
Plant Physiol. (1969) 44, 1045-1050

Computer Analysis of the Leaf Movements of Pinto Beans'
Takashi Hoshizaki and K. C. Hamner

Space Biology Laboratory, Brain Research Institute, and Department of Botanical Sciences,
University of California, Los Angeles, California 90024

Received March 26, 1969.

Abstract. Computer analysis was used for the detection of rhvthmic components and the
estimation of period length in leaf movement records. The results of this study indicated
that spectral analysis can be profitably used to determine rhythmic components in leaf move-
ments.

In Pinto bean plants (Phase3lus vulgaiis L.) grown for 28 days under oontinuous light of
750 ft-c and at a oonstant temperature of 280, there was only 1 highly significant rhythmic
component in the leaf movements. The period of this rhythm was 27.3 hr. In plants grown
at 20°, there were 2 highly significant rhythmic components: 1 of 13.8 hr and a much stronger
1 of 27.3 hr. At 150, the highly significant rhythmic components were also 27.3 and 13.8 hr
in length but were of equal intensity. Random movements less than 9 hr in length became
very pronounced at this temperature. At 100, no significant rhythm was found in the leaf
movements. At 50. the leaf movements ceased within 1 day.

Leaf movements have been extenisively used to
study the phenomenon of circadian rhythms. It has
been hypothesized that the leaf movemlients indicate
the presence and also the phase of the circadian
rhvthm in the plant. V'ariouis light treatments,
temperature regimes and metabolic inhibitors have
been given to plants to test for chaniges in this
rhytllhlm (4, 5. 6). In some cases the interpretation
of data has been difficult because the leaf records
generallv contain shlort period movements which may
obscure chanlges in the circadian rhythm.

In an analysis of rhythmic miiovemients. the period
of the movements is usually determined by the time
interval between consecutive peaks or between con-
sectutive dips in the recorded moovemnenits. However,
as mentioned previously, it is difficult in some rec-
ords to determine by visual measurement precisely
whlen the peaks or dips occur. Without careful and
extensive analysis of this type of data, it is possible
to make erroneous conclusions. Because of this
weakness a procedure is presented for the analysis
of leaf movement data with the aid of a computer.
Arbitrary evaluations of data are minimized by this
technique and the extensive computations which are
requ'ired for a thorough analysis of such data can be
performed. It was hoped that by spectral.analysis,
it might be possible to determine accurately the

1 Computing assistance obtained from the Health
Sciences Computing Facility sponsored by NIH Grant
FR-3. Supported in part by NIH Grant GM 12729 and
by Air Force Office of Scientific Research Office of
Akerospace Research, Ulnited States Air Force, Contract
No. AF (638)-1387.

period of the circadian rhythlll anid also to determine
other rhythmic components wvhicli may be present
in leaf movement records.

Materials and Methods

Multiple Time Series Spectral Estimation pro-
grams, BMDX73 and BMDO2T, developed by the
Health Sciences Comxputing Facility of U.C.L.A. were
used (2). A newer program, BMDX92, which com-
putes power spectra several times faster than these
programs was used in the most recent analysis.
These programs estimate the auto-spectra. cross-spec-
tra and coherences for stationary time series. It is
recognized that leaf movement records do not con-
stitute a true stationary time series since the record
does not repeat as woould data from an oscillating
physical-mcchanical object. Hovever, it is possible
to estimate the length and the power of the periods
in leaf movement records with these programs. The
mathematical steps involved and the procedures used
in spectral analysis will not be discussed here. Only
information necessary to interpret the graphs and
results will be presented. Readers are referred
especially to Blackman and Tukey (1) and to Walter
(10) for further informationi on spectral analysis.
A spectral estimate of data containiing only a

24.0 hr periodicity andc no other will be a sharp peak
(Fig. 1), whereas a spectral estimate of data con-
taiining periodicities ranging from 20 to 28 hr with
a mean of 24 hr will be a broad peak extending
from 20 to 28 hr centered at the 24-hr point; If
with valuies above zero a definite peak is not present,
such values miiay be considered "noise". Factors
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work was determined by themethods of Mercer (8)
and Panofsky and Hallberg (9).

Since the values of period and frequency are
3t^el!--XI- reciprocals, the terms period and frequency will be

used interchangeably. Due to the computational
methods used in the computer program. the values
of the abscissa in the graphs are presented as fre-
quency (f) in cycles per 1hr (cph). Values of the
period length (p) in hr (h) are also given in the
second scale for the abscissa. The ordinate of the
spectral estimate graph represents the prevalence or
power of the particular rhythmn present and is ex-
pressed as the logarithm of the power (see Fig. 1).
The minimal period. i.e., the highest frequency that
can be detected, is determined b1 the interval be-
tween readings (9). In the presenit study. readings
were taken at 1 hr intervals and the analvsis covered

''.X.'~'VN19N1 2NQ 129 19N the spectrum from 0.000 oph (infin-ite period) to
0.500 cph (2 hr period), in intervals of 0.005 cph.
An analysis based on intervals of S).007 cph was
later made between the frequencies of 0.025 to 0.050
cph to determine the mean and the standard devia-

f5 =,4E¢7tion of the circadian rlhythnm. Since no significant
peak appeared beyond the 0.200 cph point in any of
the data tested, the graphs presented in this paper
were not extended bevond that point.

Among plants showing persistent leaf movements,
the Pinto bean (Phaseolus zulgaris) was selected as
the test plant because of the ready availabillitv of
the material and the authors' faniliaritv with the
plant (7). The plants were raised either in a long-
day greenhouse or in a growtth chamber with con-
tinuous light until the primary leaves were half-
expanded. The plants were about 7 days old at this
time. Foulr or 8 plants were used in each experi-

uen,_~> X hi er On 08 aC ment. Plants, selected for their vigor aInd uni-
--' v X .- - f4 X -1 formity, were transferred to a growth clhanmber

having continuous light from power groove fluores-
SPECTRAL ANALYSIS OF A SINE WAV cent tubes with an illuminance of 750 ft-c at leaf

level. Temperatures of 50, 100. 1°. 20', and 28'
1. Leaf angle measurements and spectral esti- were maintained within a range of - 0.50 during
Hypothetical leaf movement data (sine wave) the experimental period. Humidity was maintained
Lks occurring 24.0 hr apart are plotted in the between 50 and 65 % in the 15' 2w)'. and 280 treat-
*aph. The lower graph depicts the power spec- .

the hypothetical data in the upper graph. Values ments, between 70 and 85 the 10' treatment
to the leaf angles are depicted at the upper and betwteen 80 and 100 % in the 5 treatnment. In

:n the lower graph, the abscissa is presented as the 5 experiments, leaf movements ceased soon
y (f) in cycles per hr (cph). The second scale after the plants were placed in the constant tenpera-
Lbscissa is expressed in the corresponding values ture chambers. Thus, analysis was not possible by-
d length (p) in hr (h). The ordinate is ex- computer techniques.
as the logarithm of the power. Time lapse photographic records of the leaf move-

ments were taken for 28 days uisinig a 24-hr clock
measurenment errors, time of watering, air placed in the photographic field as a time indicator.

n.ts and nutation movements will contribute The position of the leaf image was meastured with
'noise" value. On the other hand, the pres- the aid of a modified Benson-Lehner Boscar. The
a distinct peak indicates a preponderance or value of 00 was assigned to the angle when the leaf
f that particular frequency. If the power of was straight up, 900 when horizontal. 180° when
tk is significantly greater than the power of straight down (Fig. 1). The leaf angles were meas-
acent frequencies. it indicates the probable ured to within 5°, providing a total of l)Ipoints in
e of a rhythm having a period of that length. the normal 900 to 1800 excursion range of the leaf.
tistical significance of the peak in the present Closer readings were not attem,pted Necatise of the
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increased time and the limit of accuracy. The pre-
cision in estimating the period length was limited
by the 5° increments in the data, the 1 hr interval
between data points and most important, by the
28 to 30 day life span of the primary leaves. Under
these conditions the precision of determining the
period length was in the order of 0.1 hr. Data
including observation time and leaf angle were col-
lected from either 8 or 16 primary leaves, transferred
to IBM cards, and then analyzed by the computer
program. Leaves designated number 1 and 2 were
the primary leaves of the first plant, leaves numliber
3 and 4 were the primary leaves from the second
plant, etc. Each experiment was repeated at least
twice.

Results
Experimnent i. Four plants grown in continuous

light at 280 from the time of planting were observed
for 28 days. The leaf movement data of each leaf
were analyzed individually. The results are pre-
sented in table I. The spectral estimates of all
leaves except leaf number 2 had a significant peak
in the 27 hr region. The one exception had a peak
in this region, but it was not significant. Visual
inspection of the plotted record showed that this
particular leaf did not exhibit distinct circadian
movements. However, leaf number 1, which was on
the same plant and opposite to leaf number 2. did
exhibit a clear circadian rhvlthm.

Table I. The Significance of Variouis Peaks in the
Spectral Estinmates of the Leaf Movements of

Pinto Bean Plants Grown at 280.
Graphs of the power spectra from which the data

were obtained were plotted with the aid of the BMDX73
computer program of the U.C.L.A. Health Sciences
Computing Facility. Peak locations are indicated both
in frequency values and in period lengths. The signifi-
cance of various peaks was tested by the methods of
Mercer (8) and of Panofsky and Halberg (9). **,P
0.05; -, not significant.

Significance of plants located
between

0.035 to 0.070 to 0.105 to
0.040 cph 0.075 cph 0.115 cph

Plant No. Leaf No. (27.3 hr) (13.8 hr) (9.1 hr)

1 **--
1

2 _

3 **
2

4 **

5 **
3

6 ** **

7 ** **
4

8 **

4.5 1 -
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FIG. 2. Mean of the spectral estimates of the move-
ments of 8 Pinto bean leaves grown in continuous light
at 280. The 27.3 hr rhythm is significant beyond the
P = 0.001 level and the 13.8 hr rhythm is at the P =
0.10 level (8,9). See Fig. 1 for details.

Analysis of all 8 power spectra (Fig. 2) indi-
cated that on a group basis, the 27.3 hr period was
significant beyond the P = 0.001 level, the 13.8 hr
period was at the P = 0.10 level and the 9.1 hr
period was not significant (8). Thus only the
27.3 hr period was highly significant. Periodicities
of 2 to 4 hr in length which generally appear to be
present when the records are studied visually were
not indicated as significant by the analysis used.
Critical examination of leaf movement data revealed
that movements with periods of 2 to 4 hr were not
precise and the period length varied from one period
to the next. It appears from our present analvtical
techniques that these movements were probably ran-
dom fluctuations. This however does not preclutde
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the possibility of the existence of a rhythm with a
2 to 4 hr period.

The frequency of the circadian component of each
leaf was determined by analyzing at intervals of
0.0007 cph. The frequency values obtained for each
leaf were used to determine the mean and the stand-
ard deviations of the circadian component. These
values were then converted to period lengths. Since
the circadian component of leaf number 2 was not
significant, it was not included in the calculations.
The circadian component for the 7 leaves was found
to be 27.3 ± 0.2 hr.

The time of day at whiclh the leaves reached the
horizontal position was found by visual inspection
of the leaf movement graphs to vary quite markedly
from plant to plan.t and from leaf to leaf (7). In
one of our plants, the phases of the 2 primary leaves
were found to be within 2 hr of each other. In the
o' her plants the opposite leaves were found to be
approximately 4, 7, and 13 hr out of phase with each
other. These observations were substantiated by
the results of the cross-spectral analysis. Thus for
Pinto beans grown under constant light and tem-
perature from the time of planting, the 2 opposite
leaves of a plant weere independeint vith respect to
pha e of nmovemiient.

E.rperiment 2. In this experiment 8 plants wvere
placed in a constant environmiient chamber set at
200. Except for this change of temperature, the
experimental conditions wvere identical to those of
the previous experiment. In the previous experi-
ment a highly significant peak occurred in the 27.3
hr region and a second peak occurred in the 13.8 hr
region. Since Bunning and Tazawa (6) report that
they were able to entrain Phaseolus mulltiflorus to
short light-dark cy)cles at lower temperatures and
since the entrainment thev reported may have been
due to a presence of a short period similar to the
13.8 hlr period detected in our experiments, it was
decided to condtuct an experiment at lower tempera-
tures such as they used and to study possible changes
in the previously observed peaks. As in the first
experiment, the data for all the leaves were com-
bined and the mean curve deriived from the 16 spec-
tral analysis curves (Fig. 3). The peaks in the
27.3 and 13.8 hr region were highly significant with
the 27.3 hlr peak muich stronger than the 13.8 hr
peak. A third peak occurred at the 9.1 hr point and
a fourth peak at the 8 hr point. How-ever, these
peaks wvere found to be just at the P = 0.10 level.

To test for the presence of harmon!ics in the
spectral analyses of leaf moveement data, an accept-
ance filter of 0.035 oph was used to decrease the
peaks of the derived series to yield harmonics. The
cross-spectral analysis of this derived series aand that
of the original data Nvere calculated to determine if
the suspect peaks were harmonics. The results ob-
tained indicate that the peaks could not be wholly
accounited for as harmonics and thus ind'icate the
high probability of the presence of Inot only the
27.3 lhr rhythm but also the 13.8 hr rhythm.

4.10-

3.82-

3.54-

3:
0

0
-J

3.26-

2.98-

2.70-

2.42-

2.144

C
C

f, cph C

p, h 8

P = 0.05

D.F= 77
200 C

O 0 0 0 0";J co c\j (0 0
o o - - C\
6 6 o 6 6

3 O 0 r4) L() 0
o uC) r') C\J 0
cJ c- O D
c\j _

FIG. 3. Mean of the spectral estimates of the move-
ments of 16 Pinto bean leaves grown in continuous light
at 200. For the 27.3 and 13.8 hr rhythms, P<0.01 (8,9).
See Fig. 1 for details.

ExPeriment ,. The experimental conditions were
identical to the previous experiments except that the
temperature was set at 15°. The peak occurring at
the 13.8 hr point in the 280 experiment was found
to be at the P = 0.10 level, while in the 200 experi-
ment, this peak was highlv significant. The finding
of this change and the appearance of other shorter
periods in the 200 experimen,t led us to test the
effects of a still lower temperature on the leaf
movements of Pinto beans.

As was done in the previous experiments, the
data from the 8 leaves were combined. The results
are shown in Fig. 4. The 27.3 and 13.8 hr com-
ponents were highly significant and were about equal
in strength. A peak also appeared at the 9 hr point
but was not significant. A fairlyr prominent peak
occurred at the 5.9 hr point and was jus,t within the
limits of significance. It can be noted, however,
that the "noise" level depicted in this graph had
risen in the region of shorter periods anid the sig-
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FIG. 4. Mean of the spectral
ments of 8 Pinto bean leaves grc
at 150. The 27.3 and 13.8 hr j

beyond the P = 0.01 level. TI

at the P = 0.10 level (8,9). S

nificance of the shorter period
obscured by this rise.

Experiment 4. To test f
temperature on the various cc

rhythm, 8 Pinto bean 'plants i

environment. Other experime
the same as for the previous en

components were not found i

analysis. Bunning and Tazaw;
failure of the circadian compon
olus multiflorus. However thi
dominance of high frequency
Pinto beans, the power spectra
presence of a significant rhythr
of high frequency movements
zawa's method of analysis was
ours and could account for t]
interpretation of the results.

Discussion

The results obtained by co

cate that the primary leaves o

precise eircadian rhythm. In the presence of a
"Zeitgeber" such as a light-dark cycle, it is well
kknown that movements of leaves are synchronized

p= 0.05 with each other. However, the rhythms of leaves
on plants grown in constant conditions are not
necessarily synchronized and can be independent of
each other in terms of the phase angle. Not only

D.F=38 can the leaves of different plants move independently
150 C but the primary leaves opposite each other on the

same plant can be out of {phase with each other.
These results support the thesis that the tinming
mechanism involved -in rhythmicity may reside in
individual cells (3). In our Pinto beans the cells
of one pulvinus can be in phase with each other yet
be independently phased from the cells of aniothier
pulvinus.

One may conclude from the evidence presented
that there are in Pinto beans free running rhythms
of different lengths and that these only manifest
themselves at different temperatures. At 280, only
a 27.3 hr component was evident to any great extent.
whereas at 200, a 13.8 hr component also became
highly significant. At 150, the 13.8 hr component
was as strong as the 27.3 hr component and a third

o O O peak, a 9 hr component, also increased though not
cq to the high significance of the former 2. Since the

ci o O 13.8 hr component is also the second harmonic of
the 27.3 hr circadian component. the peak repre-

^ c 0 senting the 13.8 hr rhvthm may be due in part to
0 (9 ii leaf movements that deviate from the sinusoidal

circadian movements. A sharp dip in the movement
or a large change in the period length are 2 examples

estimates of the move- of deviations that contribute to the second harmonic
own in continuous light .ths .
rhythmaresipeak. If these deiatLions are large and frequent, a

he 5.9 hr component is significant peak can arise at the second harmonic in
;ee Fig. 1 for details. the power spectrum. Peaks can also occur at other

harmonics for the same reason. H-owever, as stated
peaks may have been previously, a test for harmonics indicated that such

peaks were not strictly due to harmonics.
Further the effect of As the temperature was lowered, the high fre-
)mponents of the leaf quency comiponents (9 and 13.8 hr periods) became
were placed in a 100 more prevalent. Bunning noted short period move-
ntal conditions were ments of Phaseoluis inutltiflorus leaves when the
xper'iment. Circadian plants were sutbjected to 120 (5). He attributed
using power spectral these short-period movements to a premature re-
a (6) found a similar laxation of the tension phase in the rhythm. These
lent at 100 for Phase- movements of P. multiflorus were probably similar
ey did report a pre- to those of our Pinto beans grown at 150. VWhether
movements. In our these short-period movements in Pinto beans were
edidnot indicate the due to a relaxation type of oscillator or to a pen-

n nor a predominance dulum type could not be determined from analysis
s. Bunning and Ta- made on our data. However these short period
s quite different from rhythms were free running since at no time during
he differences in the these experiments were the plants stlbjected to an

alternatin,g light-dark cycle.
A comparison of the power spectra of leaf move-

ments of Pinto bean plants grown at different
n temperatures showed an increase of the "noise" level

in the very short period region (9 hr or less) at
,mnputer analysis indi- the lower temperatures. Under continuous light and
if Pinto beans have a lov temperature, the Pinto bean leaves had very

w
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short period movements that were not strictly peri-
odic. It is very possible that when Bunning and
Tazawa (6) were testing ithe effect of temperature
on leaf movements, they were able to entrain the

leaves *of Phascolts Illtiflorus to the very short
light-dark cycles because of the presence of high
frequency random movemenits at low temperatures.
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