sound selections used in this study. The main characteristic of this music is its free-

45
flowing, improvised and evolving nature. It is organized and perceptively dynamic.
Natural sounds are interacted with by the performers and made part of the music. The
important temporal characteristics of this selected musical sound are that phrase lengths
are on the order of breaths (four to eight seconds) and that there is quite a bit of silence
between phrases when a single instrument is playing. When there are duets, there are
fewer silent pauses as the players trade phrases.
The frequency spectrogram is useful for looking at pitch related information. An
analog for looking at beat and tempo related information has been introduced through
research towards automated computer retrieval of music. Recently published techniques
enable studying rhythmic aspects of an audio recording. The techniques are directly
applicable to classification of music via quantitative analysis of audio signals. Scheirer
has devised a tempo spectrogram that is a plot of tempo in beats per minute versus time
(Scheirer 1998, 2000). It shows the amount of energy at a particular tempo at a particular
place in the piece. It is analogous to calculating the frequency spectrograms presented
here. This concept has been fiirther developed using autocorrelations of similarity
matrixes to create a beat spectrogram (Foote and Cooper 2001; Foote and Uchihashi
2001; Foote et al. 2002). The results of these recent researchers are intriguing. A beat
spectrogram is extremely calculation intensive. Software is not yet available with these
algorithms and their implementation is beyond the scope of this study. They would
enable a more thorough analysis of the trade-off between pitch and tempo information.
Analysis of beat structure for this study would be another way of showing how indefinite
the beat is for this improvised, freely flowing music.
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CHAPTER 3
METHODOLOGY

The basic concept of these experiments was to germinate seeds in as controlled an
environment as possible and have the musical and non-musical sounds as the independent
variable. Growth chambers were built to isolate the environmental and sound conditions
of each set of seeds. Multiple runs were performed with large numbers of seeds (50
zucchini and 50 okra seeds per chamber per run). For each run the sound conditions were
assigned to different growth chambers to ascertain whether the effects were independent
of position. Procedures were developed to handle the seeds in a consistent and unbiased
manner.
The same procedures were doggedly repeated run after run. Every 12 hours the
number of seeds sprouted was counted, pictures were taken and the seeds were watered.
Initially the length of a run was 120 hours (five days). After two experiments it was
determined that effects could be discerned within 72 hours (three days).
Seed germination rates vary and depend upon temperature. Even with constant
temperature there is some randomness to these rates. This randomness creates a spread in
the possible number of seeds that have sprouted at any given time. Due to this
randomness a large number of seeds were needed to determine whether or not the effects
were statistically significant.

A1
Another major variable was temperature. These experiments were performed in a
laboratory specifically designed for this study located in my home. Thermal control of
the environment was as constant as possible. There were also intangible factors related to
the season of the year and changes between seasons. Thermal conditions were consistent
within each individual experiment and between chambers even though they varied as the
seasons changed. These experiments spanned four months from March to June 2002 (see
Appendix B). The outside temperature varied considerably (see Appendix F). At the
beginning of this study the laboratory needed to be heated. By mid-April the outside
temperature warmed up enough to require evaporative cooling. In June, the use of air
conditioning became necessary to keep the average temperature in the same range as the
earlier runs. Controlling temperature turned out to be the biggest challenge. After the
first experiment, modifications were made between experiments to keep the standard
deviation of temperature to within 0.1° C between chambers.

Overview of the Five Experiments
Experiment I
The first experiment utilized two chambers and compared musical sound to a
control. Two runs were made with the positions of the two conditions exchanged
between runs. It was found that there was a 0.4°C temperature difference between the
mean temperatures in the two chambers. Each run was 120 hours.
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Experiment II
This experiment was a replication of Experiment I with two runs where the
growth chambers were moved to different positions in the room ensuring a temperature
variation with a standard deviation of 0.1 °C between chambers. These first two
experiments were run in the month of March and were 120 hours long. The room was
heated.

Experiment III
The experiment was moved to a different room specifically set up as a controlled
laboratory. In this new location it was possible to isolate the experiment acoustically
from my living environment and enabled better control of the thermal conditions. This
experiment replicated the previous two experiments, having two runs with the addition of
another growth chamber. Two of the three chambers were used for each of the two runs.
Each condition was in a different chamber for each run (see Table B.l). The amount of
water given to the seeds every 12 hours was standardized beginning with the second run
of this experiment. Before this the seeds had been given measured, variable amounts of
water. It was found that the seeds needed more water during the first 24 hours than
during the rest of the run. Watering amounts were standardized to limit another variable.
This experiment began in mid-April. An evaporative cooler provided cooling. A ceiling
fan distributed the air and two windows were opened slightly to provide airflow. The

door to the lab was acoustically isolated.
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This experiment enlisted an independent scorer "blind" to the sound conditions to
ensure that the scoring process was unbiased. For each run from this point on the seeds
were counted independently by this person at the 60-hour point.

Experiment IV
This experiment added a third condition and had a total of four runs. Musical
sound was compared to non-musical sound as well as to a control. There were four
growth chambers and three of the four positions were utilized for any one run. The
positions of the sound conditions were varied so that after a total of six planned runs each
condition would be in each position at least once. Only four of these six runs were
completed before the outside temperature rose past 100°F (37.8°C) near the end of May.
During a period with daily high outside temperatures of greater than 105°F (40.6°C), the
evaporative cooler was unable to maintain a stable environment and the mean
temperature in the room increased, as did the variations in temperature from chamber to
chamber. Two runs were discarded due to temperature variations between chambers. In
the first discarded run the ceiling fan had been inadvertently left off. During the second
discarded run, the evaporative cooler was unable to keep the laboratory cool. Also during
this run a new batch of zucchini seeds with a different lot number was introduced because
more seeds were needed than expected. Because of these unexpected challenges each
condition had not yet been in each of the possible positions after the four useable runs
were completed.
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Experiment V
This experiment had four runs and was a repUcation of Experiment IV. Positions
of the conditions were distributed to ensure that after a total of eight runs in Experiments
IV and V each condition had been in each position twice. This experiment required
controlling temperature differently to keep the variation between chambers within a
standard deviation of 0.1°C. Cooling was switched from evaporative cooling to airconditioning with the thermostat outside of the laboratory room. The door to the room
was kept closed and the ceiling fan was run continuously. All five windows were
covered (a total of about 70 square feet) with a radiant heat barrier that looks like bubble
wrap with silver on one side. Four quiet, variable-speed, circulating fans were placed
around the room to keep the air moving. The fans were set at speeds that did not affect
the measured ambient sound level in the room.
Before beginning Experiment V two control runs were performed without any
sound conditions to ensure the temperature was stable. Data from these control runs has
not been included in the analysis because no sound conditions were present. During
Experiment V one run had to be redone because the independent scorer was not available
to count the sprouted seeds at the appointed hour.
By controlling the thermal conditions this way an artificial environment was
inadvertently created. The temperature in the room was the warmest at about 9:00 am
and coolest at 9:00 pm. This was in contrast to the warmest temperature outside at 5:00
pm and coolest at 5:00 am. The diurnal cycle of the environment had been shifted by
eight hours compared to the previous experiments. Because of this shift, the musical
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sound was off during the fastest growth period for the seeds when the temperature is
rising. This inadvertent change seems to have influenced how sound affects the
germination of seeds. There was a noticeable shift in seed germination rates compared to
Experiment IV, but there are not enough data to quantify these differences.
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Grovyth Chambers
All of the growth chambers used in this study were identical. A growth chamber
consisted of a 32-gallon industrial-grade, gray plastic trashcan with lid surrounded by an
acoustically isolating layer of gray convoluted foam (see Figure 3.1). The insides of the
lids of the cans had weather-stripping added before Experiment III began to increase the
thermal and acoustical isolation.

(A)

(B)

Figure 3.1 Growth chambers showing (A) gray convoluted foam enclosure and (B) gray
plastic trash can and suspended seed container.
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The bottom of the can contained 6.0 liters (approx. two inches) of sand to
vibrationally isolate the speaker from the can. The sand also isolated the direct
mechanical vibration from the plastic container suspended above the speaker holding the
seeds. An upside-down flowerpot with a hole cut in the bottom (now the top) was
centered on the sand to hold a speaker and to act as a resonant chamber. Bare 100 mm
(4") speakers were placed in the hole in the flowerpot in each chamber (see Figure 3.2).

Figure 3.2 Inside of growth chamber showing sand, flowerpot and speaker.

Approximately 100 mm (4") above the speaker a covered plastic container was
suspended using a machine bolt in each comer that rested on an internal lip in the trash
can [Figure 3.3(A)]. This covered plastic container held the seeds (see Figure 3.3). The
seed containers were at the same height above the speaker in each chamber. These
containers were designed to be easily removable to examine the seeds. Data loggers
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(Onset HOBO Pro RH/Temp) were mounted in each seed container to record temperature
and relative humidity every 15 minutes (Figure 3.4). The sealed container kept the
relative humidity near 100%.

(A)

(B)

Figure 3.3 Seed container. (A) Suspended within growth chamber. (B) Showing machine
bolts used for suspension within chamber.

The seeds were placed in 150 mm diameter petri dishes within the seed container
(see Figure 3.4). Three petri dishes held the seeds used in each seed container. Seeds
were sandwiched between two layers of dark-colored felt. Because they needed to be
monitored every 12 hours, the seeds were not placed in soil. Felt retained moisture and
ensured darkness. The seeds were distributed in a total of three petri dishes so that one
dish had 25 zucchini seeds, another had 25 okra seeds and a third contained 25 of each
(50 total). These dishes were placed into the seed containers such that the dish with 50
seeds was more directly over the speaker and the other two dishes were at the outer edges
of the container.
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Having multiple dishes enabled increasing the number of subjects. For purposes
of data analysis, each subject consisted of a group of 25 seeds. Each dish of seeds and
each type of seeds was considered as separate subjects. With a total of 100 seeds
distributed among three petri dishes, each growth chamber contained a total of four
subjects.

(A)

(B)

Figure 3.4 Inside of seed container showing petri dishes with felt layers and data logger.

To further ensure that conditions were as similar as possible, all zucchini seeds
were placed in a grid with the end that sprouts pointed north (Figure 3.5). Because the
okra seeds are round and roll around they were not oriented in a specific direction, but
they were always initially placed in a grid. The orientation of the seed container in the
growth chamber was the same in each chamber under each condition for each run for

each experiment. The seeds were always placed within the seed container so that the
petri dishes pointed in the same direction relative to magnetic north.
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a

(A)

(B)

Figure 3.5 Seed grids in petri dishes. (A) Zucchini. (B) Okra.

All growth chambers in a specific experiment were positioned in the same
laboratory room. The arrangement of the chambers for Experiments IV and V is shown
in Figure 3.6. Spacing of the chambers was limited by the size of the room. Growth
chambers were placed as far apart as possible to ensure minimal acoustical cross talk and
to ensure there was space for airflow between the chambers to minimize thermal
gradients. Thermal stability was enhanced by placing the chambers a couple of feet away
from the walls to allow for air circulation. Having the chambers away from the walls
also reduced the coupling of low frequency vibrations from the air conditioner or
evaporative cooler.

56

Figure 3.6 Four growth chambers in room as set up for Experiments IV&V.

Sound Environments
The sound condition inside each growth chamber was created using a 100 mm
(4") speaker (Fostex FE107) at a fixed height relative to the base of the can. The speaker
wire was routed under the lid of the chamber. The wires for the speakers came out of the
west side of the growth chambers and were routed in parallel to the amplifier. Sound was
controlled via a two-channel power amplifier (Rolls RA235) and digital timer. The
sound was on trom 7:00 am until 11:00 pm. Since all growth chambers were in the same
room, they were subjected to the same ambient sounds.
The sound system consisted of two portable compact disc (CD) players routed to
a two-channel power amplifier with separate volume controls for each channel. Each CD
player provided a monophonic audio signal feeding a single channel of the amplifier.
Two CDs were made. One CD consisted of one channel of a three-minute track
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containing "pink" noise from a Behringer Audio test CD providing the non-musical
sound. The other CD had 74-minutes of musical sound as described in Chapter 2. The
musical sound was mixed from stereo to mono to create a monophonic signal using the
software program Bias Peak TDM 2.5. The CD players were set to continuously repeat
the entire CD and were always on. Only the amplifier was turned on and off by the timer.
By connecting the appropriate wires to the power amplifier, the sound conditions
were set at the beginning of each run. For Experiments I and II, when only two chambers
were involved, the speakers remained connected to the same channel of the power
amplifier. Only the chamber having the musical sound condition had the volume turned
up. For the control chamber, the volume was set at zero to ensure that the only difference
between chambers was having the volume up or down. When a third chamber was added
for Experiment III, the control condition speaker wire was connected to the channel with
the volume at zero. The unused chamber was not connected to the power amplifier. For
Experiments IV and V, non-musical sound was connected to the right channel and
musical sound was connected to the left channel. Only the speaker wires from the
chambers for these two conditions were connected to the power amplifier. The wires to
the control chamber and the unused chamber were not connected.
Sound levels were measured using a Radio Shack sound level meter averaging
over 199 seconds (3-1/3 minutes). In this mode, the meter averages 199 separate samples
with each sample being averaged over one second. The sound levels were set to be at a
moderate listening level (around 70-75 dB) coming directly out of the speaker. Inside the
seed container above the seeds, the sound level was about as loud as carrying on a
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conversation (mid 60's dB). Inside the seed container of the control chamber, the sound
level was a decade lower (low 50's dB).
Each speaker had a slightly different response. Even though the wires were all
the same length, the output varied from speaker to speaker with the amplifier set at the
same level. To set sound levels, the sound level meter was placed into a hole in an extra
seed container lid (Figure 3.7). This fixture was placed inside the growth chamber above
the speaker in the same location where the seeds would be without the seed container
present. An average level of 72 dB was chosen for each condition. The lid was placed
on the chamber and the average sound level was adjusted such that the average was 72
dB over the first 199 seconds of the CD. This procedure ensured consistent sound levels.

Figure 3.7 Radio Shack sound level meter in fixture.
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Seed Preparation
Two types of seeds were used for these studies - black zucchini squash and
Clemson spineless okra. These particular seed types, chosen because they are rather
large and it is easy to tell when they sprout, are from two different families that originate
in tropical climates on different continents. Zucchini {Cucurbita pepo) is native to
Mexico and Central America and is related to cucumber, muskmelon and watermelon. It
has been used as a staple crop of Native Americans for 9,000 years. Okra {Hibiscus
esculentus/Abelmoschus escenlentus) originates in what is now Ethiopia and is related to
cotton, hibiscus and hollyhock. It was brought to this continent with the slave trade in the
mid-1700s.
Seeds were purchased in 1 lb. quantities from Carolina Seeds.'' All the okra
seeds used in this study were from lot BSOOOl 1109. Zucchini seeds for Experiments I-IV
were from lot SBD00020205 and for Experiment V from lot BS00020521. Seeds that
were crushed, cracked, discolored or obviously moldy were removed before other sorting
took place. To keep uniformity of seed size, the largest and smallest seeds were also
removed. In all, approximately 33% of the zucchini seeds (20% due to size) and 12% of
the okra seeds were removed. After sorting the seeds the necessary number of seeds for
each type was counted for preparation. An additional 10-20% of the total number of
seeds was added for preparation because there were always cracked or split seeds that
could not be detected until they had been soaked in water.

(A)

(B)

Figure 3.8 Cracked, discarded seeds. (A) Zucchini and (B) okra (at same magnification).

The first step of the seed preparation was rinsing while agitating for 30 seconds in
a 1% bleach solution with tap water. The bleach solution was used as a means of
reducing mold and fungus on the seeds. After the initial agitation, the seeds were rinsed
ten times in running water. This was done separately for each type of seed beginning
with Experiment III. In Experiments I and II all seeds were rinsed and soaked together
because there were not as many of them. To get the germination process started, the
rinsed seeds were soaked in tap water for 30 minutes and then the water was poured off
The seeds were soaked long enough to determine which seeds were cracked.
The next step was to place the seeds in the petri dishes. There were three petri
dishes in each seed container, one seed container per growth chamber. Dish 1 had 25
zucchini seeds, dish 2 had 25 okra seeds and dish 3 had 25 of each for a total of 100 seeds
per chamber. Dishes 1 and 2 were placed at the ends of the seed container (outer) and
dish 3 was placed in the middle (center). The orientation marks of the dishes always
pointed the same way in the seed container. The orientation of the zucchini seeds was
always the same relative to the orientation marks. The orientation of the okra seeds
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varied because they had a tendency to roll around like little ball bearings. The seed
container was always placed in the same orientation relative to the growth chamber.

25 zucchini
25 zucchini
+ 25 okra "

data
logger

25 okra

Figure 3.9 Orientation of seeds in petri dishes inside seed container.

Sage green felt circles were used underneath the seeds providing necessary
contrast between the seeds and the background for photographs. Black felt was used to
cover the seeds to block as much light as possible. Before being used the felt circles were
rinsed a few times, soaked in a bleach solution to sterilize and rinsed a few more times
before being wrung out by hand. The felt was damp when the seeds were placed on
them.
Each run used a new set of petri dishes. The dishes were labeled so they would
not be mixed up and a mark was placed on each dish for orientation. The dishes were
rinsed in a bleach solution after handling to reduce contamination. In between runs the
seed containers were also washed and rinsed in a bleach solution. The aim of rinsing
everything in a weak bleach solution was to reduce contamination. Unwanted fungus and

mold not only make it harder to see if a seed has sprouted, they also can affect the growth
of the seedling.
Once the seeds were soaked, the petri dishes were placed with the orientation
marks in the same direction, felt circles were placed in the bottom of the dishes and the
seeds were placed in grids. Beginning with Experiment III the seed placement was done
with tweezers and everything was handled using sterile latex gloves. For Experiments I
and II the seed placement was done with bare fingers. After placing a few hundred seeds
with tweezers it was clear that this was the faster method. First the zucchini seeds were
placed and then the okra seeds. To ensure there was not selective bias by condition, the
seeds were taken from the jar they had soaked in, examined to remove the cracked seeds,
placed in an empty petri dish, randomly lined up in a row and then placed in order one
seed at a time into one dish at a time. The dishes were lined up in a row. After one seed
was placed in each dish, then another one would be placed in each dish. The placement
of 300 seeds into petri dishes with tweezers in grids took about an hour.

§

(C)
Figure 3.10 (A) Dish 1 with 25 zucchini seeds, (B) dish 2 with 25 okra seeds and (C)
dish 3 with 25 each of zucchini and okra seeds.
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After the zucchini seeds were in the dishes, 30 ml of water was added to each
dish. Then the okra seeds were placed. The okra seeds were placed last because they
dried out more quickly. They were placed into dishes containing water so they would not
dry out as quickly. Dishes were photographed under floodlights with a digital camera at
a fixed height on a tripod to provide the same magnification for all pictures taken
throughout this study. Computer generated labels identified each dish. The seeds were
covered and placed in the seed containers with data loggers ready to begin taking data.
The seed containers were placed into the growth chambers which by this time had sound
levels set and conditions determined. The process of preparing to begin a run took two
hours to cut out felt circles, label everything, set sound levels and initialize the data
loggers. The morning a run began required three hours to sort, count, rinse, soak, place,
photograph and get the containers into their chambers.

Seed Monitoring
Each run began and ended nominally at 9:00 am. Seeds were monitored at 12hour intervals, nominally between 9:00 and 10:00 am and pm. The seed containers were
removed from one chamber at a time. Each petri dish was photographed under dual
lOOW floodlights, the number of each type of seed that had sprouted in each dish was
noted, and a measured amount of water was added. Tending to 300 seeds took
approximately 45 minutes every 12 hours.
During the first four experiments the lids were off the chambers while taking care
of the seeds. With Experiment V the lids were kept on the chambers while the seeds
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were being taken care of to reduce thermal changes during the 10-15 minutes the seed
container was out of the chamber. Because the seeds were counted, photographed and
watered in a different room, the temperature they were in for those 10 to15 minutes was
slightly different from the temperatures inside the chambers.
For the first three experiments, watering was done with tap water on an as-needed
basis. If the seeds looked drier they got more water than if they looked wetter. The
amount of water given to each dish of seeds was monitored and recorded, as was the
amount of water left after the run was done. During Experiment III the amounts of water
given to each type of seed at each 12-hour interval was standardized after ensuring that
the seeds were neither over-watered nor under-watered. Over the first 24 hours seeds
soak up a lot of water to begin the germination process. All dishes of seeds were given
30 ml of water at zero hours (9:00 am of the first day) and 10 ml at 12 hours (9:00 pm of
the first day). Every 12 hours after this, (from 24-72 hours) dishes containing only
zucchini seeds were given 3.0 ml of water and dishes containing only okra seeds were
given 2.0 ml of water. Okra seeds are smaller and do not need as much water as zucchini
seeds. Sprouts that are too wet tend to grow more fungus.

Seed Germination
A seed is a dormant plant embryo encased in a shell (testa or seed coat) that
contains nutrients for germination. Germination begins when the seed imbibes water
(Bell and Hemsley 2000). It becomes swollen and the shell splits. The first shoot to
emerge is the radicle or root shoot. For the purposes of this study, this first sign of
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germination was used as a quantitative measure. A seed was considered germinated
when the radicle had obviously emerged from the testa. Figure 3.11 shows a sketch of an
imbibed (plump) okra seed ready to sprout. Okra seeds begin round and about half as
large as when they sprout.

Embryo

Testa
(seed coat)

Radicle
(root shoot)

Figure 3.11 Sketch of an imbibed (plump) okra seed. A seed was considered germinated
when the radicle had emerged from the testa.

Zucchini seeds have a much harder shell than okra seeds. The radicle emerges
from one end after the top and bottom of the shell split apart (Figure 3.12).

Testa ^
(seed coat)
Radicle
(root shoot)

Figure 3.12 Sprouted zucchini seed. When the radicle is visible from the top of the seed,
the seed was considered germinated.
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Seed Scoring
The number of seeds that had sprouted out of groups of 25 was counted every 12
hours. A seed was defined as sprouted if the sprout (radicle or root shoot) stuck out
beyond a line defining the edge of the opening of the shell. Zucchini seeds sprout by
opening up like jaws at one end of the seed. When the sprout was visible from above, the
seed was considered sprouted (see Figure 3.13). The shell of the okra seed splits and then
the sprout unfolds. Once it unfolds and pokes out, it is obvious.
There is a stage for both types of seeds when they are close to sprouting where it
is sometimes difficult to determine if the seed definitely has or has not sprouted.
Beginning with Experiment IV, seeds were categorized as definitely sprouted,
questionably sprouted, questionably not sprouted and definitely not sprouted. For data
analysis, the number of definitely and questionably sprouted seeds was totaled to yield
the total number sprouted.

(A)

(B)

Figure 3.13 Newly sprouted seeds showing emerged radicles. (A) Zucchini. (B) Okra.

Consistency in counting the sprouted seeds was extremely important, especially at
the stages where it is hardest to tell. To have an independent assessment of sprout count,
an independent scorer counted the sprouted seeds at the 60-hour point of each run
beginning with Experiment III. This scorer was "blind" to the conditions the seeds were
exposed to. This person did not know which seeds had been exposed to musical sound,
which to non-musical sound or which were control. This person only knew they were
counting seeds in a container labeled A, B, C or D. A key was kept for each run to
enable decoding data for later analysis. The independent scorer not only was a backup to
count the seeds, this person also was a witness to each run beginning with Experiment III
at one common point during the run. This independent scorer enabled determining if the
experimenter's scoring was biased and kept her honest.
When a run ended, the seeds were photographed in their dishes, the number
sprouted was tallied, the amount of water left was measured after wringing out the felt;
and the seedlings were lined up to have pictures taken to enable comparing relative sizes
of the sprouts. The seedlings were then left to dry out and when dry put into envelopes
each containing one group of 25 seeds.

Raw Data
Each run of this study included 100 seeds in each chamber. Of these, half were
zucchini and half were okra. The seeds were divided into four groups of 25 seeds
delineated by seed type and petri dish location in the seed container as was shown in
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Figure 3.9 and Figure 3.10. Each group of 25 seeds was considered as a separate subject.
There were 4 subjects per run per condition.
Scoring and tabulation of raw data consisted of counting the number of seeds that
had sprouted in each of the four groups in each seed container at 12-hour intervals over
72-hour long runs. This yielded a total of seven time values. Thus, for each chamber
there were 28 total numbers tallied (four groups at seven times) per run (see Table 3.1).

Table 3.1 Sample data collected for one growth chamber over one run.
Numbers of Seeds Sprouted Out of Groups of 25
Elapsed Time in Hours
Subject Seed Type Petri Dish

OHr

12 Hr

24 Hr 36 Hr 48 Hr 60 Hr 72 Hr

1

Zucchini

Outer

0

0

0

7

11

16

17

2

Okra

Outer

0

0

8

14

16

20

22

3

Zucchini

Center

0

0

0

3

5

9

11

4

Okra

Center

0

0

9

13

15

19

23

Individual seed groups were kept track of because each of the four groups of
seeds (2 seed types each in 2 different petri dishes) was treated as a separate independent
subject in the data analysis. Table C.l in Appendix C shows a table of a complete set of
raw data for one experimental run. Each row of data in this table was considered as a
separate subject.
Other data included temperature and relative humidity data taken inside the seed
container at 15-minute intervals. All data were maintained in spreadsheets. The five
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experiments involved a total of 5,100 seeds in the runs outlined in Table B.l. Of those,
data from 3,600 were used in the analysis presented in Chapter 4.
Figure 3.14 shows a photograph of dish 1 with 25 zucchini seeds at the 60-hour
mark. Sprouts can be seen on many of the seeds. This group of seeds comprised one
subject.

Figure 3.14 Zucchini seeds at 60 hours.
Figure 3.15 show dish 2 containing 25 okra seeds at the 60-hour point. Note that
the okra sprouts are larger than the zucchini sprouts. Okra seeds started to sprout more
quickly than zucchini seeds. These two dishes are half of the seeds in one seed container.

Figure 3.15 Okra seeds at 60 hours.

Figure 3.16 shows the percentage of seeds sprouted for dish 3 versus time for all
three conditions of Experiment IV run 2. Each line represents 25 seeds. It appears
obvious that zucchini seeds take longer to begin sprouting than okra seeds. At the end of
72 hours there tends to be a larger percentage of okra seeds sprouted compared to the
zucchini seeds. The lines are not smooth. Seeds tend to sprout in spurts and there was
quite a bit of variation from one run to another. Having multiple groups in each chamber
provided more data for averaging. Because there was variation in seed germination rates,
running a controlled procedure many times was a necessary part of determining if there
was a replicable effect. The effects of averaging are illustrated in Appendix E.
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Figure 3.16 Percentage of seeds sprouted versus time for zucchini and okra seeds.
Raw data from the center dish of Experiment IV, run 2.
Each line represents 25 seeds.

In Figure 3.16 and for the rest of the plots and tables, the sound conditions are
labeled as shown in Table 3.2. This labeling is for brevity and clarity in the plots.

Table 3.2 Explanation of labels for conditions on plots.
Label

Condition

What's Going to the Speaker?

Music

Musical sound

Musical selections

Noise

Non-musical sound

Behringer "pink" noise

Control

Ambient sound

No sound

72
Temperature data for a sample run are shown in Figure 3.17. Zero hours
corresponded to 9:00 am. Note that the temperature has daily cycles. The ambient room
temperature fluctuates a lot more than the temperature inside the chambers. The design
of the chambers provided added thermal insulation as well as acoustic isolation. It took
four to six hours at the beginning of a run for the internal seed container temperature to
get to thermal equilibrium. Otherwise, there were no significant temperature differences
between the chambers. There were occasional spikes in the temperature data
corresponding to when the seeds were being taken care of in a different room. Because
the seed containers were out of the growth chambers for only a few minutes, however,
these interruptions are very short and the seeds quickly returned to thermal equilibrium.

25
•Ambient
Noise

Music

Control

Experiment IV, Run 1
22

0

24

48

72

Elapsed Time (Hours)
Figure 3.17 Temperature data from Experiment IV, run 1.

Figure 3.18 shows relative humidity data for the three conditions as well as the
ambient room relative humidity. The seed containers were well enough sealed to keep
the relative humidity at 100% except when the chambers were opened. Spikes can be
seen every 12 hours corresponding to when the seeds containers were opened. For this
particular run the evaporative cooler was running. When the cooler was on, the ambient
relative humidity outside the chambers in the laboratory was higher than when it was not
running.
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^ 80

I
^
Ar^
.>
40
"S
13
Pi

Noise

^Contro

Ambient
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24

48

72

Elapsed Time (Hours)
Figure 3.18 Relative humidity data from Experiment IV, run 1.

Figure 3.19 shows what the seeds looked liked at different time intervals for the
three different conditions. These pictures show dish 3 containing 25 each of zucchini and
okra seeds for run 4 of Experiment IV. It can be seen that more seeds have sprouted at the
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later stages. Qualitatively, it is difficult to compare the three conditions. Independent
scoring by having another person present to count the seeds proved to be a more reliable
crosscheck than having judges score photographs at a later time.

24 Hours

48 Hours

72 Hours

• v:

Figure 3.19 Images of dish 3 at 24, 48 and 72 hours for music, noise and control
conditions of Experiment IV, run 4.

The procedures outlined in this chapter were intended to generate enough data
over the five experiments to determine whether the observed effects were statistically
significance. Results of analyzing these data are detailed in the next chapter.
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CHAPTER 4
RESULTS

A total of 14, 72-hour runs over five experiments are included in the results. Table
B.l (Appendix B) lists each of the experimental runs as well as the condition assignments
in the chambers with some brief comments.

Data Analysis
The seed count and temperature data from the five experiments were compiled in
a single spreadsheet for analysis with the computer program Statistica. The layout of this
spreadsheet is described in Appendix D.
The seed count data were analyzed using five-way ANOVA's (analyses of
variance) of mixed design. The between group factors were the number of experiments
(1-5), petri dish locations (2) and seed types (2). These were considered as independent
variables with the unit of analysis (each subject) being groups of 25 seeds. Condition (or
position) and time were considered as repeated measures. The dependent variables were
the number of seeds that had sprouted for a given condition or position (2-3) and time
(7 time points). The number of seeds that had sprouted for a single subject at a single
time point was compared versus condition. Data from the zero hour time point were
compared for all conditions, as were data from each subsequent time sample.

For analysis of temperature, data taken inside the seed containers were sampled at
3-hour intervals yielding a total of 25 sample points per run. Between group factors were
experiments (1-5) and condition or position (2-3). Temperature values as a function of
time (25 time points) were considered as repeated measures. These data were analyzed
with three-way ANOVA's of mixed design that are described in more detail with the
results.

Effects of Musical Sound Versus Control Over Five Experiments
To see if musical sound had an effect on germination rate, all 14 runs of the five
experiments were compared for the conditions of musical sound versus control using a
five-way mixed ANOVA. Between group factors were Experiments I-V, two seed types
and two petri dishes. Repeated measures were the numbers of seeds sprouted each 12
hours for the musical sound and control conditions.

Effect for Condition
The main effect between musical sound and control averaged over all
experiments, time, all dishes of seeds and seed types was statistically highly significant
with a p<0.002 (see Table 4.1). The two-way interaction between condition and time is
also highly significant with p<0.000002. From this analysis, the data indicate that
musical sound does indeed increase the germination rate of seeds relative to an ambient
control. The main effect condition further indicates that total number of seeds sprouted is
larger for seeds exposed to musical sound than seeds exposed to no sound.
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Table 4.1 Comparison of interactions for conditions of musical sound versus control
analyzed over all five experiments.

Interaction

F

p-level

Main Effect: Condition

F(l,36)=11.79

<0.0015

2-way: Condition, Time

F(6,216)=6.82

<0.0000016

3-way; Condition, Experiment, Time F(24,216)=0.55

<0.96

This effect was replicable over all five experiments as can be seen in Figure 4.1.
Averaging over all time values, petri dishes and seed type, this plot shows the effects of
musical sound compared to control for each experiment. Each data point for Experiments
I-III corresponds to the average of 200 seeds over time and for Experiments IV -V each
data point corresponds to the average of 400 seeds over time. Over the first three
experiments, the total percentage of seeds that had sprouted increased with experiment
(p<0.0000001, seed type versus time) and follows the trend of increasing seasonal
temperature (Appendix F) as well as trends in thermal conditions inside the growth
chambers (see section describing Figure 4.5). For Experiments III - V the percentage of
seeds sprouted leveled off. This corresponds to the better control of the environmental
conditions when the chambers were moved into a different room beginning with
Experiment III.
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Music

Control

Experiments
Figure 4.1 Percentage of seeds sprouted for musical sound and control conditions
averaged over seed type, dishes, and time versus experiment. Experiments I-III represent
two runs each (200 seeds per data point) and Experiments IV-V represent four runs each
(400 seeds per data point). The dotted line is the average.

Condition by Seed Type
When the data are analyzed separately for zucchini and okra averaged over
experiment and petri dish as a function of time, a seed germination effect between the
two types of seeds can be seen that was independent of musical sound (see Table 4.2).
The two-way interaction between zucchini and okra over time was significant with
p<0.0000001 because okra germinates faster than zucchini. Okra seeds begin sprouting
after 24 hours whereas zucchini seeds take 36 hours.
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Table 4.2 Comparison of interactions for seed type versus conditions of musical sound
analyzed over all five experiments.

Interaction

F

p-level

Main Effect: Seed Type

F( 1,36)=104.99

<0.0000001

2-way: Seed Type, Condition

F(l,36)=2.07

<0.16

3-way: Seed Type, Condition, Time

F(6,216)=0.93

<0.48

For both zucchini and okra, musical sound was always higher than control as a
function of time (see Figure 4.2). The musical sound effect was greater for okra than for
zucchini, but this difference was not significant (p<0.16). The three-way interaction
between seed type (zucchini and okra), condition (musical sound and control), and time
was also not significant (p<0.48) indicating that the musical sound versus control effect
was similar for both types of seeds over time. Thus, the musical sound versus control
effect was replicable for both types of seeds.
Figure 4.3 shows plots of the percentage of zucchini and okra seeds sprouted
versus time for each experiment. The data were averaged over condition, dishes and all
runs in a given experiment. In all five experiments okra seeds germinated faster than
zucchini seeds and a larger percentage of okra seeds germinated than zucchini seeds
(p<0.0000001). This result shows that there was a seed effect independent of the effects
due to sound conditions over the experiments. The two seed types are replications of one
another and can be considered as independent replications of one another.
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Figure 4.2 Percentage of seeds sprouted for music and control averaged over dishes, and
all 5 experiments with a total of 14 runs. There are 700 seeds per seed type per condition.
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Figure 4.3 Percentage of zucchini and okra seeds sprouted versus time for each
experiment averaged over condition, dishes and all runs. Each line represents 100 seeds
for Experiments I-III and 200 seeds for Experiments IV-V.
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Condition by Petri Dish
To see if the musical sound versus control effect varied from the center petri
dishes in the seed container to the outer petri dishes in the seed container, the data
averaged over seed type and all experiments is shown in Figure 4.4. For both the center
and outer dishes the seeds exposed to musical sound germinated faster than the control
independent of seed type and experiment. This three-way interaction between dish
(center and outer), condition (musical sound and control), and time was not statistically
significant with p<0.69. This shows that placement of petri dishes in the seed containers
cannot explain the musical sound effects. The outer and center dishes replicate the
musical sound versus control effect and can be used as independent subjects.
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Figure 4.4 Percentage of seeds sprouted versus time averaged over seed type and all five
experiments comparing outer (dishes 1 and 2) and center (dish 3) petri dishes. Each line
represents 700 seeds.
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Summary of Effect for Condition
To summarize, the main effect for musical sound versus control was highly
statistically significant (p<0.002) as was the two-way interaction of condition with time
(p<0.000002). This effect was replicable through all five experiments and for both types
of seeds. There was a seed effect independent of effects due to sound conditions over the
experiments because okra sprouted more quickly than zucchini. There was no effect due
to placement of the petri dish in the seed containers. The two different types of seeds as
well as the outer and center dishes replicate the musical sound versus control effect and
can be used as independent subjects in the analysis.

Can Effects be Explained bv Temperature?
To determine if the effects could be explained by temperature, a three-way
ANOVA was performed using the temperature data obtained from inside the seed
containers. Between group factors were experiment and condition while the repeated
measures were temperature values sampled at three-hour intervals (total of 25 time
points).

Temperature by Condition
The effect for temperature averaged over time is shown in Figure 4.5. There was
no significant interaction of the average temperature between musical sound and control
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conditions as a function of experiment (p<0.98) or as a function of time (p<l). The
temperature differences between conditions over experiment or time were not significant.
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Figure 4.5 Average temperature versus experiment for musical sound and control
conditions.

There was a slight temperature difference of a few tenths of a degree centigrade in
Experiment I. Subsequent experiments have indiscernible average temperature
differences. It can be seen that the average temperature rose from Experiment I through
Experiment IV and then fell slightly for Experiment V. The mean temperature versus
experiment parallels the trend of the outside seasonal temperature conditions as the
experiments were run through the months of March to June. This plot parallels the
increasing number of seeds that sprouted during the first three experiments. From
Experiment III on, however, the environmental conditions were better controlled and
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there is no apparent interaction between the mean temperature and the effect due to sound
condition.

Temperature by Experiment
Temperature as a function of time averaged over conditions is shown for all five
experiments in Figure 4.6. The amplitude of temperature variation over the diurnal cycle
decreased with experiment as the environmental conditions were more controlled.
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Figure 4.7 shows temperatures for the musical sound and control conditions
averaged over all runs for each experiment. During Experiment I there was a small
temperature difference between the musical sound and control conditions that was not
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discemable for the other four experiments. Even though the main effect for temperature
was significant (p<0.0000001) as was the two-way interaction between experiment and
time (p<0.0000001), the three-way interaction between condition (musical sound and
control), experiment and time had absolutely no significance (p<l). Thus, the main effect
of musical sound versus control cannot be explained by variations in temperature.
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Figure 4.7 Temperature averaged over all runs of each experiment versus time for
musical sound and control.

An interesting aspect of the temperature versus experiment can be seen in the
previous two figures. For Experiments I-IV, the diurnal (day/night) cycles of high and
low were in sync with the outside temperature. It was warmest inside during the hottest
part of the day and coolest inside during the coldest part of the day. In Experiment V,
however, these cycles were inadvertently and significantly shifted out of phase with the
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outside temperature by more than eight hours (see Figure 4.8). This non-natural
(artificial) effect was due to having the thermostat remotely located relative to the
thermally isolated laboratory.
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Figure 4.8 Outside and inside room temperature for last run of this study.

During the last experiment, while the temperature was rising outside, it was
falling inside and vice versa. This created an unnatural environment that was different
from the previous experiments. During the previous experiments the daily temperature
cycling was in phase with the natural outside cycles. These experiments also had a daily
cycling of sound condition where the sound was off from 11 ;00 pm until 7:00 am so that
there was a quiet time each day coinciding with nighttime when it was quiet outside and
the outside temperatures were falling. There was a rest time for the sound conditions that
was in phase with the natural outside cycles for the first four experiments.
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Experiment V was out of phase compared to the previous experiments because the
sound conditions were off when the inside temperature was rising. Plants tend to grow
more when it is the warmest (unless it's too hot) just as seeds germinate when it gets
warmer outside as there are seasonal shifts in temperature. By controlling the
environment as much as possible to minimize the temperature variations between
conditions, a non-natural, artificial environment was created that was out of phase with
the outside temperature and the cycling of the musical sound. This out of phase cycling
may explain why the musical sound versus control effect was slightly reduced relative to
the other experiments in Experiment V (see Figure 4.1).

Does Position of Condition Matter?
Another concern was whether or not the results were influenced by position of a
given condition in a given chamber. This is why the conditions were reassigned to
different chambers between runs to be evenly distributed among the four chambers of
Experiments IV and V during the total of eight runs. Experiments I-III were not included
in this analysis because the positions of the chambers had been moved after each of those
experiments. Chamber position stayed constant for Experiments IV and V.
To determine if there were effects due to position the data from Experiments IV
and V were analyzed using a five-way ANOVA of mixed design. Between group factors
were experiment, dish and seed type. Repeated measures were the number of seeds
sprouted in a given growth chamber sampled at 12 hour time intervals.
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Figure 4.9 shows plots of the percentage of seeds sprouted versus time averaged
over all eight runs of Experiments IV and V, seed type and petri dishes as a function of
time for each of the four positions. This two-way interaction was not significant with
p<0.56. The graph shows that the number of seeds sprouted at each time was consistent
for all of the growth chambers. No main effects or interactions with position were
observed in this analysis of variance. This analysis with all four chambers over eight
runs of Experiments IV and V shows that the musical sound versus control effect cannot
be explained by the assignments of conditions to different growth chambers.
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Figure 4.9 Percentage of seeds sprouted versus position (independent of condition).
Data are averaged over seed type, dishes and all runs of Experiments IV and V.
Each line represents 600 seeds.
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An analysis of temperature as a fiinction of position for Experiments IV and V
was performed using a three-way ANOVA. Between group factors were experiment and
position while the repeated measures were temperature values sampled at three-hour
intervals (total of 25 time points). As with the previous positional analysis, this analysis
shows no significant interactions. Figure 4.10 shows plots of temperature averaged over
four runs each for Experiments IV and V as a function of position. This three-way
interaction was not significant with p<l. It is obvious from the plots that the daily
temperature cycling was different between Experiments IV and V as already discussed.
However, there were no significant interactions involving temperature versus position
indicating that temperature differences were not a factor relative to position.
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Figure 4.10 Temperature averaged over all runs as a function of position (independent of
condition) for Experiments IV and V.
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The results of analyzing data for Experiments IV and V show that effects due to
condition were not affected by position and that temperature was not a factor relative to
position. Thus, neither position nor temperature as a fijnction of position is factors in the
observed musical sound effect.

Is the Scoring Unbiased?
Another basic question to answer deals with the scoring of the sprouted seeds.
Since the experimenter was aware of the conditions each set of seeds was subjected to, it
was necessary to have an independent measure using a scorer who was "blind" to the
conditions to ensure that there was no bias in the counting.
Comparisons between seed counts determined by the experimenter and the
independent scorer at the 60-hour point were investigated using a five-way ANOVA of
mixed design. Between group factors were Experiment IV and V, seed type and dish.
Repeated measures were condition and scorer.
It can be seen in Figure 4.11 that the experimenter and the independent scorer
always counted a greater number of sprouted okra seeds than sprouted zucchini seeds
(p<0.000001). Both the experimenter and the independent scorer counted more zucchini
seeds sprouted in Experiment V than in Experiment IV with p<0.003.
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Figure 4.11 Percentage of seeds sprouted counted at 60 hours by experimenter and
independent scorer for okra and zucchini for Experiments IV-V. Averaged over dishes,
condition and run with each line representing 600 seeds.

The experimenter always counted more total seeds having sprouted than the
independent scorer averaged over all conditions with p<0.00001. However, the two
scorers never differed in the rankings of the conditions in terms of number of seeds
sprouted with any interaction in the analyses of variance. This indicates there was no
bias due to scoring.
A scatter plot showing the number of sprouted seeds counted by the independent
scorer versus the experimenter is shown in Figure 4.12. Each data point corresponds to
the counting of one dish of 25 seeds in Experiments IV and V. These data are for all
conditions and all runs.
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Figure 4.12 Scatter plot of number of seeds sprouted at 60 hours counted by independent
scorer versus those counted by experimenter. Correlation between scorers is r=0.96.

The correlations between the seeds counts for the experimenter and the
independent scorer averaged over seed type were above r=0.96 for all conditions. Table
4.3 shows these correlations including data from Experiments IV and V. When zucchini
and okra are analyzed separately, the correlations for zucchini range from r=0.95 to 0.98
and for okra range from r=0.86 to 0.97.
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Table 4.3 Correlation between experimenter and independent scorer
for Experiments IV and V.
Seed Type Condition Correlation - r
all

Zucchini

Okra

n

P

Music

0.98

40 <0.0000001

Noise

0.98

40 <0.0000001

Control

0.96

40 <0.0000001

Music

0.98

20 <0.0000001

Noise

0.98

20 <0.0000001

Control

0.95

20 <0.0000001

Music

0.97

20 <0.0000001

Noise

0.93

20 <0.0000001

Control

0.86

20

<0.000001

These data show that there were no significant differences in the counting of
seeds between the experimenter and the independent scorer. Both scorers ranked the
outcome relative to condition similarly with all interactions.

Musical versus Non-musical Sound
The preceding analyses show that the interactions due to position, seed type and
petri dish did not affect the musical sound versus control effect on the germination of
seeds and that the main effect of musical sound compared to a control cannot be
explained by differences in temperature. However, the analyses so far have not
addressed different types of sound. From the previous analyses all that can be said is that

this particular set of musical sound selections used in all 14 runs of the five experiments
had a statistically highly significant effect upon the germination rate and the total number
of seeds that sprouted when compared to a control not subjected to sound. Thus, the
seeds exposed to this particular musical sound germinated faster and a larger percentage
of the seeds germinated.

Experiments IV and V by Condition
In order to look at effects due to the type of sound, Experiments IV and V added
non-musical sound as a third condition. This section focuses on an analysis of variance
for the eight total runs of these two experiments. A five-way ANOVA of mixed design
was performed with between group factors of Experiments IV-V, seed type and petri
dish. Repeated measures were condition (musical sound, non-musical sound and control)
and time.
There was a significant two-way interaction between condition versus time
averaged over Experiments IV and V, seed type and dishes with p<0.03 (see Table 4.4)
while the main effect for condition approached significance (p<0.068). The three-way
interaction between condition, time and experiment was not significant with p<0.28
indicating that the results are replicable between the two experiments.
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Table 4.4 Comparison of interactions for condition (musical sound, non-musical sound
and control) versus control analyzed for Experiments IV and V.

Interaction

F

p-level

Main Effect: Condition

F(2,48)=2.85

p<0.068

2-way: Condition, Time

F(12,288)=1.90

p<0.034

3-way: Condition, Experiment, Time F(12,288)=1.20

p<0.28

The percentage of seeds sprouted for each of the three conditions averaged over
Experiments IV and V, seed type, dish and time is shown in Table 4.5. Taken in
conjunction with Table 4.4 the data indicate that the germination rate was affected
differently by the different sound conditions even though the difference in the total
percentage of seeds sprouted was not very large.

Table 4.5 Total percentage of seeds sprouted for condition (musical sound, non-musical
sound and control) versus control for Experiments IV and V averaged over experiment,
seed type, dish and time.

Condition

Total Percentage
of Seeds Sprouted

Percentage Difference
Relative to Control

Musical Sound

33.73%

9.4% greater

Non-Musical Sound

32.88%

6.7% greater

Control

30.82%

The differences between musical sound and non-musical sound averaged over
Experiments IV and V can be seen in Figure 4.13. Each line in the plot represents the
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average of 800 seeds in 16 groups of 25 seeds. Musical sound was always higher than
control on average and non-musical sound was less than musical sound but higher than
control.
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Figure 4.13 Percentage of seeds sprouted averaged over seed type, dishes and
Experiments IV-V (total of eight runs) versus time for music, noise and control.
Each line represents 800 seeds.

The effect is greatest at 48 hours. By 72 hours, the numbers of seeds sprouted for
the different conditions approach one another because almost all of the seeds that will
germinate have sprouted by this point in time. Table 4.6 shows the percentages of seeds
sprouted at 48 hours for each of the three conditions. These differences are quite a bit
larger than those averaged over time further indicating that the effect varies with time.
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Table 4.6 Total percentage of seeds sprouted for condition (musical sound, non-musical
sound and control) versus control for Experiments IV and V averaged over experiment,
seed type, dish at 48 hours.

Condition

Total Percentage
of Seeds Sprouted

Percentage Difference
Relative to Control

Musical Sound

51.38%

16.8% greater

Non-Musical Sound

48.13%

9.4% greater

Control

44%

Difference in Effect Between Experiments IV and V
The data demonstrate that the musical sound used in this study had a significant
effect on the germination of seeds while the non-musical sound did not. While the effect
of musical sound was of similar size in Experiments IV and V (recall Figure 4.1), there
was a discernible (although not statistically significant) difference in the effect of the
non-musical sound between the two experiments as seen in the plots of Figure 4.14.
Because the effects of the sound conditions studied were seen in the average across both
experiments, it is not necessary to analyze Experiments IV and V separately. However,
separate analyses of these experiments can provide a glimpse into differences in effects
of sound conditions that may have been due to the non-natural shift in the temperature
cycling.
Figure 4.14 shows plots of the three conditions versus time separately for
Experiments IV and V averaged over all runs, dishes and seed types. In Experiment IV it
appears that musical sound had much more of an effect relative to non-musical sound
than in Experiment V.
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Figure 4.14 Percentage of seeds sprouted averaged four runs each for Experiments IV-V.
Each line represents 400 seeds.

The only apparent differences in experimental and environmental conditions
between Experiments IV and V were a change in the lot number for zucchini and the nonnatural shift of the diurnal cycling of the room temperature relative to the outside
temperature cycling as described earlier. The change in zucchini lot number was not
likely a factor because the same lot was used for all conditions and runs of Experiment V.
For closer examination of the interactions between conditions, separate analyses
of variance were performed to compare two conditions at a time over Experiments IV and
V (see Table 4.7). These analyses average over all runs of both experiments, seed type
and dishes. The effect for musical sound versus control (M vs C) as a function of time
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was highly significant (p<0.005), as it was for all five experiments combined, and the
interaction between these conditions averaged over time was also significant (p<0.04).

Table 4.7 Comparison of interactions of conditions from analysis of variance for all runs
of Experiments IV and V. Each column is a separate analysis of variance.
M=music, N=noise and C=control.
p Values for Combinations of Conditions
Interaction

MNC

MvsC

NvsC

M vs N

Main Effect: Condition

<0.07

<0.04

<0.15

<0.39

2-way: Condition, Time

<0.03

<0.005

<0.23

<0.54

3-way: Condition, Experiment, Time

<0.28

<0.75

<0.47

<0.03

The three-way interaction of condition, experiment and time for musical sound
versus control is not significant (p<0.75) indicating that there was a similar effect in both
experiments. Musical sound in both of these experiments caused more seeds to sprout
compared to the control independently of seed type, dish, position and temperature as it
did in all five experiments.
When non-musical sound was compared to control (N vs C) there were no
significant interactions. It is important to note that non-musical sound did not cause more
seeds to sprout when compared to the control in either experiment.
Comparing musical sound to non-musical sound (M vs N) for Experiments IV and
V there was no main effect and no significant interaction versus time over these two
experiments. However, there was a significant three-way interaction between these two
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conditions versus experiment and time (p<0.03). This indicates there was a difference in
effect for musical sound compared to non-musical sound between Experiments IV and V.
Analyses of variance performed separately on each of Experiments IV and V can
help illustrate the differences in the results for these experiments. Table 4.8 summarizes
the results of separate ANOVA's for each experiment.

Table 4.8 Comparison of analysis of variance for Experiments IV and V separately for
all three conditions music, noise and control.
p Values
Interaction

Experiment IV Experiment V

Main Effect: Condition

<0.09

<0.24

2-way: Condition, Time

<0.06

<0.20

These results show that Experiment IV had borderline significance for the 2-way
interaction of condition by time when all three conditions (M, N and C) are taken into
account whereas Experiment V was not significant. Thus, the sound condition effect was
greater in Experiment IV than in Experiment V as was seen in Figure 4.14. The reason
the analyses of one experiment alone show less overall significance is because there are
fewer trials than when analyzing two experiments together.
Analyzing conditions in Experiment IV two at a time provides notable results (see
Table 4.9). The two-way interactions of musical sound versus control (M vs C) by time
and musical sound versus non-musical sound (M vs N) by time were statistically
significant with p values <0.02. In contrast, the interaction of non-musical sound versus
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control (N vs C) by time was definitely not significant with p<0.97. The main
interactions of musical sound versus control (M vs C) and musical versus non-musical
sound (M vs N) have borderline significance. If there were more trials with similar
conditions to Experiment IV, these data suggest that these interactions would be highly
significant.

Table 4.9 Comparison of interactions of conditions from analysis of variance for
Experiments IV and V separately. Each column is also a separate analysis of variance.
M=music, N=noise and C^control.
Experiment IV

p Values for Combinations of Conditions

Interaction

MNC

MvsC

NvsC

M vs N

Main Effect: Condition

<0.09

<0.06

<0.59

<0.05

2-way: Condition, Time

<0.06

<0.02

<0.97

<0.02

Summarv of ANOVA's for Condition
A summary of the results and their significance for the ANOVA's discussed
comparing the interactions of different sound conditions is shown in Table 4.10. This
table shows results for the main effect of sound condition as well as condition by time for
the combinations of sound conditions listed in the interaction columns. The "#sub"
column lists the number of independent subjects considered for each analysis with sound
condition as the repeated measure. Because of the nature of statistical analyses the larger
the number of subjects, the better the estimate of significance of the outcome.
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Table 4.10 Summary of ANOVA's showing interactions between conditions. M=music,
N=noise and C=control. The "#Sub" column is the number of independent subjects for
each analysis where each subject represents 25 seeds and conditions were treated as
repeated measures.

Main Effect: Condition

Condition by Time

Experiment

Interaction

#sub

p value

Significance

p value

Significance

I-V

MvsC

56

p<0.002

High

p<0.000002

High

IV-V

MNC

32

p<0.068

Borderline

p<0.034

Yes

MvsC

32

p<0.04

Yes

p<0.005

High

NvsC

32

p<0.15

No

p<0.23

No

M vs N

32

p<0.39

No

p<0.54

No

MNC

16

p<0.09

Approaching

p<0.06

Borderline

MvsC

16

p<0.06

Borderline

p<0.02

Yes

NvsC

16

p<0.59

No

p<0.59

No

M vs N

16

p<0.05

Borderline

p<0.02

Yes

MNC

16

p<0.24

No

p<0.20

No

IV

V

It needs to be stressed that even though the relative effects of musical sound and
non-musical sound were different between the last two experiments, the results of the two
experiments reinforce my hypothesis especially when the interaction of daily cycles
between the sound conditions and temperature variations are taken into account. When
the musical sound was on while the daily temperature variations were following the
natural outside cycles, the effect of the musical sound when compared to both nonmusical sound and the control was noticeably larger than when the musical sound was
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applied when the daily temperature variations were out of phase with the outside cycles.
In contrast, the non-musical sound had no significant interactions when compared to the
control independent of the daily temperature variations.
These data imply that musical sound has an effect on the germination of seeds that
is coupled to natural cycles that include daily temperature variations as well as daily
sound variations. In natural conditions, it is typically cooler and quieter at night. Plants
tend to grow more during the day when the sun is out, the daily temperature variation is
warmer and the ambient sound levels increase when there is naturally more sound present
in the natural environment.
The results of this study show that this specific collection of musical sound had an
effect on seed germination that was replicable and independent of seed type, petri dish,
temperature, position and person scoring the seeds. Comparing this musical sound to a
specific type of non-musical sound shows that there are differences in the effect on seed
germination for different types of sound and the data imply that these effects are related
to the daily cycling of natural temperature variations and sound conditions. As with most
experiments, the interactions turned out to be more complex than anticipated. The
complexities, however, fiirther support the hypothesis that musical sound affects the
germination of seeds more than non-musical sound when compared to an ambient
control.
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CHAPTER 5
DISCUSSION

Summary of Results
The musical sound versus control effect was replicable through all five
experiments and for both types of seeds. There was a difference in the germination rates
of the types of seeds that was independent of effects due to sound conditions over the
experiments. The outer and center petri dishes replicated the musical sound versus
control effect. Variations in mean temperature over a run cannot explain the effects of
the musical sound versus control interaction. The effects were shown to be independent
of the assignment of a particular condition to a particular growth chamber. Mean
temperature over a run was also not a factor relative to position. In addition, there was no
significant difference in the counting of seeds between the experimenter and the
independent scorer. Thus, the main effect of the chosen musical sound on the
germination of two different types of seeds when compared to a control was independent
of petri dish and position and cannot be explained by variations in temperature.
When Experiments IV and V are analyzed separately there was a statistically
significant effect in the two-way interaction between conditions (musical sound, nonmusical sound and control) versus time. Musical sound in both experiments caused more
seeds to sprout. When non-musical sound was compared to control there were no
significant interactions. Non-musical sound did not cause significantly more seeds to
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sprout than the control. The interaction between musical sound and non-musical sound
was significant in Experiment IV, but not for Experiment V. This change in interaction
appears to correlate with the daily cycling of temperature variations and the times of day
when the sound conditions were applied in the growth chambers. These data imply that
musical sound did indeed have a greater effect on the germination of seeds than nonmusical sound when compared to a control with no sound.

Answers to Research Questions
This study set out to answer seven questions. Let us consider them one at a time:
1. Do seeds exposed to musical sound 16 hours a day in a controlled environment
germinate at a faster rate than seeds in an ambient sound environment?
• Yes. The data show that the musical sound used in this study had a statistically
highly significant effect (p<0.000002) on the germination of two types of seeds
when compared to a control with no sound as a function of time. The effect was
replicable over all 14 runs of five experiments and was shown to be independent
of temperature, position, seed type, petri dish and person counting the number of
seeds sprouted.
2. Do seeds exposed to musical sound 16 hours a day in a controlled environment
germinate at a faster rate than seeds exposed to non-musical sound 16 hours a day
in an identically controlled environment?
• Yes. The averaged data for all runs of Experiments IV and V show that the seeds
exposed to musical sound sprouted faster than the seeds exposed to non-musical
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sound. The two-way interaction of condition (musical sound, non-musical sound
and control) as a function of time was statistically significant with p<0.03.
3. Do a larger percentage of seeds (total number) germinate when exposed to musical
sound 16 hours a day in a controlled environment than seeds in an ambient sound
environment?
• Yes. The main effect for musical sound versus control averaged over all five
experiments, seed type, dish and time was statistically highly significant with
p<0.002.
4. Do a larger percentage of seeds germinate when exposed to musical sound 16 hours a
day in a controlled environment than seeds exposed to non-musical sound 16
hours a day in an identically controlled environment?
• Yes. When averaged over all time values, Experiments IV-V, seed type and dish,
a larger percentage of seeds sprouted that were exposed to musical sound
(33.73%) than were exposed to non-musical sound (32.88%) when compared to
the control (30.82%)). Musical sound increased the number of seeds germinated
by 2.6% compared to the non-musical sound averaged over time and 800 seeds
per condition.
5. Is the scoring unbiased?
• Yes. Comparison of scoring by the experimenter and an independent scorer
"blind" to the conditions show an inter-rater reliability (correlation) of r=0.96.
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6. Does temperature matter?
• This turned out to be a more complex question than anticipated. Variations in
mean temperature do not account for the effects found in this study. From a
comparison of results in Experiments IV and V, there is an apparent relationship
between the daily cycling of temperature variations and daily cycling of the sound
conditions that strengthens the hypothesis that musical sound has a greater effect
than non-musical sound when compared to a control. When the sound condition
is applied while the daily temperature is rising there was a different effect on the
sprouting of seeds than when the sound condition was applied while the
temperature was falling. Musical sound appears to have a larger effect on seed
germination when it is applied in phase with natural outside conditions, whereas,
non-musical sound did not have a significant effect on seed germination
regardless of these cycles.
7. (A) Are the effects independent of position of the sound conditions relative to one
another? (B) Does it matter which sound condition is in which growth chamber?
• (A) Yes, the effects are independent of the position for each condition over
Experiments IV and V. (B) No, it does not which sound condition is in which
growth chamber.
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Conclusions
This study has concentrated on determining whether musical sound can have a
different effect than non-musical sound on the germination of seeds. Although it has not
attempted to look at the specific properties of musical sound causing the effect, it has
demonstrated that something about organized, perceptively dynamic sound produces a
different effect from random, perceptively static sound.
These data clearly show that the musical sound chosen for this study increases the
germination rate of seeds. The results of Experiments IV and V indicate that there was a
greater effect from musical sound than from non-musical sound.
The difference in effect from Experiments IV and V appears to be related to the
difference in the diurnal cycling of temperature and how this cycling is phased with the
application of the sound condition. Different types of sound apparently have different
effects on seed germination that are intricately connected to daily cycles of sound and
temperature. After observing many thousands of seedlings germinate over a study
spanning two seasons, it is obvious that they grow faster when the temperature is rising
than they do when the temperature is falling. This implies that the interaction between
the time of day when the sound is applied and the temperature is rising is an important
aspect of this effect.

109
Directions for Future Research
A question begging for more study is the relationship between daily temperature
cycling and the times of day when the sound condition is applied. Is there really a
difference if the sound is applied while the temperature is falling rather than when it is
rising? Could this relate to natural cycles such as springtime when birds become much
more vocal and plants such as trees bloom? Could the natural interaction between
different types of sound and temperature be a significant factor in the growth of plant
life? It would be straightforward to design a controlled experiment based on this study to
test the question of cycling temperatures and sounds.
Many other questions come to mind. Would rhythmic musical sound with a
metrical beat produce a different effect from this free flowing improvised musical sound?
Is the difference in effect for musical and non-musical sound related to having
intermittent sounds present as opposed to continuous sound? Would non-musical sound
with the same intermittent periodicity (on-off cycling) as the musical sound selections
change the outcome? Are the seeds responding to the rate of change of the sound such as
slower changes in melodic sounds as opposed to very fast changes in the "pink" noise? Is
there a way to determine if the pitch is more or less effective than the time aspect of the
organized, dynamic quality of musical sound? Are the seedlings responding more to
sound that has a select grouping of frequencies present such as these musical sound
selections as opposed to having a wide bandwidth of frequencies present simultaneously
as with the "pink" noise? Would the musical selections chosen for this study have a
different effect on the germination of seeds than that, say, of Ozzy Osboume?
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Implications of Results
The data from this study show that musical sound physiologically affects seed
germination more than non-musical sound. This indicates that treating seeds to musical
sound could both increase germination rates and enhance yield. Even though treatment
of whole fields to musical sound may not be practical, musical sound treatment during
certain times of the day could be usefiil in a greenhouse setting where seeds are
germinated.
Since musical sound has a physiological effect on seed germination, it is possible
to extend this hypothesis to biological systems other than seeds. Musical sound may
have physiological effects on all biological systems. Musical sound may not only affect
humans psychologically, it is highly likely that it also affects us physiologically. If music
does indeed affect us physiologically, there are wide-ranging implications. We as human
beings may by necessity need music just as we need food for sustenance. And just as
some foods we eat are helpful to our biological systems, some foods can cause adverse
reactions and have been shown not to be good for our biological systems. Can the same
thing be said about music? Are there types of music that enhance the physiological
functioning of our biological systems? Are there types of music that degrade the
functioning of biological systems? Does the music of Bach or Mozart really produce a
different effect on a biological system than rock music?
Vibrational and electromagnetic resonances from sources such as musical sound
vibration may be at the very core of the functioning of all biological systems. Biological
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systems are known to entrain to natural cycles. Humans are known to entrain to
vibrational cycles such as heartbeats and brainwaves. What types of bioelectromagnetic
resonances are directly related to musical sound? Can resonances set up by vibrations
from musical sound change an inherent property within a biological system?
Music is vibration. Vibration excites water molecules within biological systems.
Having water molecules vibrate more will raise temperature because temperature is a
measure of the motion of molecules. Higher temperatures can increase metabolic rates.
Resonances from musical sound vibration can couple directly into biological systems
because they are composed mostly of water. Physiological effects from vibrational
resonance may be the rule rather than the exception. This implies that musical sound
therapies may have a physiological basis that has not yet been explored. Beyond the
psychological soothing, calming or energizing effects of certain types of music there may
be a physiological basis for listening to music.
The present findings can also be interpreted as implying that plants "like" music
more than they like noise. May it be possible that plants really do like music and have
"preferences" to the kinds of sounds they listen to? Are the seeds dancing to the music?

112

APPENDIX A
MUSICAL SOUND SELECTIONS

Table A.l lists the musical sound selections used in this study. The selections
include all 18 selections from Inside Canyon de Chelley recorded by Paul Horn and R.
Carlos Nakai (1997) as well as nine selections from Emergence by R. Carlos Nakai
(1992). The total length of the compiled CD was 74 minutes.
Besides listing track number, track length and track title this table indicates the
instrumentation and prominent sounds for each track, the key center of each piece and the
prominent pitches. Key centers were determined via transcription while prominent
pitches were determined using the computer program PsySound (Cabrera 1999) as
described in Chapter 2. Prominence was ascertained using histogram output from
PsySound indicating how long each pitch was sounded relative to the length of the audio
track.
Most of the selections are for different types of flute with two pieces for soprano
saxophone and two pieces for bass voice. "NA flute" refers to the Native American flute,
which has a scale of C, Eb, F, G, Bb, C when starting on C. In addition, these selections
include sounds of nature and natural echoes that were incorporated into the compositions
as well as some synthesized echoes.
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Table A.1 Musical sound selections.

Title

Instrumentation
& Prominent
Sounds

Key
Center

Most
Frequent
Pitches^

Track

Length

1

1:33

Within the Rocks'

NA flute^, birds, water

C

GB''

2

3:26

Anasazi Journeys'

NA & alto flutes, water

BF" C"

3

2:04

Dreamer's Chant

NA flute

F"
b''

GD

4
5

1:46

Fortress Rock'

C flute

G

GD

2:08

Raven Rendezvous'

Soprano sax. Raven

C

CG

6

2:02

Solstice Prayer^

NA flute

F"

BF^C"

7

1:51

Pennyroyal Canyon'

Two NA flutes, thunder

G

GD

8

3:04

Medicine Keeper'

Voice, NA flute, water

D

AD

9

1:59

Atoka, Atoka^

NA flute

F''

BF"

10

3:18

Tunnel Canyon'

NA flute, ti-tze''

D

DG

11

1:52

Spider Woman's Home'

C flute & NA flute

e"

e'' b"'

12

5:59

Coyote Rainbows^

NA flute

F"

AF"

13

2:39

Bad Trail'

Soprano sax, birds

CG

14

2:00

Canyon Breeze'

NA flute

c
e''

15

3:27

The Young Old Warrior^

NA flute, synth echo

c

GCD

16

2:22

Tsegi'

Two NA flutes

G

GD

17

2:33

Shaman Winds 1'

NA & alto flutes

B

BF"

18

3:44

Red Streaking into the Water^

2:09

Shaman Winds 2'

F"
b''

F#

19

NA flute, synth echo
C flute, birds

DGF

20

3:20

Wild Cherry Canyon'

C flute,& NA flute, water

c

CG

21

3:36

Willow People^

NA flute, synth echo

G

GD

22

1:54

Beehive'

NA flute, natural echo

G

GD

23

2:19

Pot-Shards & Pictographs'

Two NA flutes

F"

F# Qit

24

5:47

Rainbow World

Voice, synth echo

F"

B AF"

25

2:23

Life Surrounds Me'

C flute, natural echo

c

GDC

26
27

1:57
2:17

Pele's Thunderbird'
Amazing Grace

Nose flute, jet plane
NA flute, synth echo

A
b

AD
B F''

b'' E''

^Inside Canyon de Chelley, Paul Horn and R. Carlos Nakai (CR-7019, Canyon Records, 1997).
2
3
4

Emergence: Songs of the Rainbow World, R. Carlos Nakai (CR-609, Canyon Records, 1992).
Unless otherwise indicated, selections are for solo instruments. NA = Native American flute.
A ti-tze is a Chinese bamboo transverse flute.

^Determined from audio recording by PsySound 2.05.
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APPENDIX B
SUMMARY OF EXPERIMENTS AND RUNS

Experiments I and II utilized two identical chambers. The only difference
between the chambers was that an audio signal was sent to a speaker in one chamber
providing the seeds with musical sound whereas there was no sound going through the
speaker in the control chamber. Two runs were made for each of these experiments with
each condition being in each position once. The chambers were moved to different
positions for Experiment II to decrease the temperature variation between the chambers.
For Experiment III, two runs were made with a total of three chambers. The third
chamber was added to increase the number of possible positions for the two conditions.
Experiments I through III yielded a total of six runs comparing musical sound to a control
with no sound. Experiments IV and V added a fourth chamber and compared musical
sound to non-musical sound (pink noise) to a control group with no sound. Three
conditions were distributed among the four chambers to determine if there were any
effects due to position. These two experiments comprised a total of eight runs where
each condition was in each chamber twice.
Table B.l shows a summary of the runs with comments. Positions for each
condition are indicated as well as the dates and length of each run. These runs included
5,100 seeds of which 3,600 were used for the data analysis. The five runs not included in
the data analysis are marked with asterisks. Reasons for not including these runs are
summarized in the comments and were detailed in Chapter 3.
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Table B.l Summary of experiments and runs. Position indicates which chamber (A, B,
C or D) was control (C), music (M) and noise (N). 100 seeds per chamber with two
groups each of zucchini and okra having 25 seeds per group.

Exp Run
I

II

III

IV

V

Dates

1

3/16-22

2

3/22-27

Length
(hours)
144
120

1

3/28-4/2

2

Position
C M N

Comments

A
B

B

—

A

—

120

B

A

4/2-7

120

A

B

1

4/27-30

72

C

B

2

5/1-4

72

B

A

—

1

5/6-9

72

C

B

D

2

5/10-13

72

A

C

B

3

5/13-16

72

C

A

D

4

5/17-20

72

A

D

B

5a*

5/27-30

72

B

A

C

Outside temperature above 100°F (38°C).
Evaporative cooler without ceiling fan.
Temperature not controlled well enough.

5b*

5/30-6/2

72

B

A

C

Evaporative cooler with ceiling fan.
Temperature not controlled well enough.
New lot of zucchini seeds.

Oa*

6/5-8

72

all all all

Control run - no conditions. Added
radiant heat barriers on windows and 4
circulating fans before this run. Switched
to AC turned last day of this run.

Ob*

6/8-11

72

all all

all AC on. Control run - no conditions.

5c
6

6/11-14
6/14-17

72
72

B
D

A
C

C
A

AC on.

7a*

6/18-21

72

B

D

C

Scorer was not available at 60 hours.

8

6/22-25

72

D

B

A

7b

6/26-29

72

B

D

C

Runs not included in data analysis.

2 chambers. 2 conditions.
Temperature difference
between chambers > 0.1°C.
2 chambers. 2 conditions.
Moved chambers to have temperature
difference <0.1°C.

—

3 chambers. 2 conditions.
Moved experiment to a different room.
Evaporative cooler with ceiling fan.
4 chambers. 3 conditions.
Evaporative cooler with ceiling fan.

Repeated run. Scorer was available.
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APPENDIX C
RAW DATA FORMAT

Table C.l in this appendix illustrates the raw data for one complete run as entered
in a spreadsheet. With three conditions there are a total of 12 units or independent groups
of seeds per run. Each group is comprised of either 25 zucchini or 25 okra seeds.
The first column indicates which condition was present. Because the statistical
analysis software ultimately needs numerical coding, all quantities are coded as numbers
in the raw data spreadsheet. The control condition is coded as 1, the musical sound
(music) condition is 2 and the non-musical sound (noise) condition is 3.
Table C.2 contains a key to the column headings in Table C.1. The second
column of Table C.l indicates which growth chamber the condition was assigned to. The
growth chambers were not moved between runs in any given experiment so that growth
chamber A is always in position A for that experiment. Outer versus center petri dishes
are indicated i n c o l u m n three a n d seed type i s indicated in column four o f Table C . l .
The last seven columns of Table C.l are the numbers of seeds counted as sprouted
out of groups of 25 seeds at time intervals 12 hours apart. HO is the number at zero
hours, HI2 is the number at 12 hours and H72 is the number at 72 hours.
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Table C.1 Raw data for Experiment IV, Run 1.

Condition Position
Control

Chamber

Dish

Seed

Elapsed Time in Hours

Outer Zucchini

number of seeds sprouted

A, B, C, D Center

Okra

C1M2N3 A1B2C3D4 01C2

Z102

HO

Music

out of 25

Noise
H12 H24 H36 H48 H60 H72

1

3

1

1

0

0

0

5

9

11

13

1

3

1

2

0

0

4

9

11

13

18

1

3

2

1

0

0

0

4

8

11

13

1

3

2

2

0

0

3

8

10

14

19

2

2

1

1

0

0

0

7

11

16

17

2

2

1

2

0

0

8

14

16

20

22

2

2

2

1

0

0

0

3

5

9

11

2

2

2

2

0

0

9

13

15

19

23

3

4

1

1

0

0

0

4

10

14

17

3

4

1

2

0

0

6

13

15

19

24

3

4

2

1

0

0

0

2

5

7

11

3

4

2

2

0

0

10

15

18

20

24
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Table C.2 Key to column headings in Table C.l

Heading

Letter Code

Number Code

C1M2N3

C

1

control

M

2

musical sound

N

3

non-musical sound

A

1

chamber position A

B

2

chamber position B

C

3

chamber position C

D

4

chamber position D

0

1

outer petri dish

C

2

center petri dish

Z

1

zucchini

0

2

okra

A1B2C3D4

01C2

Z102

Key to Label

HO

number sprouted at hour 0

H12

number sprouted at hour 12

H24

number sprouted at hour 24

H36

number sprouted at hour 36

H48

number sprouted at hour 48

H60

number sprouted at hour 60

H72

number sprouted at hour 72
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APPENDIX D
ANOVA DATA FORMAT

All data for all five experiments were entered into a single spreadsheet for data
analysis. For clarity, only seed count data from one experiment are described here.
Table D.l shows the data for all runs of Experiment IV as entered into a
Microsoft Excel spreadsheet for use in the statistical analysis software Statistica. The
data were analyzed using ANOVA's (analyses of variance) of mixed design.
The first four columns of Table D.l indicate the experiment number, the run
number, which pctri dish (outer = 1, center = 2) and the seed type (zucchini = 1,
okra = 2). Each row of this spreadsheet is considered as a separate independent subject.
The numbers in the first four columns act as labels for the separate subjects. For an
ANOVA comparing different conditions, between group factors were the experiment
number, the petri dish location and the seed type. These were considered as independent
variables. The dependent variables would then be the number of seeds that had sprouted
for a given condition and time. Condition and time were thus considered repeated
measures. The number of seeds sprouted for a single subject at a single time point would
be compared for all three conditions, e.g. CO was compared to MO to NO. Specific details
for each analysis are in Chapter 4.

Table D.l Data from Experiment IV all runs formatted for 5-way analysis of variance
(ANOVA) of mixed design.
See next page.

Table D.1 Data from Experiment IV all runs formatted for 5-way analysis of variance of mixed design.

Exp Run 01C2 Z102

Control

Music

Noise

CO C12 C24 C36 C48 C60 C72

MO M12 M24 M36 M48 M60 M72

NO N12 N24 N36 N48 N60 N72

4

1

1

1

0

0

0

5

9

11

13

0

0

0

7

11

16

17

0

0

0

4

10

14

17

4

1

1

2

0

0

4

9

11

13

18

0

0

8

14

16

20

22

0

0

6

13

15

19

24

4

1

2

1

0

0

0

4

8

11

13

0

0

0

3

5

9

11

0

0

0

2

5

7

11

4

1

2

2

0

0

3

8

10

14

19

0

0

9

13

15

19

23

0

0

10

15

18

20

24

4

2

1

1

0

0

0

4

10

12

15

0

0

0

6

12

12

13

0

0

0

4

9

13

14

4

2

1

2

0

0

9

14

17

18

22

0

0

10

15

19

19

23

0

0

6

10

13

16

23

4

2

2

1

0

0

0

3

7

9

11

0

0

0

7

15

16

18

0

0

0

3

8

13

15

4

2

2

2

0

0

5

12

13

17

22

0

0

8

15

17

18

22

0

0

7

11

14

17

20

4

3

1

1

0

0

0

3

8

9

13

0

0

0

4

6

8

8

0

0

0

6

6

8

13

4

3

1

2

0

0

9

14

17

21

22

0

0

4

10

13

20

22

0

0

5

14

16

18

22

4

3

2

1

0

0

0

2

3

6

8

0

0

0

4

9

10

12

0

0

0

4

9

11

13

4

3

2

2

0

0

7

11

14

19

23

0

0

9

14

15

18

19

0

0

8

13

15

17

20

4

4

1

1

0

0

0

5

10

12

13

0

0

0

4

9

11

16

0

0

0

3

10

13

15

4

4

1

2

0

0

6

8

13

18

23

0

0

9

14

18

23

25

0

0

4

9

12

19

23

4

4

2

1

0

0

0

3

9

14

15

0

0

0

3

10

11

14

0

0

0

3

5

6

8

4

4

2

2

0

0

9

13

14

18

23

0

0

8

14

16

18

23

0

0

9

11

13

17

22

t t f t

Between Group Factors:
Experiment (1-5)
Petri Dish (2)
Seed Type (2)

I

J
Repeated Measures:
Condition (2-3)
for each Time (7)
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APPENDIX E
EFFECTS OF AVERAGING

Results varied from run to run because of the natural variation in seed
germination rates. To illustrate the variation from run to run in the percentage of seeds
sprouted, Figure E.l shows the data for all four runs of Experiment IV for zucchini and
Figure E.2 shows the data for okra. Each line represents the 50 seeds contained in the 2
groups of 25 seeds in any one seed container. Plots from groups of 25 seeds were shown
in Figure 3.16. Each run had the conditions in different chambers and thus in different
positions in the room.

100
Zucchini

Zucchini

Music

Music

Zucchini

Music
Noise

Noise

Control

Zucchini

Control

Music

Noise

Control

Control

Noise

72 0
Time (Hours)

Time (Hours)

Time (Hours)

Time (Hours)

Exp IV- Run 1

Exp IV- Run 2

Exp IV- Run 3

Exp IV- Run 4

Figure E. 1 Percentage of zucchini seeds sprouted for the four runs of Experiment IV for
music, noise and control. Each line represents 50 seeds.
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100

Noise
Music

Music

Music

Control
Music

Control

Control

Noise
Noise

/ Control -

0

Noise

24 48 72 0
24 48 72 0
24 48 72 0
24 48 72
Time (Hours)
Time (Hours)
Time (Hours)
Time (Hours)
Exp IV- Run 4
Exp IV- Run 1
Exp IV- Run 2
Exp IV- Run 3

Figure E.2 Percentage of okra seeds sprouted for the four runs of Experiment IV for
music, noise and control. Each line represents 50 seeds.

Because the variations make it difficult to judge the outcome and determine
effects by looking at single runs, the results of many runs were averaged together. Figure
E.3 shows the average of the data for the four runs with zucchini on the left and okra on
the right. Notice that now the lines are smoother than for a single run. Each line in
Figure E.3 now represents 200 seeds and averages over the different chamber positions.
From these data there are trends that can be noticed that are not obvious in a single run.
The seeds exposed to this particular musical sound sprout faster on average than the
control for both zucchini and okra. The seeds exposed to the non-musical sound do not
appear to show much difference from the control for zucchini and show a slightly faster
rate of sprouting for the okra.
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100

100
4-Run Average

4-Run Average
Music

Music

Noise

Noise ^

00

Control
7" Control

0

24
48
72
Elasped Time (Hours)
Zucchini

0

24
48
72
Elasped Time (Hours)
Okra

Figure E.3 Percentage of seeds sprouted versus time for three conditions averaged over
all four runs of Experiment IV. Each line represents 200 seeds.

These averaged data provides a wealth of information that can be mined. When all
five experiments are taken and analyzed together the effects are looked at as a larger
whole in Chapter 5.
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APPENDIX F
TUCSON TEMPERATURE DATA

Temperature outside the laboratory was not monitored during the experiments to
compare with inside temperature. National Weather Service data from Tucson
International Airport

12

showing how the outside variation compared to the ambient room

variation are shown in Figure F. 1 for the last run of this study. This plot shows the
extremes of Tucson temperatures in June when the outside temperature can be more than
20°C greater than the inside temperature.

45
Outside
40
35
30
Inside

25
Last Run 26-29 June, 2002

20
0

48

72

Elapsed Time (Hours)

Figure F. 1 Tucson official temperature (outside) and ambient room
temperature (inside) for last run of this study.
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The thermal conditions for these experiments proved to be the most difficult part
to control over the four-month span of this study. Figure F.2 shows the daily high
temperature as recorded at Tucson International Airport for the four months of this study.
At the beginning of the March the heat was on inside the laboratory. By the end of May
it was sizzling outside and air conditioning was necessary inside the laboratory.

H

10

March

April

May

June

2002
Figure F.2 Daily high temperature at Tucson International Airport
during the span of this study.
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ENDNOTES

' An ambient sound control is not subjected to direct sound from a speaker as are the
other conditions. It has identical growth and environmental conditions as those exposed
directly to sound. The only sounds in the ambient environment are the same outside
noises (e.g. cars driving by outside or an occasional telephone ring) that all conditions
are exposed to.
2

Webster's II New Riverside University Dictionary (1988) defines music as "the art of
arranging tones in an orderly sequence so as to produce a unified and continuous
composition." Musical is "typical of or similar to music." These definitions have been
combined and the word tones replaced with sound.
PSDs were calculated by averaging fast Fourier transforms over consecutive 4096-point
sections with a 2048-point Manning window (Brigham 1988). Routines were
programmed in Matlab.
Matlab 5.2 for Macintosh, http://www.mathworks.com.

^ Hz (Hertz) is cycles per second. 1 Hz corresponds to a metronome marking of 60 beats
per minute.
^ This selection was recorded using a low-fidelity microphone built into a laptop
computer.
7

8

. .

Definitions for what constitutes pink noise vary. From a signal-processing point of
view pink noise is the same as 1/f noise and has equal power per octave rather than
equal power per frequency (white noise). Using this definition the noise used in this
study could be termed more like "dirty white" than "pink." The label "pink noise" from
the Behringer Audio CD was kept for consistency.
•

Admittedly, part of this choice is personal. The laboratory for this study was in a room
of my home. I chose music I liked because I was listening to it for long periods of time.

^ Bias Peak TDM 2.5 for Macintosh.
http://members.tripod.com/~densil/
" Carolina Seeds, A Division of Muffin Industries, Inc., Boone, NC 28607.
www.carolinaseeds.com.
12

http://www.wrh.noaa.gov/Tucson/
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