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W-Waves and Plant Spacings

Abstract
W-waves have charact€ristic frequencies in plants. To se€ if branch patlerns mighl corelate with thes€ frequencies branch,
twig, stem, and leaf spacings {er€ analyzed in a nunber of plants. The distributions of frequeneies (Hz) associated {irh spac-
ings wer€ found to correlare closeiy with a speclrum anallsis of actual frequencies enitted b) planls. The distriburions appear
to be frequency spectra of plant utilized W,saves.

Introduction

Earlier I reported the discovery of W-waves in
plants (Wagner l988a,b; l9B9). Evidence for the
existence of W-waves consisted of measured elec,
trical patterns, recorded oscil lations, excitation
behavior, and reflection phenomena. Measured
electrical patterns appeared to indicate that
standing waves are always present in plants and
may play a part in their physiology. Recorded
oscillations are another feature that demon'
strated the presence of waves. Evidence indicated
that the obsprved !raves were not eleclromagnetil '
(Wagner l9BBb; l9B9) but as they interacted
weakly with charge it was possible to observe
some of their effects with ordinary electrical
measurement equipment. I disturbed the appar-
ent standing wave pattern in a tree at different
loca t ions  and de ter . ted  osc i l la to r l  behav io r  com-
ing from two probes in the tree; a typical re-
sponse upon disrurbing any standing wave pat-
tern. The velocity of the waves in the tree was
found to be 90 + 6 cm/sec using pulse reflec-
tion (Wagner 1988b). All the evidence pointed
to the existence of waves in plants.

The presence of standing waves in plants led
to the idea that nodes (or antinodes) may be likely
places for the growth of branches or other plant
structures. To test this hypothesis several thou-
sand branch and other spacings on plants were
measured to see if the frequency distributions of
plant growth spacings would demonstrate dis-
crete groups.

Observation of such discrete spacings would
suggest that the growth spacings are related to
the standing waves already observed in plants.
As  such d isc re te  g roup ings  o f  spac ings  were
found I  a t tempted to  cor re la te  the  f requenc ies
from a low frequency spectrum analyzer con-
nec ted  to  p robes  in  p lan ls  w i th  the  f r "quenc ies
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(Hz) calculated from observed plant growth
spacings.

Methods and Materials

Measurement of Spacings

Details of the methodology of electrical signal
measurements on trees and other plants were
described earl ier (Wagner l9BBa,b; 1989). The
plants used in this study grew at an altitude near
460 m. Measurements of plant growth spacings
(i .e. distances between branches, twigs, srens, or
leaves) were taken with a rule calibrated in rnilli-
neters and estimated to the nearest 0.1 mm. It
is dif f icult  to measure the spacings between
branches, twigs, and leaves on branches accurate-
ly without good reference points. A few plants,
such as big leaf maple (Acer macrophylln) with
its bands at branch locations, syringa (Phila-
delphus sp.) or sweet corn (Zea mays saccarata),
have distinct features which do provide good
reference points. For consistency, appropriate
rel-erence points were chosen in every case. Spac-
ings between needles on conifers were omitted
from these measurements bpi"ause the spacings
are so small. While an attempt was made to take
a  rep resen ta t i vc  random samp le  o f  spac ings  so
that a distr ibution would be typical of the spac-
ings from a part icular species of plant, the spac-
ings of branches on tree trunks were ignored
because there were relatively few branches per
tree.

The data recorded were spacings between: ( l)
twigs and small  branches on one young (approx.
5 m) white fir (l6ies concolor); (2) lower branches
of three (approx. 30 m) white fir trees; (3) leaves
and stems on several prickly lettuce (,Lactzco
serriola) plants; (4) twigs, mostly from lower
branches, on two young Douglas"f ir  trees (Rez-
dotsuga menziesii) (9 m) growing in the open



(emphasizing nelv but completed growth); (5)
twigs on another young Douglas-fir (B m) grow-
ing in semishade; (6) lower branches of 5 approx-
imately l5 m ponderosa pines (Pinus ponderosa)
growing in a clump with other trees; (?) leaves
and branches on one bigleaf maple, cut down for
easy access; (8) leaves and branches on one small
(approx. 4 m) Oregot ash (Fraxinus LatifoLia); (9)
leaves and branches on one syringa shrub; (10)
joints on many stalks of sreet corn; (l l) leaves
and branches on some lower branches of two
delicious apple trees (Pyrus Malus sp-); ar'd (12)
leaves and branches from four different Concord
grape (Yitus labrusca) vlnes. No attempt was
made to obtain all the spacings from any par-
ticular tree or other plant except in the case of
prickly lettuce.

The plant growth spacings were analyzed to
see if rhey clustered into discrete groupings by
taking the frequency distributions of the mea-
sured spacings using I mm intervals. Spacing
mostly appeared to be discrete (Figure l). Each
spacing in the twelve sets of dala above was then
converted to a frequency in Hz by dividing a W-
wave speed of 96 cm/sec by twice the spacing (see
data analysis), (96 cm/sec was within the previous-
ly rneasured wave speed of 90 + 6 cm/sec
(Wagner l988a.b)). The number of spacings in
each 0.1 Hz interval (bin) was plotted against fre-
quency in Hz for each set of data to make the
l2 graphs of Figures 2-5. By converting spacings
to frequency (Hz) and taking the distribution I
could compare frequencies derived from growth
spacings directly with frequencies found from
spectrum analysis. Any correlation between these
frequencies would tend to indicate the W-waves
with their wave patterns were involved in setting
plant growth spacings. I did not attempt to verify
if an existing branch spacing pattern correlated
with the iz sir& standing wave pattern in a par-
ticular plant as I assumed that the standing wave
pattern slowly changes as the plant grows (see
Wagner 1988b).

Measurement of W-wave Frequencies

Direcl measurements of the frequency spectrum
of electrical signals (Figures 6 and 7) were re-
corded on a frequency spectrum analyzer
(Schlumberger l20l) by placing probes in the
plants (Wagner l9BBa,b; l9B9). Concern for possi-
ble 60 Hz interference led to testing the analyzer
far away from 60 Hz sources but the same ap-

Figxre I . Spacing distributions o{ (A) 536 branch and leaf
spacings fron the lo{er branches of two delicious
apple trees, (B) 429 spacings from the lower
branche! of five ponderosa pine rrees (approx. l5
m hish), and (C)s02leafand branch spacinss from
Concord grape rines. The interyal used in taking
the distribuiions was 0.1 cm.

parent W-wave peaks (harmonics) usually ap-
peared when a 4B.8 Hz supply was used. Care was
taken to assure that any peak considered as a W-
wave peak from the spectrum analyzer was found
only in association with plants. Peaks such as 60
Hz harmonics {rom ac power are common (60 Hz
also appears to be a common W-wave frequen'
cy) and numerous electronic devices radiate other
spurious signals so spectra were taken approx-
imately 1500 times to validate the various
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Figure 2. Frequency of occurrence of spacings (convened to
frequency in Hz by using f = 4aA where f is rhe
frequency and s is ihe spacing. See the rexl) ver,
sus frequency (Hz) ofbranch, rwig, sren, and teaf
spacines for (A) 489 spacinss on a youns white fir
(5 m), (B) 863 spacings on the lower branches of
thre€ 30 n vhire fir", and (C) 720 spacinss on pricl-
ly lettuce. The bin (inlervals used in obraining rhe
disrdbutions) in &ese ftequency disributions is 0.t
Hz. The frequencies above peaks in Figures 2-S
were raken from rhe Lorus 1,2,3 *orksheets used
for dats analysis.
+Nunber in parenthesis after a frequency refers
to the number of spacings for thar peak.

apparent W-rave frequencies. Common mode
cancellation and coaxial cable with appropriate
grounding was used to minimize undesirable
signals. No attempt was made to compare ampli-
rudes of the same frequency peak in different
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Fig re 3. Irequency o{ occurrence of spacings versus frequen-
cy (Hz) for (A) 633 spacinss from rwo Douslas-fir
(9 m) srowing in rhe open, (B) 314 spacings fron
a youns (8 m) Douglas fir growins in semishade,
and (C) 429 spacings fron th€ lower b.ancbes of
f i rp appror imarply l5 m pondFrosa pin.  grohing
in a clunp wirh several other rrees.

plants on the spectrum analyzer. Thc specrrum
analyzer data were taken from I July to 8 0c-
tober 1988.

The spectra were also confirmed, checked,
and analyzed in the following ways

(l) A battery operated instrumentatton
amplifier in a rnetal box (a 90 cm aluminum cube)
was connected to a potted plant in the same metal
bor vith appropriate probes. A pair of coaxial
cables took the signal to the differentially
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Figur€ 4. Irequency of occurrence rersus f.equency (Hz) {or
(A) 865 branch and leaf spacinss from a big lea{
naple (approx. l0 m), (B) 622 branch and leaf
spacings fron a snall (4 m) oregon ash, and (c)
642 bran.h and t"at  . ta. ing" f ron a .yr inga
Ghrub).

connected spectrum analyzer outside the metal
box (Figure 8). The amplifier increased the signal
amplitude feeding into the spectrum analyzer to
rhe millivolt range with the typical peaks (usual-
ly harmonics of 0.16 Hz with certain harmonics
that usually are of higher amplitude) I have
associated with plants still appearing, but at
much higher amplitudes. This confirmed that the
obsewed frequencies were coming from the plant
and not the spectrum analyzer. All appropriate
measures were taken for common mode cancella-
tion of unwanted signals.

Figure 5. Frequency ofoccunence versus frequency (Hz) for
(A)392joint spacinss on swe€t corn,(B)s36 branch
and Ieafspacings fron rhe lover branches of two
delicious apple rrees, and (C) 502leafand branch
spacings f.on Concord grape vines.

(2) The apparent planr frequencies we.e also
confirrned on a Schlumberger 1220 low frequen-
cy spectrum aralyze4 a considerably differenr
analyzer which is more sensitive and better
designed to reduce spurious responses than the
120t .

(3) Probes in a control dead dry log did not
give plant spectra, but they were observed,
however, from salt solution filled logs.

(4) Almost all observed peaks appeared to
represent harmonics or subharmonics and this
fact was used to check peak validity. If the
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Fieure 6. Specrrun (0-20 Hz) f.on conracrs spaced about 3 cm on a willow (Sdk sp). Notice the peaks spaced at 0.32 Hz and

the t.6 Hz harnonic peals wbich ofren have great€r amplitude than lhe ordinary 0.32 Hz spaced peaks. This spec-

trum ras chosen as rarher typical o{ spectra frorn plants. Several of the 1.6 Hz harmonic peaks have been marked

ro indicare rhe frequency of the peak. This is essentially the same as the spectrun of Figure 7 excepl that only a

derailed porlion of th€ spectrum (bas€band 20 Hz) is shown atlo{ing $e structure berwe€n the 1.6 Hz spaced peaks

to be seen. The arrows indicate 0.32 Hz spaced peaks The scales are linear.

spectrum baseband was set at 30000 Hz peaks
were usually observed spaced at 800 Hz (not

shown) vith the last one at 29600 Hz due to the
resolution characteristics of the spectrum
analyzer and the nature of the spectrum. If the
baseband was set at 2000 Hz the observed peaks
were usually spaced at 80 Hz with rhe lOth peak
representing the first 800 Hz peak obsened on
the analyzer with a 30000 Hz baseband. If the
baseband was set at 500 Hz the observed peaks
were often spaced at 16 Hz intervals with the fifth
peak at B0 Hz or, if the baseband was 100 Hz,
the observed apparent plant frequencles were on
1.6 Hz intervals (Figure 7). If the baseband was
set at 20 Hz the comnonly observed interval was
0.32 Hz, with larger peaks at 1.6 Hz intervals
(Figure 6). For basebands of I Hz peaks were
found at 0.16. 0.08. 0.04. and 0.02 Hz.
Characteristically certain harmonics often appear
to be larger than others, for example, the 7th and
l0th harmonics of 1.6 Hz (l1.2 and 16 Hz) using

a 20 Hz baseband (note also the larger peaks of
Figure 7). There appears to be a regular re'
peating characteristic pattern in the relative
amplitude of harmonics but it has not yet been
completely determined. The above harmonics
seem to appear only when probes in plants or salt
solution filled wood samples are used or from cer-
tain other types of sensom in the vicinity of plants
(Wagner l9B9).

(5) Another technique which appears to con-
firm the presence of W-wave frequencies involves
running a small ac electric current through a
plant using one probe near the top and the other
near the bottom of the plant. Connecting the
spectrum analyzer to two probes in the plant set
between the current supply probes indicates that
the small ac current frequency beats with W-wave
frequencies (Wagner l9B9). When the spectrum
analyzer reveals a peak at an ac source frequen-
cy S, other peaks are also often seen symmetrical-
ly placed about this peak. These other peaks
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Fisu.e 7. Spectrum (0-100 Hz) fron probes on madrore(Aiutus nenziest,. The 1.6 Hz spaced peaks show clearly. The targe
peak is the 60 Hz power peak which i! difficult to etininate near 60 Hz power lines. This spectrun was raken at
0543 brs 2 August 1988 at a tenperature of 10.6' C. Again this was a typical spectrum from probes in a plant. The
scales are linear.

-1

appear at frequencies S+g" or S-g. where the
g. appear lo be common W-wave frequencies.
Many apparent W-wave frequencies have been
observed which match those commonly observed
on the spectrum analyzer using the first method
(two probes without a special ac source to pro-
duce beats). This beat (or heterodyne) four probe
technique appears to provide an additional check
on the validity of the obsened W-wave frequen-
cies. Amplitudes are often orders of magnitude
larger than those observed by the sirnple two
probe method first used. The beat method is
more tedious than the direct approach since only
a few frequencies usually appear r ith a given ap-
plied frequency but it appears to sho* peaks of
important W'wave frequencies outside the 1.6 Hz
harmonic series of the two probe method (e.g.
4, 10, ard 12 Hz)-

(6) The given spectra (e.g. Figures 6 and 7)
result from at least eight averages on the l20l
spectrum analyzer to minimize noise. Exponen-
tial averaging was used (usually with a Hanning
window) wirh a time constant of several seconds

to seveial minutes (depending on the baseband
used). The slow rise and fall of some of the peaks
could be seen as the spectrum analyzer averaged.

(7) In init ial phase tests ti{o begonia plants
(Begonia sp,) were displaced vertically from one
another by approximately one meter. Pairs of
probes were placed in each plant and the probe
outputs run through high input impedance band-
pass filters with center frequencies of 80 Hz
(usually a large amplitude W-wave frequency). A
phasemeter indicated that the 80 Hz signals ob-
tained were related by a constant phase angle.
This apparently indicated that the tv.o B0 Hz W-
wave signals were not only real but that they were
causally l inked (e.g. perhaps the 80 Hz signals
came from a spacial (and vertical) standing W-
wave pa t te rn  common to  bo th  p lan ts ) .

Data Analysis and Results

If standing waves are responsible for the spac-
ings between plant structures then both a wave-
length and a frequency can apparently be

481 6 80 9632
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Iignre 8. A diagram ofone €xperimental setup used 10 sho{ thal W'l{aves app€ar in metal shields. Tbe amplifier uied vas
batte.y powered so that eve{.thing haying to do with the anplifier was in the shield (aluminum box) except for the
two grounded coaxial cables, going through small holes in one side of the box, taking the anplifi€d signal to the
spectnm analyzer. (See !h€ t€xt.)

associated with a particular spacing. As is well
hnonn fo r  waves  in  genera l .  the  f requency  is
given as the quotient of the wave velocity and
the wavelength. The in situ wave velocity was
taken as 96 cm/sec. This velocity was chosen be-
cause a preliminary study suggested that more
plant frequencies found on the spectrum analyzer
matched frequencies (Hz) determined from
branch spacings when this velocity was used.96
cm/sec compares favorably with the velocity of
90 t 6 cm/sec previously obtained from direct
impulse and response measurements (Wagner
l988a,b). The frequency (f") of a particular spac-
ing (using 96 cm/sec) is defined here by the
following formula:

f " = 9 6 1 2 s " = 4 8 1 s "

where s, is a particular spacing. The 2 in the
denominator is chosen because the spacing might
correlate to antinode or node spacing which is
l/2 the wavelength. The above formula was used
to convert all the spacings to frequencies (Hz).
Figures 2-5 are distributions of the spacings con-

verted to frequencies in Hz. I measured the
power spectrum of electrical signals from the
same plants but all plants tested seemed to give
the same basic spectrum.

A cornplete set of the spectral peaks does not
always appear on the spectrum analyzer. Some
peaks appear rvhile the spectrum analyzer is
averaging, then disappear and again reappear
(e.g. 2.4 Hz usually seemed to show on hot after-
noons). However, just by placing probes in a
branch of any plant one can often obtain an
almost complete set of apparent plant frequen-
cies for the particular baseband used (e.g. Figures
6 and 7). All of the peaks sholrn are harmonics
(integral multiples) of 0.16 Hz (or 0.02 or 0.04
or 0.08 Hz). Norice in Figure 6 that most of the
peaks are spaced at 0.32 Hz, which is typical for
a 20 Hz baseband. Larger amplitude peaks ap-
pear at multiples of 1.6 Hz. Even if the smaller
peaks (e.g. Figure 6) fail to shorr in a spectrum,
at least some of the 1.6 Hz series are almost
always present.
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After much experimentation it was decided
that the most important criteria for real plant
peaks on the spectrum analyzer was that they
should be harmonics of 0.02, 0.04, 0.08, or 0.16
Hz, since harmonics of these particular frequen-
cies almost always seemed to be associated with
plants in m1 latcsl studips. These harmonics in-
clude the 1.6 Hz series of harmonics, which often
have higher amplitudes and appear more often
than other harmonics (again see Figures 6 and 7).

In Figure ? the peaks are spaced mostly at
1.6 Hz (baseband 100 Hz). There are enough fre-
quencies available, however, as indicated by the
spectrum analyzer (e.g. Figures 6 and ? and spec-
tra not shown), that the distribution of branch
spacings could be nearly a continuum but some
of the harmonics appear to be more dominant
than others. The 1.6 Hz series with their large
amplitudes seem to show up in a large number
of corresponding plant spacings. There probably
are selection rules that deterrnine which frequen-
cies are dominant in setting plant spacings (it is
recognized that there are many other factors in-
volved in setting branch spacings such as en-
vironment and genetics).

Although I believe that plant spacings are set
not by Wwave noise but by definite, numerous,
harmonically related W-wave frequencies, it is
useful to consider a criterion for peak validity
when no ise  is  p resent  in  case our  assumpl ions
are incorect. The statistical error associated with
a counting process is of the order of 1TI, where
N is the number of counts in a particular spac-
ing bin (interval). So in determining the validity
of a plant peak, a peak which is 20 counts high
would have an uncertaint) of the order of ]2O20
x 100 percent. If a peak is still far above the peaks
in adjacent bins after $l is subtracted from the
number of spacings in that peak it can be called
a real peak. This criterion not only appears to
demonstrate the validity of many W-wave fre-
quencies when frequency (Hz) is plotted versus
fiequency of occurrence, but if spacings are plot-
ted versus frequency of occurrence, it becomes
clear that many more of the peaks in all the
d is t r ibu t ions  appear  to  be  rea l  b1  th is , " r i te r ion
(e.g. Figure l). I estimated that the maximum er-
ror in the frequency (Hz) in the frequency of oc-
cudence versus frequency (Hz) plots is +0.1 Hz.
The results. however. seem to indicate that the
enor is generally less than t0.l Hz and probably

within the possible bin error of t 0.05 Hz since
so many peaks seem to fit the 1.6 Hz series
(Figures 2-5).

As an introduction to plant spacing distribu-
tions Figure I shows three distributions where
the spacings are not converted to frequency (Hz).
First notice Figure lA where the spacing distribu-
tion is plotted for data from two apple trees.
Calculations reveal that most of the larger peaks
fit common W-wave frequencies when using fre-
quency  equa ls  96  cm/sec  d iv ided by  two l imes
the spacing (e.g. for a sample calculation take the
2 cm spacing from Figure lA and use it as s, in
the formula f" = 48ls" given above. This gives
24 Hz, a common W-wave frequency as revealed
on the spectrum analyzer), Similarly, in Figure
lB I have a plot of spacings versus frequency of
occur rence fo r  da la  l rom f i re  ponderosa p ines .
The largest peak is very apparent with a spac-
ing of 15 cm, or 3.2 Hz using the frequency for-
mula. In Figure lC where the number of spac-
ings is plotted versus spacing for concord grape,
more real peaks by the above /N/N criterion are
shown than later when frequency of occunence
is plotted versus frequency (Hz) in Figure 5C.

Where growth spacings are converted to fre-
quency it can be seen that many of the peaks
repeat from plant to plant, Figure 2A, for exam-
p le .  shons  rea l  peaks  (us ing  the  no ise  c r i le r ion
above) at frequencies at 2.2, 6, 6.9, 8, 9.6, 12, 13.8,
15, 16, t9.2, and 24 Hz and others. Consider the
validity of the 6 Hz peak. There are 15 spacings
in this peak. The square root of 15 is near 4. Sub-
tracting 4 sti l l  leaves the peak considerably
higher than the adjacent peaks. The validity of
the 6, 6.9, 8,9.6, 12, 13.8, 15, 16, 19.2, ard 24
Hz peaks is obvious by my criterion. Some of
these peaks fit inro the 1.6 series of harmonics
observed on the spectrum analyzer (Figures 6 and
7)and the remainder into the 0.04,0.08, or 0.16
series of harmonics. It appears that possible bin
(t.05 Hz) and measurement errors can take care
of rnost variations from exact fit on the spectrum
analyzer peaks. In Figure 28, some of the peaks
match those of f igure 2A, In Figure 2C the main
peaks are: 21.9, 30, 32, 37, 40, 48,60, and 68.6
Hz. The graphs reveal that many peaks are in
thp real categor), as determined by our noise
crileria. cspeciall) at the higher frequencie..
Characteristically, it appears that, for most of the
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distributions shown in Figures 2-5, those peaks
at lower frequencies suggest a possible con-
tinuum of larger spacings, but if a spacing rather
than a frequency (Hz) distribution is analyzed this
may not be the case (Figure l). A careful study
of  ind iv idua l  peaks  suggests  tha t  no  spar " ing  is
random, especially at the higher frequencies,
s ince  every  peak  eren  w i th  on ly  one spac ing  in
it seems to match a 0.02,0.04,0.08, or a 0.16
Hz harmonic or one of the apparently rnore domi-
nant harmonics of 1.6 Hz. For example. notice
in figure 2C the two spacings at B0 Hz which is
usually a very dominant peak on the spectrum
analyzer and notice the peaks at 48 Hz in Figures
4A and 58.

The prominence of particular peaks apparent-
ly varies not only from species to species but
within the same species. Cornparing spacrngs
from plants of the same species growing in the
shade and the sun it appears that shade grown
plants would have larger spacings as growth is
longer in the shade. This seems to be borne out
by the two set6 of Douglas-fir data (Figure 3A
and B). Some of the main peaks of the shaded
ft are at longer wavelengths (or lower frequen-
cies:. 2.3, 2-6,3.0, and 3.4 Hz compared to 8.7,
24,32, a ,48 Hz for exarnple) than the trees
grown in the sun.

The main peaks seen in the ponderosa pine
data (Figure 3C) at 1.6, 2.1, 2.4, 2.6, 3.2, 3.8, 4-8,
6.3 and 9.5 Hz (6.3 and 9.5 Hz are within 0.1 Hz
of 6.4 and 9.6 Hz) show an almost perfect fit with
the 1.6 Hz series ftom the spectrum analyzer and
to other peaks that most commonly appear on
the spectrum analyzer. The 2p (3.2 Hz) spacing
discussed in the early data (Wagner l988a,b) pro-
vides by far the most prominent peak here.

In Figure 4A the big leaf maple provides the
largest peak at 8.8 Hz. Maple branches provide
visible clues to a possible correlation between
structure and wave behavior with groups of close-
ly spaced bands often appearing just above
branch rhorls. These bands appear to be anal-
ogous to the standing waves that appear in small
water pools connected to larger pools where a
large wave has been generated. The branch whorl
apparently produces a disturbance in the larger
wave pattern and the results appear on the up-
per side of the whorl. In Figure 48 the dominant
peaks are 6 and 8.8 Hz with a less dominant peak
at 9.6 Hz. In Figure 4C somc large peaks ai. at
6 .4 ,  l l ,  15 ,  16 .6 ,  t7 .2 ,  r7 .8 ,19 .2 ,21 .9 ,24 ,32  Hz

36 Wasner

and so on. These either fit the 1.6 series or fit
the other series to probably within the possible
bin error. The "signature" of syringa seems to
be more complex than the signatures from other
plants studied.

In sweet corn (Figure 5A) the major peaks are
at 2,4 Hz and a minor peak at about 2,6 Hz which
may not be real. The closest 0.32 Hz series fre-
quency (multiple of 0.32 Hz) is 2.56 Hz and 2.4
Hz fits a 0.16 Hz series peak. Minor peaks which
may not be significant are also at 3.2,8, and 9.6
Hz which are multiples of 1.6 Hz, Figure 58
yields peaks at 9.6, 12, 13.8, 16, 19.2,24, and 32
Hz. These peaks fit with the 1.6 series and other
available frequencies. In Figure 5C the major
peak is at 6 Hz (with 22 spacings) and some of
the other peaks do not appear to be real. Com-
plicated growth patterns may make it appear that
spacings are less discrete. Possible variations in
the in situ W-wave velocity during the growing
season could also be a possible cause for scatter
(Wagner l98Bb).

When I rake into account that plant fre-
quencies can be quite small (0.04 Hz and less),
and that plant frequencies can appear lo be har-
monics of any of the low frequencies observed
on the spectrum analyzer, then all of the plant
peaks from spacings fit W-nave frequencies
within experimental error. A statistical correla-
tion would appear to be meaningless for this
reason.  I  have no t iced  tha t , .e r ta in  f requenc ies
seem to be dominant, particularly those which
are multiples of 1.6 Hz. Considering, for exam-
ple, the number of spacing frequencies in the
peaks that are labelled in Figures 2-5 (usually the
peaks with the largest amplirudes) 42 percent of
these spacing frequencies represent harmonics
(integral multiples) of 1.6 Hz; 9.5 percent repre-
sent harmonics of 0.16 Hz (but not of 1.6 Hz);
11.7 percent represent harmonics of 0.08 Hz ftut
not of 1.6 Hz and 0.16 Hz);21.1 percent repre-
sent harmonics of0.04 Hz, and l6 percent repre-
sent harmonics of 0.02 Hz (Note: (l) There are
2300 spacings converted to frequency in the
labelled peaks with about 7000 spacrlgs repre-
sented in all the graph dara; (2) Harmonics of 0.02
and 0.04 Hz are not distinguishable because the
bin (interval) width used accommodates +0,05
Hz from the center frequency.) The large percen-
tage of 1.6 Hz harmonics reinforces the idea that
these harmonics are dominant, as suggested by
the spectrum analyzer data (Figures 6 and 7).



Discussion

There are so many frequencies available in the
apparent W-wave spectrum that almost any plant
spacing could be allowable but it seems that cer-
tain frequencies, such as rhe multiples of 1.6 Hz,
appear more oflen than others in plant spacings.
0ther common frequencies that appear are 4,6,
10, 12,60, and many others that are not integral
multiples of 1.6 Hz but appear to be multiples
of lower frequency subharmonics observed on the
spectrum analyzer (e.g. 0.16, 0.08, 0.04, and 0.02
Hz) .  S ince  i l  i s  no t  c lear  rnhat  de le rmine"  an  im-
portant W-wave frequency, more study is re-
qurrecl.

The most important observation in this study
is that branch spacings often seem to be in
discrete spacing groups (noise would not be ex-
pected to produce definite repeating spacings)
rather than in smooth distributions and this
discrete spacing would be expected from stand-
ing wave determined spacing distributions. Many
ofthe peaks in the plant distributions repeat from
plant to planr which possibly indicates the close
interrelationships of plants and a common source
for W-waves. Usually the major plant peaks
match the major spectrum analyzer peaks shown
in Figures 6 and 7, or they are harmonically
related as observed earlier.

It is possible that some of the data do not f it
exactly on peaks which represent W-wave fre-
quencies because of the following hypotheses:

l) End effects. Standing wave patterns tend
to set the branch spacings but with variations
stemming frorn growing conditions. There is
some evidence that wavelengths tend to be longer
near ends (from unpublished data taken on salt
solution filled samples) and plants grow from
their ends. It is not yet clear how end effects fit
in to  the  p ic tu re  bu t  end e f fec ts  a re  common in
wave phenomena (e.g. Strutt 1945:487).

2) Errors in measurement. The spacings for
the prickly lettuce data, for example, were hard
to obtain because the leaves alternated from side
to side along the sralk. There may be some un-
conscious rounding in measurement especially
where there is no good reference point as in white
fir, I tested this hypothesis on a white fir by
covering all numbers and delineating l ines ex-
cept for mm marks on the measuring rule before
measuring a spacing, The spacing was then
marked on the rule and then the rule numbers

were uncovered to see and record the spacing,
This procedure was repeated unril sufficient data
were obtained for a comparison with data taken
by the usual method. The data were then ana-
lyzed and cornpared to data taken $ithout the
covering precautions. This experiment indicated
that there was some rounding error, but not
enough to warrant retaking the data.

3) Frequency distriburion slot (bin) and
measurement error. Using the calculus one can
derive an approximate expression that ielates
srnall changes in spacing to small changes in fre-
quency. The relation follows:

As" = -s3 Af./48

As. and Af" represent small changes (or errors)
in spacing and frequency respectively. For exam-
ple, if an interval (bin) is centered on 6 Hz (B cm
spacing) then the approximate allowable spacing
eror to stay rvithin a bin ofwidth 0.1 Hz is t 0.7
mm. If the interval is centered on 60 Hz (B mm
spacing), however, one would have to measure
within approrimately ,t 0.007 mm to stay within
the bin. This suggests that different bins should
be used for different frequency ranges. A
mill imeter measurement error at 60 Hz would
mean an approximate frequency error of 17.5
Hz while a mill imeter error at 6 Hz would mean
an approximate frequency error of t0.075 Hz.
The possible error introduced by the computer
in taking the distributions was considered
negligible.

Conclusions and Observations

These data, as reported earlier (Wagner l9BBa
and 1989), indicate the W-waves are apparently
associated with some plant growth behavior pat-
terns. The discrete spacing data by itself hints
ar the likelihood of some type of standing wave
function with frequencies repeating on individual
plants and from plant to plant, A comparison of
spectrum analyzer data, iehere actual frequencies
are measured, with spacing frequencies calculated
with a vave speed of 96 cm/sec, reinforces the
idea that W-waves explain the discrete plant spac-
ings. This invites further investigation into the
source(s) and function of W-waves.

The number 1.6, which appears here, is close
to the goldea ratio (Dixon l9B9). Perhaps W-
waves are related to the Fibonacci numbers as
they are manifested in plants. W-waves might
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also be involved in other natural phenomena,
such as in the formation of quasicrystals, where
the golden rdrio appears.
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