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ABSTRACT

The author noticed oscillatory varationsin the rates of several activities of plants when
these were recorded at very short time-intervals. Designing suitable instruments, the author
has reinvestigated and recorded the rates of Photosynthesis. Absorpticn of water, Transpira-
tion, Leaf-movements, Weight changes, Respiraticn, Growth and Reversible Linear changes,
at intervals ranging frcm a few minutes to a few seconds, and with magnificaticns of 4006000
according to needs. Micro-chenges in length, weight or vclume were recorded in all these
activities, end these have shcwn the occurence of frequent and almoest regular oscillaticn. in
the rate. The duraticn, magnitude snd frequency of these oscillaticns will be changing as a
result of the seasonal changes, nature of the plant, its tcne and age, but the manifestation of
regular oscillations, or variations, in the rate seems te be an inherent feature, hence rhythmic.
While the duration and frequency of tho major oscillations are hours or minutes, the same for
the finest oscillations will be a few seconds or fraction of a second. It is suggested that
variations in pH, permeability, turgidity, enzymatic and other activities of plants, even at
short intervals, may have a role in all these o:cillatory changes.

The oscillations noticed in the rate of activities are also noticed in the sizes of successive
plant-parts formed from time to time, and these are closely related to the annual, seasonal
and intraseasonal variations in the growth conditions. The rhythmic successicn of sunspot
maxima, sea.onal and diurnal variations are reflected in the activities of plants and animals.

From the time of its inception Life has been subjected to certain powerful
influences which happen to be oscillatory and rhythmic in their nature., The
periodic influence of the planets, the sunspot maxima following a certain rhythm,
cosmic radiation which is more powerful than the most powerful X-ray (Sullivan,
1939), the regular succession of seasons and their peculiarities, the alternation of
day and night, the diurnal variation in the intensity and quality of light and the
resulting variation in the electrical charges are some of the influences to which
Life had to adjust itself for its survival, development and perpetuation. Thus the
rate of any activity during a period seems to be a general indication of the condi-
tions prevailing at the time. The striking contrast in the plant’s activity due to
seasonal changes has left an indelible impression on the external as well as the
internal structure of a plant. The general agreement between the sunspot number,
weather and growth through ages has been studied and recorded by Douglass
1919), and this has enabled him to explain the climatology of several places. Thus,
according to him, the plant’s growth-rings are of great meteorological significance and
very useful to explain the changes in weather from time to time. From his observa-
tions it is clear that there is a close relationship between the sunspot maxima and
the sizes of growth-rings, and that the major and minor peaks in the maxima occur
at intervals of about 23 and 11.4 years respectively. Less prominent peaks occur
at intervals of a few years. The sunspot data collected by the present author
have revealed oscillatory variations in the number even at intervals of a few days.
Since the sunspot number and ultraviolet radiation are directly related (Stetson,
1937) it may be inferred that significant variation in the ultraviolet constituent of
light seems to be a possibility if one can judge from the changing number from day
to day. At times a daily variation of 20-309, in this seems to be a possibility
according to Stetson. This may be attended by variation in the electrical charges
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their reversibility and ionisation of air, thereby affecting the vital activities of
plants. Since growth is the result of several factors it is not surprising that the
structure of a plant is an efficient record of the weather changes and climatology
of places. From the work of Douglass it is possible to understand the importance
of growth-rings in the study of these changes from year to year, but the present
author’s work (Krishna Iyengar, 1947, 1951 and 1958) is an attempt to show that
the external structure of a plant can be made use of to explain changes in growth-
conditions not only from season to season but also from time to time during a
SEaSOoN.

In connection with the several vital activities of plants the author has pointed
out that there are oscillatory variations in the rate, these oscillations manifesting
themselves at short intervals of a few minutes or even a few seconds. The efficacy
of short interval recording has been sufficiently stressed by the author in his paper
on the leaf movements published in 1942. Bose, a pioneer in the field, has recorded
several activities of plants at short time-intervals designing suitable instruments
for his work. According to him these activities are oscillatory and rhythmic
{Bose, 1923 and 1928). While there is much to be said in its favour, it must
be pointed out that his observations were mostly on plants or their parts,
under stimulation, hence unnatural, and so fail to give a correct picture of a plant’s
normal activities under natural conditions. It was this situation which prompted
the author to reinvestigate most of the vital activities of plants designing simple
instruments to record all these at short intervals, employing suitable magnification.
The author’s work on Photosynthesis, Water-Absorption, Transpiration, Respiration,
Growth, Leaf-movement, Reversible changes in the weight and size of tissues
(Krishna Iyengar, 1942a, 19425, 1943, 1944, 1946b, 1946¢) is an attempt to point
out and establish the existence of oscillations in all these activities and explain
their significance. The following is the review of the author’s work.

Method of approach :

During the course of his work, the author perceived that even a simple activity
like leaf-movement could furnish & clue to the plant’s working mechanism, tone and
daily rhythm, if only recording was done at short time-intervals, employing & high
magnification. It was thus found that the Electro-Magnetic Recorder designed
by the author in 1936 was inadequate on account of its low magnification. For
this work the author designed an Optical Lever which could give any magnification
from 400 to 6000. In combination with a sensitive balance any micro-changes
in weight could be detected. A variation of 1/1000 mg could be easily recorded,
while with a little of effort even a change of 1/5000 mg could be registered. The
same optical lever with Float and Manometer in combination could be used to
record the smallest volumetric changes. This was used by the author in his experi-
ments on absorption, osmosis and respiration, the smallest volumetric change
recorded being .000001 cc. For studying the rate of growth and linear changes
in the tissues, magnifications ranging from 400 to 6000 were employed. The smallest
linear change recorded during this work happens to be .0001 mm. or in other words,
1/10 . Regarding experimental details, the author’s several papers give a vivid
account of these. Since the author had to deal with very high magnifications
in many of his experiments, it was necessary to reduce the period of observation
in most of these, precautions yet being taken to maintain the external conditions
almost constant during the brief periods of observations. Different experiments
required different recording intervals, ranging from a few minutes to a few seconds
or even less. Since the application of the ‘Float and Manometer’ principle was
thought of after the publication of the paper on Photosynthesis (Krishna Iyengar,
1942a), it can be stated that this principle can be applied to register this activity
also, thus making this method an advance over the bubbler of Wilmott (1921) and
the apparatus designed by the author in 1929.

6
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No apparatus was necessary for the study of the seasonal and intraseasonal
rate of growth. The sizes of roots, root-hairs, leaves, internodes, axillary branches,
flowers, fruits and seeds were measured to find out the size-variation and the
resulting oscillations.

Plant’s activities and oscillations :

The first attempt of the author in this line happens to be his paper on Photo-
synthesis published in 1942, the clue for this work being the unpublished data
collected to test the working of the apparatus designed by the author in 1929. The
author has shown how the rate of activity—evolution of oxygen—happens to be
oscillatory in spite of the constant external conditions, and pointed out that this
is due to probable fatigue, but not ‘Solarisation’ as explained by Ursprung (1917).
A detailed enquiry has shown that significant variations in the rate generally occur
at intervals of 7-11 minutes. Finer oscillations in the rate are reported to occur
at even shorter intervals of a minute or more.

The next aspect studied by the author was leaf-movement (Krishna Iyengar,
19425). 1In this paper an effort has been made to establish the general occurrence
of the autonomic movement in all pulvinate and non-pulvinate leaves. A detailed
enquiry has shown that this leaf-movement follows a daily rhythm. The oscillatory
nature of these movements at long and short time intervals signified, though in-
directly, the changing water-content of the plant-body. In the same paper the
relationship between the leaf-movement, absorption and transpiration has been
discussed in detail, and the oscillatory nature of all these activities has been pointed
out. In this connection there is a reference to the oscillations in Osmosis also.

In view of the relationship between the leaf-movement and the water-content
of the plant-body the author studied the weight changes in plants (Krishna Iyengar,
1946). A preliminary note was published in 1943. It was noticed that changes
in weight were mostly due to the fluctuating water-content and that these were
reversible, hence oscillatory, in their nature and followed a daily rhythm. The
magnitude of variation in the water-content has been carefully determined, and
according to the author, a daily variation of about 15-20 per cent or more seems
to be a possibility in many plants, depending on their kind. The author has tried
to prove that the leaf-movement is an indirect indication of the changing water-
content and that the direction of movement denoted the changes towards the plus
or minus side. The significance of these two aspects in the daily life of a plant
has been stressed. Very fine oscillations in weight at intervals of a minute or less
are also reported. According to the author, the magnitude, duration and frequency
of these major and minor oscillations will depend on the kind of plant, its age,
condition and several other factors, but an inherent daily rhythm always manifests
itself. The author has specially stressed that a clear idea of this daily rhythm
and time factor is of great importance in all investigations on the qualitative,
quantitative and osmotic aspects of a plant, since different periods of the day might
yield different results, in view of the significant variation in the water-content from
time to time, as also the attendant variation in the rate of metabolic activities.

The fine oscillations noticed in the leaf-movements and water-content made
the author to take up a critical study of the behaviour of some of the homogeneous
plant-tissues (Krishna Iyengar, 1946). A detailed investigation of this aspect
seemed to be necessary in view of the fact that MacDougal (1921 and 1925) and
MacDougal and Shreve (1924) had reported about the rhythmic daily changes in
the diameter of the stem of some plants. A note on this subject was communicated
to the Indian Science Congress of 1945. For studying this aspect several kinds of
tissues were carefully selected. All these manifested oscillatory linear changes
when recording was done under very high magnification. Control experiments
convinced the author that these changes formed a feature of the living tissues.
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These oscillatory, hence reversible, linear changes were noticed at intervals of even
3-4 seconds, the duration for the finest oscillation being less than a second. The
author has tried to establish that the manifestation of these oscillations is highly
characteristic of all living tissues irrespective of their plant or animal origin. Thus
the observations of the author form a distinct advance over those of Bose (1923),
according to whom this feature is confined to a definite layerin the plant-body.
However, the magnitude, duration and frequency of these oscillations may vary in
the same plant, since the tone of the tissue, its age, daily and seasonal rhythm may
affect them in a significant manner. These reversible changes, according to the
author, denote, though indirectly, the reversibility of the several metabolic processes.
Since the plant and animal tissues, especially muscles, show similar oscillations,
it may be inferred that a similar working mechanism is present in all living cells.
In the author’s words the mechanism and its significance may be summed up as
follows : ‘The stimulation or depression due to variation in the intracellular
concentration of CQ,, changing pH of the protoplast, and the stretching or shrin-
king of the protoplasm, the succeeding alteration in its structure, permeability and
internal pressure are probably the successive stages preceding the linear and
volumetric changes, forming thus a powerful mechanism of a living cell.” This has
been styled by the author as the “Vital Force’. The inadequacy of the physical
laws to account for the high rate of water-absorption by the plant, of diffusion of
CO, during photosynthesis, and of translocation of food materials in the plant-body,
has been pointed out not only by Miller (1931) but also by many others. According
to the author, it is probably this “Vital Force’ which enables absorption, elimination,
translocation of materials and diffusion of gases at a rate not at all possible
according to physical laws alone.

The constantly changing water-content of the plant-body in an oscillatory
manner, and the intimaterelationship between water-content and respiration (Bailey,
& Gurjar, 1918) made the author to take up the study of respiration, designing a
suitable micro-respirometer for the investigations. This apparatus works on the
‘Float and Manometar’ principle with the optical lever in combination (Krishna
Iyengar, 1944). This has several advantages over the types designed and used
by the previous workers (Osterhout & Haas, 1917, Lund, 1919, Davis, 1925, and
Brown, 1942). The simple construction, high magnification, easy handling, efficient
working, and lastly direct observation instead of calculation at every stage, were
the points in view of the author during the construction of the apparatus. This
instrument enabled the recording of even traces of oxygen taken in by a germinat-
ing seed. The oscillations in the rate of activity have been noticed even here, and
these seemed to follow a time law denoting the existence of a possible thythm. The
author has pointed out that these oscillations signify the presence of alternating
periods of activity and depression as a result of the changing tone of the proto-
plasm, and the intimately associated enzymatic action even at short intervals.

The other aspect that was tackled was growth (Krishna Iyengar, 1943b). The
importance of turgor pressure, or indirectly water-content, has been stressed by
Sachs (1873) and several others, and the work of the author on the leaf-movements
and weight changes had already denoted the variations in the water-content even
at intervals of less than a minute. In addition to these there was Friesner’s work
(1920) stressing the presence of a daily rhythm in mitosis and growth of plants.
These were responsible for the author’s attempt to reinvestigate this activity,
employing high magnification and recording growth at short time-intervals. The
data of Went (1925), Silberschmidt (1925) and Heyn (1931) which showed oscilla-
tions in the growth-rate but not reported by these authors strengthened the present
author’s conviction that the oscillations noticed in the other activities should be
present in growth also in view of the inter-relationship of the vital activities. Only
the aspect of linear changes was taken up for a critical study. Growth in the
vegetative structures and flower buds of many plants was recorded at intervals
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of 1/6 to 1/4 of a minute employing very high magnification. In all cases oscillatory
variations in the rate of growth were noticed. The author has pointed out that
the sigmoid growth-curve reported by previous workers was actually composed of
series of smaller curves, the smallest curve showing & duration of a minute or less.
These oscillations in the rate strongly suggest the occurrence of alternating periods
of high activity and depression. The author has hinted that ultimately the chang-
ing tone of the living matter might be responsible for these oscillations. On account
of the intimate association of the growth hormones with the protoplasm it is quite
possible that the rate of formation of these as also their action are also open to
similar variations, if one can judge from the significant fluctuations in the rate.

Further work on growth taken up by the author was to prove that these oscilla-
tory variations are noticed not only in the rate of the several activities but also
in the sizes of the different plant-parts as also the development of these. In this
work, the seasonal and intraseasonal variation in the sizes of leaves and internodes
was studied in detail, and a paper was communicated to the Indian Science Congress
of 1946. An attempt has been made to show that the sizes of the successive leaves
and internodes formed during any season show a similar oscillatory nature and to
explain the relationship between these size variations and the seasonal conditions
of a place. According to the author, the seasonal and intraseasonal peculiarities
are generally reflected in the varying sizes of the plant-parts, making the annual
or seasonal branch an efficient record of not only growth-conditions but also, though
indirectly, the weather changes (Krishna Iyengar,1947 and unpublished). The author
has also reported that there is a similar variation in the other parts of a plant also.
Thus, according to him, not only the vegetative but also the reproductive parts
manifest this feature, and the successive leaves, internodes, flowers or fruits formed
during a season show parabolic size variation, the best parts being formed about
the middle of a seasonal growth. Even in a fruit there is a similar parabolic varia-
tion in the sizes of the successive seeds, the best seeds being placed about the middle.
The general parabolic curve of the season shows finer oscillations when the number
of structures formed during a season happens to be large. Even a leaf shows the
parabolically varying rates of growth along its length during its development, the
middle part of a leaf generally showing the maximum rate of growth. The variation
in the sizes may be taken to denote the varying vigour and fertility of the successive
parts. According to the author, the position of the part on the axis would determine
the advantages or disadvantages in its development and expression. Since the
size and vigour are generally determined by position, an intimate knowledge of
this biological principle is strongly recommended by the author in all investigations
of the Biological Sciences. The author’s elaborate work during the last several years
{Krishna ITyengar, 1947, and unpublished) is an attempt to show its importance in
propagation and cultivation of plants, and in the selection of suitable seed-material.
It has been shown to be possible not only to increase the yield but also to improve
its quality. A similar seasonal and intra-seasonal variation is noticed in the activities
of animals also. According to the author the highly significant and constantly
present parabolic variation in size, vigour and fertility may denote the varying
hormonic, enzymatic and other activities of not only the entire plants but also
their parts.

It is thus noticed that all activities of plants are oscillatory. A diagram is
introduced below to illustrate these and their relationship. The plant’s growth
through ages as recorded by Douglass shows the almost regular oscillations, these
generally agreeing with the sunspot cycle and manifesting highly pronounced peaks
at intervals of 11.4 and 23 years (Fig. A). It is noticed that each of these curves
is composed of minor oscillations, the duration of each of these being about 3 years
or slightly more. 'When the annual growth is considered there are two major peaks
in the rate of growth. Although this has been the general feature as explained by
Sachs and others, a departure from this in the form of two more, though minor,
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peaks alternating with these major peaks has been reported by the author, in the
paper published in 1947, these denoting the peculiarties in the growth-conditions
and climate in certain parts of India (Fig. B). Intraseasonal growth.rate also
shows similar oscillations (Fig. C). In this connection may be mentioned the
parabolic variation in the sizes of the parts, their development and vigour, as also
fertility, in any seasonal growth (Fig. D). Even the daily record of the sunspot
numbers during a season shows a similar oscillatory nature. The daily activity
seems to be a miniature form of the annual activity, the two pronounced peaks in
the rate of growth noticed even here heightening the similarity (Fig. E). This has
been noticed not only in growth but also in the water-content and in the rate of
photosynthesis (Mclean 1920). Even in the leaf-movement a similar feature has
been reported by the author. The figure F is introduced to show how an oscillation
taking an hour or more is composed of minor oscillations, the duration of each of
these being 20-25 minutes. This has been explained by the author in several
activities of plants. Each of these oscillations is made up of several finer oscilla-
tions the time taken for each one of these being generally 3-5 minutes. The Figure G
illustrates this feature. These have been explained by the author in connection
with respiration, growth and other activities. Even finer oscillations, each of
about & minute’s duration, have been shown to be present in several activities
(Fig. H). According to the author, these are composed of still finer oscillations,
each taking 6-10 seconds (Fig. I). The finest oscillations are reported by the author
in connection with the tissue study, the time taken for each being 3-4 seconds (Fig. J).
The author has noticed even finer oscillations of a second’s duration or less (Fig. X),
but it has not been possible for him to give a clear account of these, since a magni-
fication of even 6000 seemed to be inadequate for this work. The author is con-
vinced that a higher magnification and a shorter recording interval might enable
one to perceive the finest oscillations and study their nature. Such high magni-
fications have often been used in the study of the nervous impulses, but in such
work, instead of linear changes potential variations at intervals of micro-fractions
of a second are registered with the help of oscillograph. In some cases the frequency
of these oscillations happens to be about 1000 or more per second. This electrical
change even at such short intervals has been said to be due to the changing pH
of the living cell. The use of such instruments may be thought of to determine
the presence or absence of similar oscillations in plants.

Thus the occurrence of oscillations in all the vital activities of plants and
animals is quite a common feature, these suggesting the presence of alternating
periods of activity and depression as a result of the changing tone of the protoplasm.
Since various enzymes are associated with the protoplasm for carrying on the several
activilies, the oscillatory changes in the living matter might signify a corresponding
variation in the enzymatic action and the metabolic processes. This has been
stressed by the author in connection with the tissue studies. According to the
author, this might mean a rapid reversibility in the pH of the protoplast followed
by an equally rapid change in the enzymatic action. Thus, the protoplasm, the
activated organic matter, exhibits an oscillatory nature in the rates of both anabolic
and catabolic processes, making one infer that the absorption or liberation of energy
by the activated matter is always oscillatory. This should not come to one as a
surprise, in view of the fact that even inanimate matter shows a similar feature
when it is activated. As an instance, may be cited radium which emanates rays
whose intensity is reported to be oscillatory (Moller and Ebbe Rasmussen, 1937).
Leading scientists are of opinion that the absorption or liberation of energy by
any activated atom is always in ‘quanta’, the rate of activity thus being oscillatory.
This illustrates the similarity between the activity of the living and the activated
non-living matter, making the alifference between the ‘Living’ and the ‘Non-living’
more subtle,
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Rhythm in Life :

The work reviewed above shows that all activities are oscillatory, and follow
a definite time-law exhibiting not only periodicity but also an inherent rhythm.
For a long time ‘rhythm’ and ‘periodicity’ were the terms used almost as synonyms.
Sachs (1875) and others were the earliest to use the term ‘rhythm’ in this sense.
But it may be pointed out that ‘periodicity’ is the result of external influence while
‘rhythm’ is a regular periodic change not at all connected with the external factors.
Schimper (1891), Friesner (1920) and Macgregor Skene (1932) have a correct concep-
tion of these terms. Macgregor Skene’s statement ‘we must note that the production
of leaves is itself a periodic phenomenon, as is, to go & step further back, cell divion
also, the basic fact in development, and that the cause of such a rhythm must be
sought in periodic changes inherent in the complex colloids of the plasma’ is highly
suggestive of the existence of an inherent rhythm, which could be disturbed,
According to Macgregor Skene only by methods unnatural and drastic, thus being
a powerful inherent feature. The sprouting and flowering of many plants only
during certain months of the year is an instance of this kind. According to Bose
(1928) the responsive movements are also rhythmic. The rhythm noticed in several
activities has been sufficiently stressed by the author. Even in the lower plants one
can notice this feature in their several activities. The ciliary movements of the
zoospores and gametes, and the size variation of the contractile vacuoles at regular
intervals are a few of the instances of this feature met with in the lower plants
and animals. The systole and the diastole of the heart, the respiratory action and
the regularly alternating activity and fatigue are a few instances of rhythm noticed
in animals. The variation in pH, and the succeeding oscillations in metabolic
activity following a daily rhythm, vigour and fertility satisfying a definite time
law, oscillatory metabolic variations even at very short intervals of a fraction of
a second, and lastly the regularly alternating rise and fall in the rate of any vital
activity, seem to be a feature of plants and animals alike.

From the above account it can be inferred that oscillation in any activity
seems to be the rule in Nature, and that the only constant thing in Nature happens
to be the capacity to vary. The regular succession of sunspot maxima, of seasons
and seasonal changes, and of day and night are clearly reflected in the activities
of not only plants but also animals. Phase of dormancy and activity, growth
and reproduction, sleep and wakefulness, assimilation and dissimilation, and finally
activity and fatigue—the contrasting processes in Life—alternating in a regular,
hence rhythmic manner, convey a vivid picture of Life’s thythm forming, though
in miniature, a reflection of the same in Nature.
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