
PLANT PHYSIOLOGY

as a new experimental organism with many desirable
characteristics. Its cells are small (- 2 ,u), it may
be grown as easily and reliably as Chlorella, it con-
tains phycocyanin as an auxiliary photosynthetic pig-
ment, it can be studied over a wide range of tempera-
tures up to 410 C, it shows no inhibitory effects of
the Warburg buffers, and it has an unusually low rate
of dark respiration.

SUMMARY
Photosynthesis and respiration of three blue-green

algae, Anabaena variabilis, Anacystis nidulans, and
Nostoc muscortum G, have been studied by conven-
tional Warburg manometry.

Rates of photosynthesis at light saturation were
measured in the Warburg series of carbonate-bicar-
bonate buffers and in bicarbonate-carbon dioxide
buffers in the pH range 6 to 10.5. Evidence was
sought, but not found, that rate of photosynthesis is
any simple function of bicarbonate concentration. In
terms of their light intensity curves the three algae
show no feature markedly different from those of
Chlorella. Limited response of respiration to added
organic substrates is considered related to the obligate
photoautotrophic character of the three algae.

Attention is directed to Anacystis nidulans which
has several features making it particularly useful as
an experimental organism for studies on photosyn-
thesis.
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It has been widely known for a long time that
numerous plants and animals normally display overt
daily rhythms of various processes and, if they live in
the littoral regions of the seas, have also primary
lunar cycles (tidal) of various physiological processes.
In general, it has been customary to think of these as

direct responses to rhythmic external factors. Simi-
larly, the numerous instances of semi-lunar and lunar
breeding cycles, common for marine animals and
plants, have generally been considered to be simple
responses to illumination or tides, or some combina-
tion of these.

It is gradually becoming increasingly apparent,
however, that daily rhythmicity in animals possesses

1 Received March 14, 1955.
2 These studies were aided by contracts between the

Office of Naval Research, Department of the Navy, and
Northwestern University, NONR-122803, and the Ma-
riniie Bio ogical Laboratory, NONR-1497(00).

an important persistent aspect. The rhythmic changes
persist, more or less temperature-independent as to
frequency, under constant conditions of light, tem-
perature, and humidity. It is also becoming evident
that there are similarly temperature-independent per-
sistent rhythms of primary lunar frequencies.

Beliefs- as to relationships between lunar phases
and human and other organismic behavior are as old
as the beginnings of the human cultural heritage, but
these have seldom found solid scientific support.
Even when finally supported and used to predict
accurately such phenomena as occurrence of plankton
pulses of the Illinois River (18), the swarming of the
grunion (24), or the palolo worm (17) the lack of an

adequate explanation has usually left the matter in
the hands of the naturalist rather than the experi-
mentalist.

Biologists who have had occasion to concern them-
selves with the measurement of 02-consumption in
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either plants or animals have almost invariably been
plagued by what appeared to be a wide range of ran-
dom variability in the rates of O2-utilization even
under conditions constant with respect to all factors
known to influence the organisms. Gompel (16)
found variations in O2-consumption correlated with
tidal times in a number of marine animals in the
laboratory away from tidal changes. Brown et al (6)
made analyses of the variations in rates observed in
the fiddler crab, Uca pugnax, under constant condi-
tions and found them capable of being resolved into
a complex of rhythms. One of these correlated with
the primary solar cycle of 24 hours. Another corre-
lated with the primary lunar cycle of 12.4 hours. A
third cycle of about 15 days appeared to result from
the periodic reinforcement of the primary solar by
the primary lunar one. A fourth cycle of about a
month was observed but it was not possible with the
data of the limited period of the investigation to
determine decisively whether this correlated closely
with the synodic month of 29.5 days or possessed
another cycle length. Preliminary work with two
species of snails suggested strongly that the same
types of persistent rhythms of 02-consumption were
to be found in them (21).

Although the amplitudes of persistent cveles seem
clearly to be a function of temperature as are the
rates of biological processes in general, the frequencies
of the persistent cycles appear in every case so far
carefully investigated to be independent of tempera-
ture. This independence extended over as wide a
range as from 6 to 260 C for the primary solar cycle
and at least from 14 to 300 C for the primary lunar
one in the fiddler crab (9, 10). Temperature-inde-
pendent endogenous rhythms with closely similar
properties have also been described for Drosophila
(20) and for Avena coleoptile (1). Although the
temperature-independence of the frequency of the
rhythms was shown using criteria other than respira-
tion, it seems highly likely that the frequency of the
rhythms of 02-consumption are similarly tempera-
ture-independent. This seems likely inasmuch as the
rhythm frequencies correlated closely with the cosmic
ones at any arbitrarily selected constant temperature
used within an experiment, which was performed
under conditions constant with respect to all factors
now known to influence organisms.

The experiments to be reported constituted an
attempt to learn whether plants possess persistent
rhythms of respiratory rate comparable to those
found in animals as described earlier. A brief sum-
mary of some of the results have been published
(7, 8).

Among the more recent reviews of the subject of
organismic rhythmicity are those of Caspers (13) and
Korringa (19). The relative roles of persistently
rhythmic mechanisms, on one hand, and direct in-
duction by variations in light, temperature, 02-ten-
sion, water and similar obvious factors, on the other,
in determining the normal periodic behavior of organ-
isms constitute an almost wholly unexplored field.

.MATERIALS AND MXIETHODS
Potatoes (Solanum tuberosum) and carrots

(Daucus carota) were procured from a local grocery
store in Evanston, Illinois. With a large cork-borer,
short cylinders about two centimeters in diameter,
each bearing an eye and weighing about 5 gm were
cut from the potatoes. The carrots were cut trans-
versely into sections similarly weighing about 5 gm.
The pieces of the vegetables were placed in automatic
continuous recording respirometers (3) and their
rates of 02-consumption measured continuously for
the 29-day period, -May 12 through June 9, 1954.

An experiment with the brown alga, Fucus, was
performed in Woods Hole, MIassachusetts. Fresh
Fucus was collected every 3 to 5 days. Five gm of
terminal portions of thalli were placed in each of
several respirometers. 02-consumption was deter-
mined continuously for the 35-day period, July 27-
August 30, inclusive, 1954.

The respirometer was of such a character that the
organisms were maintained in essentially constant
02-tension during the course of the experiments since
it operates on the principle of continuous 02-replace-
ment. The organisms were subjected continuously to
the natural variations in barometric pressure.

The respirometer consisted essentially of a 50 ml
Soxhlet distilling flask as the plant-containing cham-
ber. The chamber also contained a vessel of satu-
rated KOH as a C02-absorbent. The flask was closed
by a rubber stopper which was perforated by a
27-gauge hypodermic needle; attached to the top of
the stopper was a collapsible, 02-impermeable, Saran
sack which was filled with 02 (about 50 ml). The
plant wvas maintained in air with its base immersed
in a small amount of water. The flask-sack ensemble,
constituting a "diver," was weighted with lead just
sufficient to sink it in water and then suspended by
fine wire into a constant-temperature bath. The wire
activated a delicate, ink-recording, spring scale which
recorded the changing, weight of the submerged diver
continuously upon a strip of paper drawn over a
roller by a telechron clock motor. For each milliliter
of 02-consumed by the organism, the diver obviously
increased in weight one gram. The walls of the bath
were opaque and painted black on the inside. The
apparatus was operated in a light-proof enclosure in
which six 7.5-vwatt frosted incandescent lamps pro-
vided a constant illumination of about 1 fc at the
level of the water-surface of the baths.

The pieces of potato and carrot were prepared
and placed in respirometers at about 4 PAL. (all
times for potato and carrot are Central Daylight,
and for Fucus, Eastern Daylight) on -May 10, 1954.
One respirometer, possessing nine divers, was oper-
ated in conjunction with a bath maintained at 19.80 C.
A piece of potato was paced in each of eight of the
divers, the ninth being left as a blank control. An-
other respirometer, similarly possessing nine divers,
had its constant temperature bath operating at
19.60 C and a carrot section was placed in each of
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eight of these divers with the last one left blank as a
control, as for the potatoes.

The plants were permitted to remain in the respi-
rometers but the records for the first 31 hours were
not used. Thereafter, beginning at 11 P.M., May 11,
1954, an essentially complete, 29-day record of 02-con-
sumption for 8 carrots and 8 potatoes was obtained.

The potatoes were all replaced by freshly cut
pieces at 4 P.M. on May 14, and half of them, or
four, were replaced by new ones at 11 A.M. on May
30. The 02-reservoirs were replenished and the C02-
absorbent was replaced at about 3- to 4-day intervals.
Freshly cut pieces of carrot were substituted for the
old at 5 P.M. on May 17; and thereafter only two
carrots were replaced because of accidental contami-
nation while changing C02-absorbent. As for the
potatoes, the 02 reservoirs were refilled and the CO,-
absorbent replaced at 3- to 4-day intervals.

Fucus was placed in each of 8 divers on the after-
noon of July 26, and hourly records were taken from
midnight of that day through midnight of August 30.
The bath temperature was 19.60 C. Illumination at
the bath surface was kept constant, about 1 fc. The
02 and C02-absorbent reservoirs were refilled at each
time the plants were replaced (3- to 4-day intervals).

It had been the original intention to utilize the
control blank divers in order to compensate for the
influences of the changes in barometric pressure upon
the plant-containing respirometers but this turned
out not to be feasible. When the recording system
was adjusted in its sensitivity so that the full scale
would permit 3 to 4 days of uninterrupted continuous
recording of the 02-consumption of the plants, the
random rises and falls in barometric pressure, though
qualitatively followed quite faithfully, were quanti-
tively of smaller extent than were to be expected
upon the basis of the gaseous volume and the known
changes in pressure simultaneously recorded upon a
precision barograph.3 In fact, a careful correlation
of 29 days of blank diver data with barometric pres-
sure showed the divers to exhibit only about 27 % of
the expected amplitude. This was finally traced to a
very small freedom of movement in certain pivotal
bearings of the spring scales. Since the blank divers
were almost completely free from gaseous escape, the
normal pressure changes produced only minute right
and left excursions of the ink-writing arm about a
mean. A large fraction of these excursions which
were of the order of tenths of millimeters was ab-
sorbed in the pivotal bearings of the pen rather than
being translated to the pen point.

This blank-diver error was confirmed also by
attaching blank divers to greatly sensitized spring
scales; the pivotal freedom became, thereby, smaller
relative to the total barometric-pressure-change in-
duced excursion of the pen. The blank divers under
these circumstances became greatly improved baro-
graphs.

3 Data generously provided by the U. S. Weather
Bureau.

The plant-containing divers, on the other hand,
appeared to behave as nearly perfect barographs dur-
ing the experiments. In these instances the pen lever
arm was ordinarily in constant slow movement in one
direction as a result of the 02-consumption. Here the
variations in barometric pressure expressed them-
selves as variations in apparent rates of 02-consump-
tion, and the pivot of the pen arm was under con-
tinuous, essentially uniform, unidirectional tension.
In figure 1 are to be found sliding averages (three
consecutive hours) for 3 three-day periods of data for
potatoes and carrots uncorrected for barometric pres-
sure. Plotted directly beneath each, on the same
scale, is the variation calculated for the divers on the
basis of the known barometric pressure changres. It

en.
w
z

I

I-I

3

w

cr

MAY 21 22 23

MAY 27 28 29

B -|
MID IGHT MD G

JUNE~~2 3A PER D

FIG. 1. A comparison for general form and ampli-
tude, of the hourly values for three 3-day periods of
A) uncorrected data for carrots, B) uncorrected data for
potatoes, and C) the calculated expected change in
blank divers due to the concurrent barometric pressure
changes. All are plotted on the same scale.
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FIG. 2. A. Plotted on the same coordinates are the 29-day mean daily cycles of 1) uncorrected carrot data,
2) uncorrected potato data, and 3) the calculated variation for the respirometers due to the actual barometric pres-

sure changes. B. The same for 29 days of data 1) for Fucus and 2) calculated barometric piessure influence.

will be noted that the general form and amplitude of
the major variations are as would be expected on the
basis of the divers behaving as nearly perfect baro-
graphs.

In figure 2 A are illustrated the mean daily varia-
tions of uncorrected respirometer data for the 29-day
period for the carrots and the potatoes, and the calcu-
lated daily rhythm to be expected solely on the basis
of the hourly barometric pressure changes during the
same 29-day period. Figure 2 B illustrates the same

f6r Fucus. All are plotted as sliding averages using
three consecutive hourly values. The great similarity
of not only general form and phase relationships, but
also of amplitude, for the plant-containing respirome-
ters and the calculated barometric-pressure-induced
changes again gives adequate support for the assump-
tion that the respirometers are behaving as practi-
cally perfect barographs.

In the preceding computations of barometric pres-
sure effect, an average diver volume of 100 ml was

always used and the corrections were calculated on

the base value of barometric pressure, 30.00 in. Hg.
Less than a 2 % error was introduced in using this
arbitrarily selected value. Assays of the divers indi-
cate(l a mean diver volume of about 100 ml for the
3- to 4-day respirometer runs. During this period
there was a gradual volume reduction from about 110
ml to about 90 ml. Therefore, about a 10 % error

was introduced through the use of this mean volume.
The general drop in volume of the respirometers as

the oxygen was utilized over 3 or 4 days would not
contribute any rhythmic component to the frequen-
cies being investigated. The general validity of this
method is borne out by the gross good fit of the
observed respirometer fluctuations and the calculated
fluctuations based upon the concurrent pressure

changes (fig. 1 and 2).
However, since there is a clear mean daily rh-thm

of barometric pressure with a range of 0.03 to 0.07
in. Hg, it would be expected that there would be a

mean daily rhythm imposed upon the volume of the
respirometers and hence be reflected in the data cor-

rected for the pressure on the basis used here. At
those times of day when the barometric pressure is
above the average the corrections used would be too
large, and for those times the pressure was below the
average, the corrections would be too small. The
cyclic influence of the barometric pressure would be
expected to be slightly amplified, as a result of the
correlated slight variation of the diver depth in the
water bath and also through the operation of Henry's
Law operating with respect to the water in the bot-
tom of the respirometer chamber. A slight error is
also introduced in correcting the volume as for a
dry gas.

All the data used in the analyses to follow were
corrected for the concurrent hourly actual changes in
barometric pressure on the basis of a diver mean
volume of 100 ml and a uiniform pressure of 30.00
in. Hg.

A O I B
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The fact remains, that when one considers the
form of the daily variation expected on the basis
simply of the mean daily variations in barometric
pressure effecting the respirometers as described, one
finds in no case the form of the mean daily cycle of
02-consumption to correspond. The rhythms appear
to possess distinct species-specific components.

In the analysis of the hourly correlation between
the barometric pressure rate and direction of change
and the concurrent rate of 02-consumption, the values
used in the calculation of each point included indis-
criminately the use of both overcorrected and under-
corrected data resulting from any imposed baro-
metric-pressure daily cycles. Hence the barometric
pressure daily cycles could not have been responsible
for the good correlations found.

It should also be pointed out that in setting up
afresh the respirometers at three- to four-day inter-
vals, the respirometers were closed a number of times
in each 15-day or 30-day series, and in a random
manner with respect to the actual pressures at the
times of closure.

A diurnally rhythmic component due to the un-
corrected mean daily barometric pressure cycles would
be the result of overcorrection when in the cycle the
pressure was above the daily mean and undercorrec-
tion when it was below the daily mean. Since there
are either undercorrections or overcorrections to both
rising and falling pressure changes during any period
of pressure divergence from the daily mean, there
would be expected to be either two or four maxima
in any imposed spurious daily effect, depending upon

TABLE I

MAY _
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

JUNE 1
2
3
4
5
6
7
8
9

A. M.
1 2
49 5
40 5
37 4
42 4
49 4
31 3
63 51
56 3
28 5.
29 34
33 2
32 2,
26 3
47 34
25 3
25 2
21 4:
31 44
25 2
51 14
86 7:
46 31
29 2:
35 4:

27 5:
17 3
31 4
19 4

whether the particular mean daily pressure cycle
exhibited one or two diphasic variations about the
mean.

RESULTS
The rates of 02-consumption for the potatoes dur-

ing each hour of the 29-day period of observation
(May 12-June 5) are found in table I. The rates are
the averages for the eight pieces run concurrently.
It is quite evident that the pattern of change in rate
of respiration differs from day to day with maxima
and minima occurring at different times. There is no
overt daily rhythm. From lowest to highest, values
found during the lunar period of observation involve
increases of several hundred percent.

The hourly rates of 02-consumption for the carrots
for the 29-day period are found in table II. Here it
is evident that injury to the carrot in preparation of
slices evidently resulted in greatly accelerated initial
rates of 02-consumption which were 2 to 3 days in
subsiding. The general pattern of daily changes also
changes markedly from day to day in a manner com-
parable to that for the potatoes. From lowest to
highest values over the 29-day period involved simi-
larly an increase of several hundred percent.

A casual study of the data for the carrots and
potatoes revealed that despite the fact that the mean
rate of 02-consumption of the carrot (67.33 + 0.86
ml/kg x hr) was substantially higher than that for the
potato (39.78 ± 0.64 ml/kg x hr) there was a correla-
tion in the forms of the minor variations in rate dur-
ing the whole 29-day period. A determination of the

Hourly values of 02-conaumption in the potato (ul./Kg.x hr.)
P. M.

3 4 5 6 7 8 9 10 11 12 1 2 3 4 5
4 73 50 38 67 36 52 49 61 27 33 37 55 70 67 54
,6 31 52 57 50 63 47 43 64 74 56 50 86 64 60 37
3 62 52 52 61 44 53 66 47 41 52 60 60 - - 22
6 46 53 65 58 61 59 70 53 64 52 58 71 56 68 50
5 63 49 50 54 53 53 42 55 44 34 59 46 40 49 44
9 32 44A 39 50 33 66 31 32 32 26 50 41 33 35 -
8 60 73 75 40 58 75 57 54 60 44 56 67 46 75 39
5 45 52 29 55 52 53 39 70 64 15 40 40 35 53 43
3 48 37 58 35 42 54 29 46 44 30 34 65 52 - 20
9 39 41 28 38 33 39 31 50 40 49 30 25 36 38 30
9 43 37 46 32 48 36 39 36 46 20 32 50 35 34 30
3 31 41 31 34 26 33 38 43 33 33 33 23 33 33 26
3 13 39 25 25 33 27 29 47 36 - 25 18 29 31 24
9 31 36 31 37 33 37 54 31 24 30 27 23 42 19 42
8 26 32 39 44 36 23 18 52 28 14 21 18 27 22 27
5 36 30 23 34 24 25 42 28 28 17 27 28 36 - 36
1 32 23 36 18 38 41 25 36 34 27 46 38 36 41 38
0 17 37 46 23 22 43 36 13 40 48 36 21 32 34 30
9 18 22 31 26 32 15 21 27 - 14 41 4 48 17 38
6 113 75 45 26 36 45 23 38 53 52 79 77 80 42 -9
1 7 118 61 53 22 41 49 22 59 42 -11 58 18 64 83
8 31 48 14 73 17 65 29 19 66 45 74 58 42 38 42
1 38 50 44 59 21 30 16 42 51 22 31 24 36 52 30
3 36 36 40 45 43 41 47 69 62 22 46 44 73 39 25
- -- 51 41 42 36 31 40 35 43 24 25 18 31-
1 36 45 48 29 45 33 58 38 29 - 23 20 49 37 34
1 34 53 47 33 27 41 31 60 28 44 36 33 46 31 27
o 29 50 40 41 17 51 17 48 17 41 20 33 47 40 38
1 15 42 31 44 28 46 5 48 12 82 53 21 21 9 19

6
36
44
22
62
44

47
18
23
40
37
28
20
33
34
19
31
46
69
112
81
25
53
46
21
32
43
5

41

7. 8 -9
36 23 34
21 33 39
19 19 26
46 43 57
51 44 38
35 39 53
48 49 48
36 28 55
36 27 27
43 19 45
22 34 35
28 31 18
35 33 39
24 33 34
37 41 25
43-24 58
46 0 100
31 16 20
51 37 43
49 24 62
70 49 59
- - 65
51 35 42
48 38 23
20 48 44
51 33 60
45 29 33
0 23 35

25 45 51

10 11 12
47 33 26
47 36 54
17 31 30
56 51 52
43 48 33
42 55 55
48 41 45
35 34 45
38 38 34
25 39 45
30 41 49
27 21 22
49 33 32
36 22 23
43 21 18
34 29 35
35 55 25
1 13 19

48 61 34
25 50 26
52 43 46
37 5 59
-.5 17 46
70 18 54
37 28 38
26 34 35
68 26 23
33 47 19
33 27 20
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TABLE II

02-consumnption in the carrot (mnl./Kg.x hr.)
A. M~. P. M.
1 2 3 4~ 5 6 7 8 9 10 11 12 1 2 3 4b 5 6 7 8 -9- 10 11- 12

122 87 6 52 47 107 69 -90 93 70 93 69 104 77 64 59 74 64 95 72 96 61 61 77
64 73 74 72 99 64 73 57 82 70 63 64 47 77 - - 60 54 54 58 61 73 52 67
86 54 40 80 - - 47 67 - 412 30 - - - - 47 38 21 47 22 51 29 49
71 49 64 46 83 42 59 62 64 59 53 44 56 44 67 40 50 46 40 50 55 39 53 67
42 59 67 53 64 56 50 75 39 63 40 52 57 54 59 57 56 56 63 56 60 39 53 66
54 39 36 74 39 66 47 50 39 45 47 50 66 37 40 - - 91 112 100 125 123 119 119

160 125 122 150 150 95 125 129 114 113 130 102 127 125 104 107 107 101 99 U15 93 99 86 95
1017 103 93 93 92 125 82 88 94 104 101 79 94 90 105 87 84 69 75 57 89 81 94 87
83 77 98 83 91 97 91 95 85 90 84 84 85 69 83 87 57 55 86 74 64 81 70 78
70 7178 7661 6860 8156 7063 79 5674 7959 7283 74 7995 80 86103
92 8583 8398 89107 82 889394 6187 85 808763 68 7865 6961 8190
67 53 69 79 66 57 58 69 70 64 70 60 50 50 47 47 51 66 48 70 49 63 64 60
47 57 54 57 50 61 56 53 4.1 75 - - 58 63 86 75 83 81 85 95 103 104 83 99
86 101 92 82 98 85 106 81 99 83 80 96 73 80 74 60 97 86 93 103 89 66 65 76
80 107 93118 5984 74 837646 49 7865 667173 82 747170 5668 55 55
61 82 58 73 78 37 58 48 74 63 64 55 52 -- - 70 51 64 9 75 78 60 66
61 65 5945 7253 70 66536678 40 77 796062 5245 7540131 2472,38
57 76 63 77 54 76 51 73 71 56 64 73 69 58 53 49 50 67 36 46 46 36 44 47
49 49 46 48 44 46 51 32 48 51 65 - 33 29 51 27 46 49 56 53 62 55 62 63
65 51 44 82 35 58 39 51 62 45 55 76 34 90 107 60 36 110 80 54 83 94 61 39
68 53 57 120 74 86 68 66 69 68 67 77 53 108 92 92 92, 94 104 83 95 84 84 69
66 83 50 84 31 101 47 91 60 50 89 50 73 68 69 75 58 31 78 55 68 53 13 86
50 41. 51 49 44 54 36 28 21 31 68 30 70 39 49 68 78 58 57 57 31 40 47 66
49 687061 56 7197 7582 79 3 6454 6073 52 884866 7541 63 58101
58 46 91 71 74 81 77 76 79 62 74 61 54 60 53 46 44 48 60 46 60 71 37 59
.39 78 42 73 49 51 58 68 51 77 65 - 31 32 61 48 52Z 51 59 55 80 41 51 65
36 54 40 54 61 64 34 60 60 70 37 65 32 33 53 55 43 63 60 71 63 74 71 66
64 56 53 66 59 64 57 50 48 80 62 60 45 62 49 52 63 61 46 45 64 29 69 63
41 56 50 81 56 66 36 60 27 54 37 83 29 20 42 49 43 67 33 48 64 44 21 40.

coefficient of correlation for the hourly data of the
two yielded a value of 0.37 ±+ 0.033. Since the coeffi-
cient is more than 11 times its standard error the
reality of a correlation cannot be questioned. It
should be emphasized hiere, that the carrots and pota-
toes were being run in different constant temperature

23a
3-
03C

z7'

03

44

44

65AM 12 ;PM.

baths, at slightly different temperatures, and at dif-
ferent locations.

The hourly rates Of 02-consumption for the alga,
Fucus, for the 35-day period, July 27-Aug. 30, are
found in table III. As with the other species there
appear to be relatively large, apparently random,

FIG. 3. A.The average 29-day diurnal cycles of 1) potato, 2) carrot, and 3) Fucus. B. Average 15-day daily

cycles for the 1) potato, 2) carrot, and 3) Fucus, over a period extending from first to third quarter of the moon.

C. Same as B but for a period extending fr-om third to first quarter of the moon.
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TABIE III

02-conasuption in the ?ucus (ml./Kg.x hr.)

27 35 55 38 45 39 42 35 41 52 60 37 31 50 25 37 53 28 38 32 19 50 38 32 40
28 44 40 32 37 37 20 52 24 48 4+5 38 37 4+3 41 35 15 27 38 39 53 29 13 40 53
29 54 43 29 38 45 45 48 37 31 57 13 24 39 54 38 51 42 50 47 42 50 53 45 53
30 37 67 63 49 52 57 43 50 - - - 53 57 4+5 43 48 38 77 41 4+6 57 52 55 56
31 48 60 67 65 63 56 72 55 62 50 70 73 62 64 64 57 82 57 52 67 59 55 55 75

AUGUST 1 72 37 72 70 55 69 50 53 65 52 55 79 -42 45 57 35 72 41 46 70 51 42 65 53
2 58 43 57 55 50 56 58 48 39 43 53 5 53 42 48 57 49 47 38 48 48 37 49 45
3 45 60 50 35 36 47 36 60 53 -- 37 48 40 52 4.4 39 45 38 43 35 36 38 28 41
4 30 35 31 42 39 35 25 37 30 - 50 50 50 46 59 41 50 35 45 45 30 55 43 39
5 55 43 4. 55 38 40 58 39 62 45 47 65 55 69 45 71 5 75 58 35 53 37 68 34
6 52 42 33 45 43 53 36 40 44 41 33 56 26 58 - 43 43 48 32 56 45 50 40 52
7 43 50 57 48 48 41 40 42 52 48 57 60 61 47 35 35 52 40 55 43 44 67 41 57
8 50 48 48 58 41. 41 32 43 53 1.1 48 55 41 43 48 45 53 59 38 45 51 50 60 49
9 45 58 53 57 53 48 43 50 -- -- 53 41 41 89 62 13 45 47 48 48 35 27 26 --
10 - - 50 23 33 45 27 42 28 30 43 35 25 32 39 30 28 33 30 40 20 44 25 50
11 29 32 44 34 33 26 35 48 32 43 35 45 35 -- 34 25 31 55 44 43 53 70 64 70
12 70 72 807657 6061 63 6289105 96 9590 846184 83 816979 79 8177
13 92 98 90 73 79 67 80 83 -- -- 62 60 50 48 49 43 40 46 35 45 30 51 45 48
14 38 40 48 36 41 40 33 52 35 43 38 37 37 32 42 34 30 35 44 40 35 55 38 40
15 33 46 35 40 44 37 38 42 37 37 44 45 39 45 38 45 30 27 25 51 17 50 44 32
16 29 48 41 15 57 32 44 39 42 30 14 32 31 69 39 30 54 29 29 35 35 46 49 28
17 6- 25 22 35 13 18 27 27 - -- 60 70 60 67 52 57 55 63 42 52 47 57 51 50
18 48 40 60 47 51 44 56 53 43 52 53 54 53 38 55 55 55 55 50 55 35 56 47 46
19 48 45 43 49 62 49 43 53 58 48 48 52 63 57 50 60 70 50 60 40 - 57 55 63
20 63 52 77 6542 7061 57 60 --75 62 45 57 62 48 62.48 42 6050 43 51
21 35 44 40 55 45 32 51 29 53 37 53 62 45 38 40 42 38 42 43 70 27 37 38 41
22 41 33 28 77 57 12 35 28 42 45 42 35 44 59 35 50 43 38 28 45 33 48 *48 28
23 33 45 40 38 50 27 48 31 29 - 60 76 69 59 64 60 57 50 49 57 53 48 68
24 56 43 49 62 52 53 42 58 40 60 43 62 53 55 48 57 56 42 45 47 46 57 58 49
25 45 64 48 43 49 41 52 57 53 48 53 57 42 61 37 43 51 60 42 53 56 38 52 49
26 63 57 55 61 60 45 39 55 50 61 50 40 67 45 76 55 41 76 59 35 46 28 48 46
27 37 41 48 50 32 56 19 41 46 51 32 43 39 29 24 38 30 49 50 48 27 35 48 40
28 41 32 48 43 35 44 36 56 32 36 60 33 46 40 42 36 45 28 31 49 25 28 38 38
29 25 37 43 40 53 44 42 41 51 41 34 35 51 43 35 60 53 40 60 41 46 37 46 51
30 4454 61 53 49 56 53 34 59 57 29 41 44 -~52 41 44 59 40 31 47 43 55 38

fluctuations in rate through days and also from one
day to the next.

The mean rate of 02-consumption was found to be
48.29 ±+ 0.59 mi/kg x hr. A study of possible correla-
tion of the hourly changes with those for the potato
revealed there to be no significant one (0.0527 ±+ 0.039)
despite the fact that the hourly correlations were
made in such a manner as to bring as closely into
alignment as possible any existing solar and lunar
cycles for the two series of data, by synchronizing not
only times of day but phases of the moon.

The random character of the day-by-day varia-
tions in 02-consumption was clearly evident when one
attempted to correlate the hourly rates Of 02-con-
sumption of the carrot and the potato, but now after
dislocating the two series of data by one day (i.e., the
hourly data of day n for the carrot was correlated
with the hourly data of day n + 1 for the potato).
Despite the similarity of the phases of the solar cycle,
and the close similarity (51 minutes off) of any lunar
cycle a determination of a coefficient of correlation
over the 29-day period yielded a value of -00016 '+ 0.04
obviously indicating no measurable correlation.

ANALYSIS OF THE RESULTS
To determine whether rhythms of any frequencies

of known external physical cycles were present in the
potatoes, carrots, and Fucus, the data were first ana-

lyzed in such a manner that any existing primary
solar cycle Of 02-consumption would be essentially
stripped of any complicating primary lunar one.
This was done through the use of the whole 29 or 30
days of data. In such a synodic monthly period
every phase of a primary lunar cycle would hiave just
scanned once the hours of a primary solar cycle.
Hence, for example, the 1 A.M. hour over such a
period would have within it every phase of the 24.8-
hour cycle, as would have every other hour of the
day. In figure 3 A are plotted the average rates of
02-consumption for every hour of the day for the
monthly period, for potatoes, carrots, and Fucus.
There is a distinct daily rhythm of 02-consumption
in the potato with a maximum about 5 A.M., a gen-
eral tendency to remain high through the day with
secondary maxima in the late morning, and middle
afternoon, and a tendency for a drop after 3 Pl.M
with a small maximum in the late evening.

A comparable analysis of the data obtained for
the carrot similarly reveals an unequivocal daily
rhythm. In this case, the maximum for the day simi-
larly occurs about 5 A.M., and there is a minimum
just after noon. There is a steady but irreg-ular
increase in rate from the noon low to the next morn-
ing high.

Fucus similarly exhibits a persistent daily rhythm
with conspicuous maxima at 3 A.M. and 1 P.M., but
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with lesser ones at 6 and 11 P.M. Broad minima
occur about 7 AM.I and S P.MI

In figure 3 B are found the daily rhythms of the
three plants calculated on the basis of a 15-day
period, from first quarter to third quarter (centering
on full moon) of the moon. Here, each half of the
solar day is scanned by a different portion of a lunar-
clay cycle-a zenith or a nadir tide. In figure 3 C are
comparable daily rhythms for the three plants for the
15-day period from third quarter to first quarter of
the moon (centering on new moon).

In all three species it is evident that the form of
the daily cycle differs between the two semi-lunar
periods. The predominant difference for all three is
that the mean daily rate of 02-consumption is lower
in the fortnight centered on new moon than in that
centered on full moon. Also, the afternoon or early
evening values, or both, tend to be relatively higher,
compared to other times of day, in the 15-clay periodI
straddling new moon, than for that stradclling full
moon.

In order to attempt to understand further the
significances of these variations, or at least to learn
their correlation with external cosmic events, figure 4
was prepared. In this figure are found for the three
plants the relationship between phase of moon and
1) average daily rate of 02-consumption (individual
daily means) 2) average rate of 02-consumption for
two 3-hour periods, 5-6-7 AM.I and 5-6-7 P.M.
(sliding averages of three davs). All the plants ex-
hibited considerable fluctuations in rate over the
month of observation. The potato in both the daily
averages and the averages for the two selected periods
of the day tended to show general maxima which
were, except for the 6 AM. period, at or near the
times of full and new moon. The time of new moon
wAas correlated with a relatively low rate at 6 A.I
This difference was obviously the basis of the change
in form of the average daily variation over full moon,
on the one hand, and new moon on the other. From
lowest to highest values for the month, even for these
sliding averages which obscure extreme variations,
was an increase of more than 100 %.

The values for the carrot correlated to some ex-
tent with those of the potato. Full moon, however,
was correlated with a relatively low value. The high
values just following this time are probably, in part,
artifacts of an injury-induced increase in 02-con-
suimption. Although such injury probably resulted in
higher values than otherwise for the values for 'May
17-M\ay 21, inclusive, the data suggest that a lesser
maximum would probably have occurred at about
the same time had not the carrots just then been
replaced with freshly-cut pieces. The carrot showed
another distinct difference from the potato in having
a maximum near the time of third quarter of the
moon, a time when respiration in the potato was near
minimal for the 29-day period. But, as for the po-
tato, the carrot showed a 6 A-M. minimum about the
time of new moon when on the same day a relatively
high rate was found for 6 P.\. This latter would

FIG. 4. A. The v-ariation in mean daily rates of
O-consumption for 1) carrot and 2) potato. The mean
rates for the 5-6-7 A.M. period and the mean rates for
the 5-6-7 P.M. period, for the carrots and potatoes and
the variations in the 5-6-7 A.M. and 5-6-7 P.M. values
of barometric pressure are also shown. B. The com-
parable relationships for Fucus. Except for the mean
daily rates, all are 3-day sliding averages.

clearly account for the differences in the general forms
of the two fortnightly average daily variations for the
carrot.

Just as the carrot differed from the potato in the
rate for the two periods of the day (6 A.NI and 6
P.M.I) so did it also differ in the variation in mean
dailv rates. Here the carrot tended toward high rates
not only about the time of full and new moon, but
also about the time of third quarter of the moon.

Compared with the potato and carrot, the form
of the daily variation in respiration of Fucus differed
less between the two fortnights. Both the variations
in the daily mean values and the mean values for the
two periods of the day showed a periodic fluctuation
with maxima occurring at 6- or 7-day intervals and
with amplitude of variation from low to high values,
of the order of 40 %.

Plotted also in figure 4 are sliding averages of the
values for barometric pressure for two 3-hour periods,
5-6-7 A.M. and 5-6-7 P.M. For the potato there is
suggested a rough inverse correlation with barometric
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pressure. The carrot tends to show maxima corre-
lated with both relatively high and relatively low
values of mean barometric pressure. For Fucus there
seems to be, as for the potato, an approximate inverse
correlation between mean barometric pressure and
mean rate of 02-consumption.

To determine next the character of any existing
primary lunar rhythm, it was necessary to render
random the persisting daily cycle. To do this, the 24
hourly values for the second day of the 29-day series
for each plant were placed directly under those of
the first day. The data for the third day were placed
below those of the second, but now every value was
shifted one hour to the left so that, for example, the
2 P.M. value for the third day lay beneath the 1 P.M.
value for the second. The 1 A.M. value was then
displaced to the opposite end of the line under the
12 P.M. value for the second day. The data for the
fourth, fifth, and sixth days were similarly each shifted
an hour to the left relative to the lines directly above
them, and the early morning hours which no longer
lay beneath the values for the first day were for each
day removed as a block to the hight hand end of the
same line to complete a 24-hour row. The remaining
days of data of the 29-day series were used in the
same manner to move successive days of data back-
wards over earlier days at the rate of five hours in
each six days or, in other words, at an average rate
of 50 minutes a day. It was now clearly evident that
a primary solar cycle had just scanned once the 24
vertical columns of data, and hence was neutralized.
On the other hand, any cycles of primary lunar fre-
quency were now closely synchronized in the succes-
sive days of data. In figure 5 A are shown the pri-
mary lunar variations in 02-consumption for the
potato and carrots and for Fucus, studied 3 months
later. The values in figure 5 are sliding averages of
3 hours. The approximate times of lunar zenith and
nadir relative to the variations found are indicated
in the figure legend.

It will be noted that for all three species the low-
est rate of respiration for the lunar day preceded
lunar zenith by 1 to 3 hours and all showed a lesser
minimum 1 to 3 hours before lunar nadir. It is evi-
dent that for respiration in these organisms lunar
zenith and nadir are not correlated with quantita-
tively similar variations. The pattern of the lunar-
day (24.8-hour) cycle of 02-consumption for the
carrot resembles in a general manner that of the
potato and Fucus except for a greater tendency to
exhibit what might be referred to as quarter lunar-
day cycles (i.e., with minima between the primary
ones correlated with zenith and nadir).

In view of the possibility that the rhythms of
respiration which were here observed under "con-
stant" laboratory conditions might be directly induced
by rhythmic variations of the same frequency of some
external factor or factors other than light, tempera-
ture or humidity, an analysis was made of the rela-
tionship between the hourly rates and direction of
barometric pressure change and the rate of respira-

tion. The coefficients of correlation for the hourly
values for these two phenomena for 29 days of data
were determined for the three plants. All three
plants showed significant negative coefficients. The
value for the potato was - 0.585 + 0.035, for the
carrot it was - 0.176 -+- 0.037; and for Fucus it was
-0.306 -+- 0.034. In other words, in a general way
the more rapid the rate of barometric pressure rise,
the lower the rate of respiration and the more rapid
the rate of fall, the higher the rate of respiration.
Just as there were species differences in the forms of
the daily cycles, so were there substantial differences
in these correlations.

The relationship between rate and direction of
barometric pressure change and the concurrent rate
of respiration are shown in figure 6 A. The potato
shows a reduction in 02-consumption in proportion
to the rate of pressure rise and an increase in propor-
tion to the rate of pressure fall. An increase or de-
crease of about 10 % for each 0.01 in. Hg/hr change
is seen.

The same general form of relationship is found for
Fucus, except that there is only about a 5 to 6 %
change in 02-consumption for each 0.01 in. Hg/hr
change in barometric pressure.
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FIG. 6. A. The relationship observed between the rate of rise or fall of barometric pressure in 0.01 in. Hg/hr
and the mean rate of respiration for 1) potato, 2) carrot and 3) Fucus. The pressure rate changes, 0.03, 0.04, and
0.05, have been combined because of the few data. The size of the circle denotes the standard error of the means.
B. The mean barometric pressure cycles for the same periods for which the mean daily rhythms were determined
for the carrot and potato. 1) The fortnight centered on full moon, 2) the fortnight centered on new moon, and
3) the 29-day period. C. The comparable mean daily cycles for the period study of Fucus.

The carrot which, it will be recalled, exhibited the
lowest general correlation with barometric-pressure
change, shows a qualitative difference from the other
two plants. The carrot displayed a reduction in
respiration rate in response to both rise and fall in
barometric pressure. To rise in barometric pressure
there was a reduction in 02-consumption of about
7-8 % for each 0.01 in. Hg/hr. On the other hand,
there was a drop of about 3 % for each 0.01 in. Hg/hr
fall in pressure. It is interesting at this point to
recall that the carrot tended to show maxima in the
various earlier plots of variations in O2-consumption
with time, not only nearly synchronously with potato
maxima but also often at the times of potato minima.

Very similar daily and primary lunar rhythms
and correlations with barometric pressure change
have been found for a vertebrate, Triturus, and for
two species of fiddler crabs among the invertebrate
animals (unpublished work). Furthermore, the fid-
dler crabs which were studied for two months con-
tinuously exhibited not only the same kind of general
form shift in the daily cycle in going from the first
fortnight straddling full moon to a second fortnight
straddling new moon, but repeated the difference the
second month.

That the daily and lunar rhythms with their
monthly variation is not an artifact due to im-
properly corrected respirometer data is found by
work oni the oyster (4), whose activity was automati-
cally recorded for 45 continuous days under constant
conditions by simply measuring the mechanical open-
ing and closing of the shells through threads attached
to them and to ink writing levers recording on a con-
tinuous strip of paper. The daily, lunar, and monthly
cycles were of the same character as for the plants.

It resembled, in considerable detail, including the
hourly correlation with barometric pressure change,
the relationships found for Fucus.

It is, therefore, evident that at least one compo-
nent in the persistent daily rhythmicity in 02-con-
sumption is a direct induction by some external
factor. This fact was supported by correlating the
hourly rates of 02-consumption for a month with the
hourly changes in 02-consumption displaced by ex-
actly 24 hours. When this was done for Fucus, the
value of the coefficient of correlation was only + 0.115
± 0.038. A comparable study for the potato yielded
a value of 0.217 ± 0.038. These values are of the
general order of size as found for correlating pressure
changes, day n, with pressure changes, day n + 1,
(0.176 ± 0.036) on day n + 2, (0.136 ± 0.037). It
will be recalled that carrot and potato respiration
failed entirely to show any significant correlation
when the data for day n for one was correlated with
day n + 1 for the other (- 0.016 ± 0.04). Similar lack
of hourly correlation was found between the values of
Fucus and the potato studied at different times, even
when the data were synchronized with respect to time
of day and phase of moon (0.053 + 0.039). These
last lacks even of suggestions of a correlation again
points to the species differences in the cycles.

The 15-day and 29-day rhythms of barometric
pressure for the periods of study of the carrot and
potato, on the one hand, and for the period for Fucus,
on the other, are illustrated in figures 6 B and 6 C,
respectively. It is obvious that the forms of the
cycles are slightly different for the two locations and
times of year. It is apparent here, as is well known,
that there is a daily cycle of signs and magnitude of
rates of change of barometric pressure which are sta-
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tistically almost as precise as are the daily variations
in illumination. It is also known, however, that there
are larger random, hour by hour, and day to day,
variations than are true for visible light under natural
conditions.

It will be recalled from figure 4 that the day to
day variations in mean O2-consumption appear to be,
in general, inversely correlated with the slow gradual
rises and falls in mean daily barometric pressure in
a comparable manner to that of the hour-by-hour
responses. However, on an hour-by-hour basis
throughout the experimental periods, a correlation
with the actual barometric pressure was either small
or could not be seen. For the potato a correlation
of - 0.024 ± 0.038 was obtained; for the carrot,
+ 0.162 - 0.038; and for Fucus + 0.005 + 0.039.

It has been known (13a) that there are baro-
metric pressure rhythms of primary lunar frequency.
These are of much lower amplitude than the primary
solar; on the average of the order of 0.004 in. Hg,
and only capable of rough approximation as to form
and frequency even with 29 or 30 days of hourly
barometric-pressure data. In figure 5 B is plotted
the primary lunar variation in barometric pressure,
for the period May 12 through June 9 at Evanston,
Illinois, and also the comparable variation for the
period July 22 through August 20 at Woods Hole,
Massachusetts. The primary lunar variation in res-
piration of Fucus at Woods Hole might be in some
measure accounted for in terms of direct induction
by some external factor correlated with barometric
pressure since maximum rates of barometric rise (cf.
respiration reduction) occur shortly before lunar
zenith and lunar nadir and maximum rates of fall
(cf. respiration increase) tend to occur 5 to 6 hours
after lunar zenith and nadir respectively. Any pri-
mary lunar cycle of pressure was much lower in am-
plitude for the month, May 12 to June 9, in Evans-
ton, Illinois. Furthermore, the general form of the
mean lunar-day variation which is present has phase
relationships which differ greatly from those obtained
at Woods Hole at the later dates. Hence, this can-
not account for the carrots and potatoes both having
mean primary lunar cycles, essentially in the same
phase relationships to the actual lunar cycles as with
Fucus, and, in the case of the potato, having even
greater amplitude.

Qualitatively, the form of the 29-day daily varia-
tion in respiratory rate of Fucus is explained fairly
well in terms of the hourly correlation of rate with
concurrent barometric pressure change. The early
morning barometric pressure drop is correlated with
an early morning maximum, the middle A.M. rise in
barometric pressure is associated with a minimum in
respiratory rate, and the early afternoon rapid fall,
with a peak in respiration. The early evening rise
in barometric pressure is correlated with a second
minimum in respiration. It is very important to re-
call from the earlier discussion that this is not the
mean cycle form expected from any insufficiency of
correction of the respirometer data for barometric

pressure changes, although some of the minor fluctua-
tions in the general form of the cycle may be so ex-
plained.

In the carrot it is apparent by inspection of the
plots of the daily rhythms of barometric pressure and
respiration, that, as expected from the relationship of
respiratory rate to rate of pressure change, the high-
est rates of respiration occur during the hours of
relatively little pressure change, particularly during
the early morning and early evening hours.

For the potato, it would appear that the morning
rise in pressure is correlated with a reduction in res-
piration and that the steep afternoon drop is corre-
lated with one of the daily peak rates.

Also, the general form differences between the first
and second fortnights in all three plants clearly reflect
the differences in the forms of the pressure daily
rhythms for the same periods, when interpreted in
terms of the discovered relationships between rates
of pressure change and respiration.

A full explanation of the form of the respiration
cycles would appear to require the interpolation of a
more purely biological component, perhaps, e.g., in-
cluding periods of compensatory accelerated respira-
tion following periods of directly induced reduction
in rate. Also, whatever external factor operative,
the organism may be capable of exhibiting accommo-
dation, adaptation, or other relatively rapid regula-
tory reaction.

In view of the fact that a purely endogenous 24-
hour cycle can occur in an animal, even a lower, cold-
blooded one (11), it seems quite possible that the
plant may similarly not be entirely passive in its
response to the external cyclic factors. Some of the
divergence from the form of response to be predicted
from the pressure changes may be due to such en-
dogenous cyclic contribution. The phenomenon of
photoperiodicity as, it is known, of wide importance
through both the plant and animal kingdoms, implies
the possession of a relatively accurate and tempera-
ture-independent physiological time-sense, since in
this phenomenon, there is, within rather broad limits,
a relative independence of the illumination intensity
and often even of simultaneous temperature.

Also, the highly precise solar and lunar rhyth-
micity that synchronizes gamete liberation in certain
of the marine algae (e.g., Dictyota) even when di-
rectly shielded from normal full daylight or moon-
light would appear to require time-measuring mecha-
nisms of considerable accuracy to serve as insurance
mechanisms for unusual meteorological conditions.
There is some evidence that diatoms do possess such
lunar biological clocks (14). These clocks could
normally maintain the frequency of the cosmic cycles
by such a mechanism as is described in this report.

This research gives little suggestion as to what
external rhythmic forces are involved. Virtually
every known physical factor of the type that could be
operative here exhibits some degree of correlation
with barometric pressure.

It is quite reasonable to postulate that the fre-
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quency of these cycles of 02-consumption of daily
and lunar frequency in the potato, carrot and Fucus
are independent of random temperature variations
during the month. This has been shown to be true
for rhy-thms of similar forms and/or frequencies, those
of activity in the oyster (4), of color change in the
fiddler crab (10), and for rhythms of emergence in
Drosophila (12, 20). Despite the fact that the car-
rots and potatoes had been kept at room temperature
and also in a refrigerator at different times over a
period of days, all seemed when placed in constant
con(litions of light, temperature, and humidity at the
arbitrarily selected temperatures of 19.6 and 19.80 C
to possess cycles of the same frequencies and a
rhythm having not only the same frequency as the
primary lunar cycles but even the same phase rela-
tions. It must be presumed that the frequencies
would have been the same whether the temperatures
during the experiments had been held, for example at
15 or at 250 C. The form and amplitude, however,
may well be influenced by temperature.

The absolute rates of 02-consumption, on the
other hand, undoubtedly are a function of the tem-
perature with a Ql0 in the expected range for bio-
logical processes. It seems likely that the differences
in form of the daily cycles of the several plants can
be interpreted in some measure in terms of their
specific responses to some fluctuating physical factor
or factors which, in turn, are correlated with baro-
metric pressure. It is possible that pressure changes
themselves may serve as stimuli.

It is tempting to speculate that the organisms are
responding primarily to some factor other than pres-
sure. Suggesting this is the similarity of the lunar
rhythms of the three plants despite considerable dif-
ferences in the form, amplitude, and phase relation-
ships of the simultaneous mean lunar day cycles.
The indlividual daily patterns of cosmic-ray bombard-
ment of the earth (22) show the same more or less
irregular gradual changes of form from day to day,
and these appear to be capable similarly of resolution
into cycles of primary solar length (2) and in addi-
tion into lower amplitude cycles which could well be
of primar-y lunar frequency (23). The cosmic-ray
variation at ground level is in some degree influenced
by the barometric pressure variations and hence have
forms of daily patterns which are in part correlated
wNith the barometric pressure. Suggestive of a possi-
ble role of cosmic-ray showers, whose intensity would
be correlated with barometric pressure, and yet inde-
pendently possesses a clear daily rhythm (15) is the
demonstration of a measurable physiological response
of an organism to experimental variation in intensity
of cosmic-ray induced showers (5).

SUTMMARY
1. The 02-consumption of sections of carrot,

pieces of potatoes containing eyes, and tips of the
thallus of Fucus was measured continuously over 29-
day or lunar month under constant conditions. Slow
variations ranging over as much as 3- to 5-fold dif-

ferences were observed during this period, with the
pattern of variation changing from day to day.

2. The mean daily rate of respiration of the potato
showed a 15-day cycle with maxima near the times
of full moon and new moon. The carrot exhibited
a minimum about the time of full moon and maxima
at about third quarter and new moon. Fucus dis-
played cyclic variations in rate of respiration with
maxima at 6- to 7-day intervals.

3. Both the carrot and the potato, while exhibiting
maxima in mean daily rates of 02-consumption at
the time of new moon, showed minimum rates about
this time of the month for the 5-6-7 P.M. period.

4. Through the use of 29 complete days of data
it was possible to obtain the form of the mean daily
cycle of 02-consumption, since in 29 days all phases
of a primary lunar cycle are present at each hour of
the day.

5. The average daily pattern for the 29-day period
for the potato was found to show a maximum at 4
to 5 A.M. and lesser maxima at 10 A.M., 3 P.M. and
10 P.M., highest rates were observed in the morning
hours and the rate gradually decreased through the
day to the lowest ones in the evening.

6. The average daily pattern for the 29-day period
for the carrot was found to show a conspicuous maxi-
mum at 4 to 5 A.M. and a minimum just after noon.

7. Fucus exhibited maxima at 3 to 4 A.M. and 1,
6, and 11 P.MI. with principal minima at 7 A.M. and
8 P.M.

8. In all three species the mean daily rate and
form of the daily variation for a fifteen-day period
straddling full moon differed from that for the fifteen-
day period straddling new moon, and in the same
qualitative manner.

9. An analysis of the data performed in such a
manner as to determine the character of any existing
persistent primary lunar cycle of 02-consumption
revealed that all three plants possessed such cycles,
and the cycles were similar in form and phase rela-
tionships. All showed a primary minimum one to
three hours before lunar zenith, and a lesser mini-
mum 1 to 3 hours before lunar nadir.

10. A significant correlation was found between
the hourly rates of respiration and the concurrent
rate of change in barometric pressure for all three
plants.

11. The rate of 02-consumption of the potato was
decreased about 10 % for each 0.01 in. Hg/hr rise in
barometric pressure, and increased by about the same
amount for each 0.01 in. Hg/hr fall.

12. Fucus respiration was decreased or increased
about 5 to 6 % for each rise or fall, respectively, in
barometric pressure of 0.01 in. Hg/hr.

13. The respiration of the carrot was decreased by
both rises and falls in barometric pressure, decreasing
about 7 to 8 % for each 0.01 in. Hg/hr rise and de-
creasing about 3 % for each 0.01 in. Hg/hr fall.

14. The forms of the daily and lunar rhythms of
respiration are discussed in terms of these correla-
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tions and the measured daily and lunar-day baro-
metric pressure cycles.

15. There is also some suggestion of a correlation
between the mean daily rate of respiration and the
gradual rising or falling of barometric pressure over
hours or days.

16. There is a brief discussion of what might be
the nature of the operating external factors, of the
possibility of an endogenous rhythmic component in
the plants, and of possible functional significance of
these rhythms to plants.
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