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Introduction

The tomato stands foremost among the several vegetable
Plants which are cultivated as greenhouse cropse In its
culture under glass, especially in the northern states, the
question of a sufficiency of light for its best development
and highest productivity arises and becomes acutes The light
of the natural day, during the winter months, appears to be
inadequate with respect to ite duration and also its ordinary
intensity.

The possibility of using artificial light, to reinforce
daylight, existse As matter of fact, this has already been
tried in not a few instancese.

Certainly photosynthesis is one of the most fundamental
processes which condition plant behavior and production, and
light is a2 major factor in its dynamic complex. Neglecting
the characteristics of light, other than its intensity, how
is its intensity related to the rate, the so-called efficiency,
of photosynthesis? More particularly, what is this relationship
respecting the tomato plant, when grown under greenhouse
conditione? A study of this, - induced by the desire to extend
the knowledge disclosed by investigations already masde and

reported, - was made and 1s herein presented.
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Review of Literature

The effects of strong, diffused light on photosynthesis
were extensively studied by Muntz (11) in 1913. He found
from field observations that alfalfa produced less dry matter
Per square centimeter of leaf area in the summer of 1911, = a
sumer unusually free from clouds -~ than in 1910, when cloudy
skies prevailed much of the times Additional observations
were made in the laboratory where it was possible to equalize
the amounts of water received by the lots of plants grown under
different light intensitiese The results of the laboratory
experiments accorded with those obtained from the work in the
fielde He concluded that carbon assimilation is governed and
limited by the intensity of the lighte.

Lubimenko (9) and Poop (17) found that in heliophilous
Plants the rate of the accumulation of elaborated materials
was increased with increase in the light intensity, up to an
optimum point, and that any increase beyond this optimum resulted
in a decrease in the ratee. Heliophobous plants behaved in the
same manner, the optimum, however, being at a much lower point
than that for the heliophilous typese.

Arthur, Guthrie and Newell (1) working with 30 different
species of plants found the tomato to be the most sensitive to
light, Light intensities of 350, U550, 760, 800, 1200 and 1400
foot-candles were used conJointly with lengths of day which

ranged from five to 24 hourse. This revealed the fact that
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the "time factor” was of importance. The peak of increase

in carbohydrate production was reached at higher light in-
tensities with the 12-hour day. Injurious effects resulted
when the day was lengthened to 17 and 19 hourse The maximum
carbohydrate increase was reached with the 17 and 19-hour day
when lower light intensitles were used, or at the point of
injury for the higher intensities.

Combes (2) working with potatoes, and other tuber~forming
species, found that the higher the light intensity, the
greater the accumulation of elaborated organic compounds in
the storage parts of the plants. Apparently, at lower inten-
sities the storage function ceased and the entire amount of
the products of photosynthesis was consumed in the growth of
the aerial parts of the plant.

DeBesteriro and Durand (3) obtained very definite
results experimenting with the garden pea. The plants?
dry~-weight increase was in direct proportion to the intensity
of the light employed for its irradiatione

Folmer (5) and Yoshii (24) experimented with several
of the different envirommental factors, and of these several
factors, light intensity had the great est effect on the pro-
duction of carbohydrates in cereals and peas. Their data show
a greab er production of carbohydrates under the condition of
short days with bright sunlight than that of long days with

reduced sunlight, although the product of the intensity and
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the duration of 1light was higher in the latter case./

Kostytschew and Kardo-Sys-Soiewa (&) found that desert
Plante increased in carbon assimilation up to an optimum
1ight intensity and decreased as the intensity went above
this points Later in the day, as the light Intensity fell
to the optimum point, the carbon assimilation again reached
& maximum causing the deily curve of photosynthesis to show
two peaks in its outline.

The literature which bears directly on the question of
the response of the photosynthetic function to the factor of
light intensity is not so plentifule The foregoing references
are not 2ll, but are representative of those of greater
importance, and also, are sufficient to show the existence of
a quantitative relationship between these two phenomenae

Besides a direct effect of light, with respect to its
intensity, upon the behavior of the photosynthetic process,
acting as a catalytic and energizing agent, it appears to
affect certain other factors, which are essential in the processe.
Among these are the chlorophyll content of the leaf, and its
anatomical structure, = the latter being important with refer-
ence to the rate of the diffusion of gases within the lesaf's
interior.

Willstltter and Stoll (23) observed that the rate of
photosynthesis increased with the chlorophyll content, but

were unable to establish a definite quantitative relationship
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between the two, - the function and the independent variablee.

Palladin (14) and Lubimenko (9) state on the basis of
their experiments that heliophobous plants are relatively
higher in chlorophyll content than heliophilous plants. The
latter investigator was able to establish the fact that the
optimun light intensity for photosynthesis 1s lower in corres-
pondence with reduced:gntent of chlorophyll. Shade plants,
at the lower light intensities were as efficient in photo~
synthetic activity as nonshade plants at these same light
intensities.

A mmber of more recent investigators, Johnson (7),
MacDougal (10), Spoehr (19) and Wiesner (21), working with
long day plants, report that the amount of chlorophyll in
the leaves of plants increased in direct proportion to the
average quantity of light received by them.

Sprague and Shive (20) demonstrated that there was
a degree of relationship between the total chlorophyll con—
tent and the dry weights of tops in corne. The total quantity
of chlorophyll contained in the leaves of the various strains
of maize correlated closely with thelr dry weights at successive
harvests. Strains that showed a high chlorophyll concentration
per unit of leaf area also had high average rates of increase
in dry weights of tops, and vice versa. This ratio between
the total chlorophyll and dry weight of tops was practically

identical with all three strains of corn.tesTe c/ .
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Bnerson (4), working with Chlorella, observed that plant

cells low in chlorophyll reached their maximum rate of photo-~
synthesis at approximetely the same light intensity as normal
cells. In working with different chlorophyll concentrations

in plants that were kept constant in these variations, with the
same light intensity, he found that the rate ofvphotosynthesis
increased at the same speed regardless of the chlorophyll con-
centration. The conclusion was that chlorophyll is probably

a chemical reactant in photosynthesis as well as being the
photosensitiger which absorbs the radiant energy necessafy in
the processe

Hayden (6) and Poole (15) found the spongy parenchyma
cells (mesophyll) of the leaves were poorly developed in sun
plants, but in shade plants these cells replaced the palisade
cells.

Shivata (18) observed that light intensity had a definite
effect on the anatomy of the leaves, in that the epidermal cells
are smaller in short dey plantse. Osterhout (13), and Nightingale
and Mitchell (12) observed that leaves were thicker and had more
elongated, more densely packed, palisade cells, as the average
light intensity was maintained at a higher point.

The literature leaves no doubt concerning the direct, and
also indirect, importance of light intensity in the plant's
photosynthetic behaviore The results cited from the work of

Arthur, Guthrie, and Newell (1) are especially significant and
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helpful, since the tomato plant itself was among those used in

their experiments. However, additional contributions from
controlled experimentation are desirable, and necessary, before
the matter of the use of artificial 1light in forcing houses,
devoted to t omato growing and preduction, can be certainly

and soundly determinede.

General Procedure

The tomato plants used in the experiment were of the
Grand Rapide Porcing varietye The seeds were sown in greenhouse
flats on Janmuary 26, 1933. On February 3, e large number of
seedlings were selected and pricked off into two~inch potse
These were transferred on February 12 into four~linch pots and
left therein until March 1, or until their development was such
that they were ready for final transplantation. On that date,
36 of the plants were selected from the remaining 108, and
transferred to ll-inch pots, in which they were grown singly
and to full maturity.

The éoil was a fairly rich orchard loam, which had been
previously screened and thoroughly mixed, by having been
shoveled over, in bulk. Its uniformity was as good as could
be expected and secured.

The 36 plants were divided into three lots of 12 each,
and each of the lots placed, with wide spacing, on a separate

greenhouse bench where the pots were surrounded by moist sand,
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(afterwards kept moistened) to a depth of five inches.

During the course of the experiment, the indivigual pots
within each lot were s ystematically shifted, twice each week,
in their positions. This insured greater uniformity in their
exposure to the enviromment, particularly the factor of light.
The number of clusters of fruit per plant was restricted to
five.

A llehour day was maintained over the plants of each lote
Extension of the regular daylight period was accomplished by
means of a 1000-watt electric lamp, with dome reflector and
adjustable in height, suspended centrally above each group of
plantss A wooden frame was constructed above each of two of
the benches, under each light, and made to be vertically moveable.
One of these frames was covered with one layer of white cheese-
cloth, the other with two layers. This effected three respective
intensities of the light, both natural and artificial, for the

plantss no ghade or full intensity - one-half intensity (50.U%) -
and a little less than gne-fourth intensity (22+3%). The shades

were kept adjusted in their helghts so as always to be approxi-
mately 24 inches above the tops of the growing plantse

It was aimed, of course, to keep the conditions of the
enviromment, aside from the controlled variations in light
intensity, the same for the three benchess Data were recorded
for relative humidity, air temperature, and soil temperature,

under each of the three light conditions, from March to July,
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by the use of hygrothermographs and soil thermographs.

Additional information regarding methods - those more
particularly technical - is given, where appropriate, in
the following section, with its presentation of the data
obtaineds

EXPERIMENTAL RESULTS

Growth Response -~ Leaf Areat

Possible relationships between each of several
different linear measurements of the tomato leaf and its
total area were examined in a previous experiment; (16).
The length of the leaf from the base of its first leaflets
to the tip of the midrib proved to be the most accurate indexe
The type of association was clearly curvilinear, and specifically,
parabolic in the second degree. The derived equation was
¥ (area) = 3.16 + 0.417 x 4 0.307 x2.F

All of the leaves on each plant in each of the three
lots were measured, in the manner indicated above, and at
intervals of three to seven days during the course of the
present experiment, and their areas calculated through the

given equatione The data are presented in Table 1.

* This loaf area equation was tested out on about 20
leaves from each set of plants and it was found that
the formula applied equally well to all three types
of illumination.
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Growth Response - In Terms of Leaf Area

Average leaf area Average dally increase
Date of per plant in leaf area per plant
Measurement in sqe cme in
No Shade| 1 Layer | 2 Layers | No Shade | 1 Layer
Cheese~ | Cheese~ Cheese~
cloth | cloth cloth |
March 28 1350 1503 1652
April 4 1649 2253 2473 2.7 1070
April 8 1888 2687 3122 597 105.8
April 11 2088 2894 3594 66¢6 | 100.4
April 15 2358 3408 4202 675 1075
April 18 2668 3646 Leok 102.8 777
April 22 3188 3901 5294 13040 6346
April 29 3754 4303 6259 8047 573
May 6 K164 4680 6649 585 56e1
May 13 4325 5033 6764 2340 48,0
May 20 Lgs 5433 6868 133 570
June 5 4563 5559 7072 6<5 79
July 3 4563 5559 7072

2 Layers

Cheese~-

cloth

11640
162.1
157.1
15240
15845
14745
139.0
556
164
148
12.7
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As shown in Table 1, expansion in leaf area was both

continuously and finally the greatest for the plants under the
lowest light intensity; next greatest where medium intensity
prevailed, and least in the unshaded conditione The orderliness
of the change in the daily rate of the increase in the follar
surface of the unshaded plants is ocutstanding. This rose over
gradual steps to a distinct maximum (April 22), and thereafter
fell off consistently to zero at the end. Differing from this,
the two other maxima were reached more quickly and much earlier
in the life of }the plents, and were maintained over longer
periods of time.

Thus, the usual resuj.t was obtained. Growth, when measured
in terms of leaf area, augments under reduced light intensitye.
The leaves attain greater size, but commonly are thinner and may
have even less total mass. The greater spread of leaf surface
gives increased exposure to the light, such as it is, and tends
in some degree to compensate on the whole for the lesser quantity

of light received per unit of exposed surface.

Growth Response - Stem Elongation:

The measurements taken for leaf area were accompanied by
determinations which gave the growth rate of the main axis of the
plants, under each light trestment. The distance measured was
that of the stem axis. The period of these intermittent measure-

ments was April 4 to June 5, when the plants were pinched out at
the top, and thus restricted to the production of dbut five fruit

clusters per plante Table 2 gives the datae
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The responses in stem elongation shown in Table 2
were akin to those shown far increases in leaf area. Growth
in height, as reflected in more a’ctenué,ted internodes, was
more rapid as shading was heavier, and the plants taller at
the time of being toppeds The maxima for the rates of elon-
gation were 1n the same order as those followed by the leaves,
and their occurrences in time practically identiecal with those

which obtained for the leavese.

Growth Response -~ I';ruit Productiont

The records taken on fruit production show a definite
fruit set and production in direct relation with the light
received by the plantse These measurements were made by
tagging the fruit with the date set on each cluster and
recording the number of days necessary for each fruit to
ripen and its weighte This information was assembled and
totaled giving cémpa.rative figures to illustrate the value of
light intensity on fruit production and on the efﬁciez}cy of

the plant leaf areae These data are presented in Table 3.
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The amount of fruit set under reduced light intensity

is much less than under normal light, as can be seen in
Teble 3. In the early part of the season when the plants
were receiving a relatively small amount of light the fruit
set was in inverse proportion to all smounts of shading, but
as the season progressed and light intensity became higher,
the frult set correlated best with the heaviest shading as
would be expectede Thizs may be accounted for by the fact
that the light intensity received by the heaviest shaded
plants was originally at or near the minimum for fruit set.
Then as the season progressed and light increased beyond the
minimum, other environmmental factors entered, causing a
grest or proportion of fruit set under shaded conditions than
was originally the case. The amount of fruit when ripened,
however, correlates closely with the foot candle hours of
1ight, (Table 7), to which the plants were exposed.

Fruit production requires a greater area of leaves in
proportion to the amount of shading the plants receive.
The fruits attain greater weights and ripen sooﬁer when the
light intensity 1s not reduced. Doubtless the great assimilation
of plant food by the leaves tends to speed up fruit growth

and ripening.
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Growth Response - Total Plant Production:

The data for total plant product ion determined on
twelve individuals under each of the three different light
intensities are shown in Tables 5, 6 and 7. A cursary glance
at these data shows that individual tomato plante vary within
wide limits. The weights taken for total plant production
show a variation in plant food under each light treatment that

is less than the differences in light intensity.
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In accordance with expectations, increases in light

available for carbohydrate formation showed a greater
quantity of fresh, dry, ash and plant food weights in the
average case. IThe rate of photosynthesis was slowed up
according to the amount of light reduction in each blocke.
The differences in light intensity appeared to have less
effect on the ash content of the plants, but are in a rather
definite relation with the average results on the fresh, dry
and plant food weights in all parts of the plants. The
plant food manufactured per unit leaf area is greatest un&er
the no shade condition and is reduced according to the amount
of shade the plants receive. This efficiency in food manu-
facture secns to have a definite effect on the plant material
used in fruit production and is in approximately the same
ratio as the average decreased plant efficiency where shaded.
It would seem from thls information that differences in light
intensity during the seasons of the year are the direct causes
for variations in plant efficiency in growth and fruit
production, but Plant 10 in Table 4, Plant 11in Table 5, and
Plant 11 in Table 6 are practically equal in their efficiency
under each respective conditione This appears to indicate
that plant variation is responsible for some of the differences
in photosynthetic activity under the different light

intensities.



Environmental Conditions.

The experimental aim, as stated earlier, was to
have the same length o;f day (14 hours) for the three lots
of plants, while having them exposed to three different
light intensities. Light measurements were made daily, at
two hour intervals, throughout the period of growth, by
means of a Clement&s Photometer. The date for these

measurements are presented in Tabls Te.
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It is clear, from exsmination of Table 7, that the

gradations of light intensity, established in the beginning
by means of shading, maintained with close approximation, as
the season advanced and ended. While the general intensity
of the sunlight increased gradually for all, the three
experimental comlitions of full intensity, one-half intensity,
and one~fourth intensity, continued to hold and to be
effective.

General correlation of these controlled variations
in light int ensity - previously shown with the differences
in growth responses of the three lots of plants - is obvious.
The relationship 1s itself negative in character for leaf area,
and stem elongation, and positive for fruit production, and
total plant production. In order to facilitate inspeection,
certain figures from the preceding tables are brought together
in Table 8.
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However, the associmtion which is apparent in Table 8

can have validity only in case certain other factors which
are known to condition the photosynthetic rate, and con-
sequently, growth, remained sufficiently constant during the
experimental period. Table 9 gives data respecting three such
factors, - these being the principal ones which regquired

consideration and attempted control.
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These three factors are relatively uniform for each

block of plants. The variations of these factors in the three
treatments 1s probably regulated somewhat by the light intensity.
This light intensity variation has evidently accounted for the
Plant growth responses under each condition, and the effects

of the other envirommental conditions are regulated by this
light.

Daily Periods of Measurement:

The data which have been presented show, beyond doubt,

a relationship between the behavier of the plants and the
different 1light intensities under which they grew and matured.
The evidence, however, is general in nature and not such as to
be adequate for those mathematical processes which yield
quantitative expressions of correlatione.

The plant materials manufactured by the plants on 12
dates, spread over the period of growth, were determined on
seven periods during each of the days. This procedure for
estimating the photosynthetic activity was that termed the
Modified Sach&:. Method. It consisted of taking two square
centimeters of follage from each plant every two hours in
sample bottles and weighing in the fresh conditione These
small discs of the leaves were then heated in the oven at 70°C.
for 12 hours and then at 95°C. for six hours, when they were

reweighed. After drying they were put in crucibles and ashed,
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and again reweighed. The dry weight minus the ash weight was

the amount of photosynthesized product in each sample.
Correction for respiration and translocation was determined by
adding the average loss in weight per two hours during the night
to the difference in weight of the two hour samples during the
day.

Light in each block of plants was measured at two hour
intervals with a Clement&y Photometer in which solio paper 1is
used, and comparisons made with a standard. On days when
photosynthetic activity was determined, the Macbeth illuminometer
was also used in order to get readings in actual number of
foot-candlese The data are presented in Tables 10, 11, and
12.
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Table 10. Photosynthate and Light Intensities for Unshaded Plants
Pgiog of Day
Date Variables |18 | 8-10 [10-12| 12-2 | 2-4 | L6 | 6-8
Adi, PM.
7
April .7{Photosynthate | 1.50 | 1.46] 0616 | 216 | U420 140 | 1.64
Light Intensit* 200 400 | Lk 387 | 256 139 87
April 24 Do 1e12 | 1.11] 1.60 | 2496 | 5.84 2Ji4 | 0.36
Do 606 1200 1411 | 2408 | 2314 1207 | 117
Amril 29 Do 1eBM | 3406] 3.06| Ue08 | 1.24 | 2.28 | 1.60
Do 132 el 2553 | 2553 | 1uks 806 337
May 5 Do 1.48 | 1.460 144 | 1.50 | 1.76 | 0.56 | 0.27
Do 212 2 | 393 394 | 287 116 87
May 13 Do 1.06 | 1.06] 1.4k | 2464 | 0.88 0.72 | 0.34
Do 237 Y46 | 286 1285 | 2408 2408 | 337
May 14 Do 1.28 | 1.40| 2.00 | 3496 | 1.68 1.80 | 0.36
Do 1164 | 2078| 2409 | 2503 | 1800 687 140
May 23 Do 2448 | 1.80] 076 | 1eS4 | T34 1.24 | 1.58
Do 1206 | 2172| 2588 | 2937 | 2730 | 1376 | 736
May 24 Do 1.52 | 3420] 4e96 | 1432 | 2492 1.76 | 1.60
Do 637 1230| 2499 | 2435 | 2100 1350 { 736
June 9 Do 3.76 3032 2’76 640U 3490 2092 1096
Do 739 1369| 2533 | 2855 | 234 964 674
June 15 Do 1e84 | 1.40| 2476 | Ue88 | 2.96 2,76 | 2.16
Do 100 186 | 277 278 ol 910 121
June 16 Do 1.88 | 276] He4 | 7420 | 5el2 1.60 | 1.40
Do 210 330 | 3480 | 3906 | 3773 3039 | 1674
June 17 Do 4e03 | 2.64| 1.52 | 9.20 | Hel2 1450 | 1408
Do 940 | 1734| 1503 | 3155 | 4235 | 3115 | 1769
Average |Photosynthate |[1.89 | 2.05{ 2.32 | 3.99 | 3.54 1.75 | 1.20
Light Intensity| 582 1086| 1520 | 2091 | 2053 1426 | 578




Table 11. Photosynthate and Light Intensities for Plants Shaded
with 1 Layer of Cheesecloth

Period of Day
Date Variables 4.8 | 8-10 | 10-12| 12-2 -4t | k-6 | 6-8
Adfe PM.
April 7 | Photosynthate 1400 | 0.76 | 0.16 | 0.28 j.hh 1.44 | 0.36
Light Intensity [ 100 202 246 236 128 49 2k
April 24 Do 100 | 1.06 | 136 | 1428 [ 2.16| 2480 0480
Do 337 648 768 1245 | 1135 | 544 49
April 29 Do 092 | 1.60 | 172 | 184 |1.84 | 2.00| 0.50
Do 462 73 1182 | 1281 | 813 739 au7
May 5 Do l.42 | 0.88 | 1.60 | 1.04 {1.60| 0.12| 0.16
Do 104 241 187 187 136 83 64
May 13 Do 0e80 | 0460 | 1480 |1.32 | 0e52 | Oo24| 0.28
Do 106 207 182 677 1163 | 1231] 187
May 14 Do 1.00 | 1e84 | 1450 | 116 |1.72| 0.88| 0.16
Do 137 1207 | 1251 {1409 | 91k 352  h7
May 23 Do 1.58 | 1.48 | 0.16 [1.28 |1.32} 1.12} 0.04
Do 737 | 89% | 1191 }1113 |1113 | 689 306
May 24 Do 1.68 | 2+24 | 148 [ 1.04 [1.52 | 0.96| 0.40
Do 331 532 1170 | 1180 | 1259 | 532 306
June 9 Do 0e76 | 012 | 116 [ 0432 |21.20 | 2.48| 0.16
Do 312 692 1069 | 124 1177} 409 394
June 15 Do 0.40 | 1.06 | 1.40 | 2.36 |1.28 | 2.24| 0.04
Do 100 153 128 157 476 451 86
June 16 Do 1,46 | 2674 | 0e12 | 2.64 {240 | 1.28| 0.40
Do 96 823 1793 | 1946 |1891 | 1562 | 815
Do 431 586 796 1025 |2124 | 1515 | 815
Average Fhotosynthate 135 | 137 | 128 {1456 [1.91 | 147 | 0.29
Light Intensity | 321 571 830 990 1024 | 679 279
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Table 12. Photosynthate and Light Intensities for Plants Shaded
with 2 Layers of Cheesecloth

‘ _Period of Day
Date Veriables 4-g | 8-10 | 10-12§12-2 2-4 | L-6 6-8
AN, P.M.
April 7 | Photosynthate 0.52 | OJkk 1.12] .00 2,08 | 1.24| 0e32
Light Intensity 87 92 104 | 148 96 45 16
April 24 Do 0.20 | O.uk 0e72| 1e2l | 2.60 | 2.68 | 0.40
Do 92 341 354 | 63k 578 257 26
April 29 Do 0.20 | 1.32 1.68 | 132 | 120 | 1.58| 0.40
Do 141 371 600 | 661 4o7 303 124
May 5 Do 0.16 | 0.12 0.60 | 1.16 | 1e24 | 1.00| 032
Do 109 116 101 | 75 72 37 24
May 13 Do O.U6 | 0.32 036 076 | Oe2k | 0e24| 0.28
Do 83 123 99 384 | 561 e47 | 90
May 14 Do 0.36 | 0020 OeSM4 | 072 | Ot | 0.56| 0426
Do 361 683 630 | 754 456 106 2y
May 23 Do 0468 | 1.56 028 | 1.08 | 2.80 | 1.44] 0.bO
Do 337 491 573 | 602 520 297 152
May 2U Do 112 | 096 | 1e28) 0s72 | 2476 | 104} 0432
Do 113 225 552 | 519 635 225 147
June 9 Do 0.60 | 0606 | 0.16| 0e84 | 0.88 | 1.48] 0.56
Do 185 386 48 | 760 680 230 155
June 15 Do 0420 | 0.86 0.40| 3420 | 1.40 | 0.72| 0.28
Do 40 90 91 85 238 213 107
June 16 Do 0.60 | 0437 0620] 324 | 136 | 1436| 0616
Do 4o 490 937 | 951 96 T 521
June 17 Do 4,20 | 2.52 1.04] 1.83 | 404 | 1.32] 0.10
Do 261 | 276 467 | 524 1080 | 784 | s21
Average Fhotosynthate 0.77 | 0.76 0e70| 1e34 | 1e75 | 1e23| 0.32
Light Intensity 154 307 421 | 512 522 324 158
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The source of energy for the plant world is sunlight

and it evidently regulates the amount of plant food mamu-
factured according to its intensity as is demonstrated in
Tables 10, 11, and 12. It appears that this carbon assimilation
changes gradually or violently in relation to the variation
in light intensity received by the plantse

The unshaded plants show that a greater amount of
light is necessary for each gram of photosynthate manufactured.
Furthermore, the amounts of plant food appear to increase until
12-2 P.e when the light intensity reaches it maximum and then
decreases at a relatively similar rate with the lighte Differ-
ing from this, the plants shaded show a slower increase in
food manufacture relative to the light increase until the 2-4 P.d.
period, when they reach the maximum, and then they decrease more
rapidly in ratio with the light intensitye. Greater reduction in
light shows a more gradual ilncrease in photosynthesis and there
appears to be an accumulation of plant food over a longer period,
or a lagging in photosynthate manufacture, when the light is
decreased due to heavy shading. This appears to result in the
plants exposed only to light of low intensities having a much
lower basal metabolism than no shade plantse The simple
coefficients of correlation for photosynthate and light:
r = o5U5H L ,0527; r = 3012 £ L0681 and r = 3034 £ L0679

demonstrate the importance of the light to the plant food
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manufacture under the no shade condition as compared with

shaded plants.

While temperature and humidity are similar or relatively
uniform for the three lots of plants, it varied the same for
each, as the day advanced. Naturally, this would be expected
to be true, due to their relationship to light intensity and
its variation. Consequently, data on temperature and humidity
were taken for each of the two hour periods. The simple
coefficients of correlation for photosynthate and temperature!

T = +2968 & .068l; r = 1924 £ ,0725; and T = 1704 * L0727
signify that the temperature is in close relation with the
light intensity and probably is intercorrelated with it. Their
being lower than those for light demonstrates their slighter
importance in photosynthetic activity.

The simple correlation coefficlents for photosynthate
and humidity: r = -.2099 £ ,0714; r = -.4955 & ,0565; and
r = =.3377 & .0663 indicates that humidity is possibly too high
for proper plant food manufacture. Thelr negative character
signifies that the high humidity might have a tendency to hinder
photosynthesis and the higher the negative correlation the
greater it is reduced. This appears to be one of the contributing

causes of lower plant food manufacture when the plants are shadede

Correlation Coefficientse.

In order to measure the direct effect of light intensity
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on photosynthesis, it is necessary to know how mmuch the other

envirommental factors affect photosynthesis and the relation
between all these factors. It appears that the true value of
this relationship cannot be obtained directly from the raw
figures, but an analysis of the data must be completed in
order to determine the numerical measurements. This analysis
will show the relative importance of the variation in each

of these independent variables on the variation in the
dependent variable and can best be demonstrated by the

correlation coefficients given in Table 13,
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A. No Shade Plants.

The zero order coefficients seem to show a much
greater relationship between x2 and Xl than between X}
and Xjor Xy and X3. The relationship between X3 and X
and Xy and X; are questionable because of the possibility
of their being obscured by the relationships between the
independent varisbles. Because of this we have separated
the effects of the independent variables in order to get the
firest order coefficientse This separation tends to confirm the
tentative conclusions reached with the zero order coefficientse.
(That the major relationship is that between X, and xa). The
conclusione appear to be still slightly questionable because
only two of the independent variables have been considered at
a time. Because of this we shift to the second order
coefficientss This demonstrates that when we consider the
effect of variation in light intensity alone (both temperature
and humidity being constant), we cen explain 27.7% of the
variastion in photosynthate, while variation in temperature explains
but 1% and variation in humidity explains but L% of the photo-
synthate variation. The coefficient of multiple correlation
shows that the three factors taken together explain 32.4% of
the photosynthate variation. Light intensity alone, as we have
peen, accounts for 27.7%, showing that temperature and humid ity
are neglible factors in photosynthesis except where they are

correlated with light intensity.
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B. One Layer of Cheesecloth Plantse.

It appears that the humidity i1s too high for proper
use of light by the plant in photosynthesise. The humidity
is consistently higher in this block of plants than in the
other blocks. (Table 9). This may account for the reduction
in photosynthate as compared with the no shkade bdblock of
plantse The correlation coefficients demonstrate this fact

in every case.

Ce Two layers of Cheesecloth Plantse

The humidity is evidently too high for the plants
to utilize light at the best advantage. It appears that light
intensity is possibly too low even at the best for proper
food manufacture. The total effect of light, temperature and
humidity in this block of plants explained only 13.9% of the
photosynthate variation which is about one-half that of the
no shade plants. This demonstrates that some other factors,
that were not taken into consideration, probably have a

definite effect on the photosynthetic activitye.
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Supplementary Consideration: Chlorophyll Content.

The relation of radiation to pigmentation is of very
great importance through the necessity of light for the
formation of pigments, and due to the fact that the pigments
absorb radiant energy which is essential for the photosynthetic
activity of the plantse The naturally occuring plant pigments,
which are found in the cell strmcture of the plant foliage are
chlorophyll, carotin and xanthophyll. These pigments per unit
leaf area were determined for each group of plants, at several
pericds during the experiment. The modified Willstltter and
Stoll method of extraction (22) was used for these determinations
and the comparison with a standard wes mede with the DuBosc
Colorimeter.

The data are giver in Table 14,
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Table 14. Poliage Pigments
No Shade | 1 Layer Cheesecloth |2 Layers Cheesecloth
Chloro - Mem,. 80. .
April 15 +0368 0255 .0189
April 15 «0379 0257 018
May 10 0477 «0353 +011
May 10 0468 0377 «0125
June 17 SOl 7Y +0309 +0110
June 17 OUE7 <0392 0177
June 21 0401 0302 «0187
June 21 <0391 «0300 .0186
Total «3U55 «25U5 .1277
Average .0‘4»32 00315 00159
Xanthophyll — Mem. per sg. cm.
April 15 .0024
April 15 «0028
May 10 «0020 001 «0008
May 10 ~0024 «001 «0008
June 17
June 17
June 21 «0028 0017 «0010
June 21 «0028 001k «0012
Total <0152 «0060 «0038
Average +«0025 +0015 «0009
Carotin - %gx_x. per sds .
April 15 <0014 .001 «0010
April 15 «0017 «0012 «0010
May 10 001k «0011 «0006
May 10 «0011 «0011 00006
June 17
June 17
June 21 <0013 +0011 «0006
June 21 .0012 «0010 «0006
Total .0081 -0069 00Uk
Avergge «0013 0011 «0007
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It appears that light intensity is essential for

proper chromogenesig in the tomato folisge. According to
expectations, the nlo shade plants contain more chlorophyll
Per square centimeter in leaf area, and the shaded plants
showed a variation according to the amount of light the
plants receivede The reduction in photosynthate manufacture
due to shading is relativeiy proportional to the amount of
chlorophyll per square centimeter of leaf area, although
this reduction does not affect the chlorophyll efficiency,
but it doces appear to affect the total plant food manufacturee

Leaf Anatomy, -~ The internal leaf structure is, in
general, an adaptation to the conditions necessary for
photosynthesis. Consequently, the six plates demonstrate
the modifications of palisade and spongy parenchyma that
asgist in the plant food manufacture under the existing
shaded conditionse



Plate I.

Pla.te II.

~Yl=
Explanation of Plates

A cross section of one of the leaves growing with

no shadee This section was made April 30. The

cell development under this condition of light has
elongated palisade cells, heavy epidermis and cuticle
and a thick mass of spongy parenchyma cells with a
rather small amount of air space.

A cross section of one of the leaves growing with
nc shade. This section was made June 17. The
palisade cells have beccme much more elongated,
chloroplasts appear to have changed, the spongy
parenchyms. cells are decreased ard the air spaces
have become more plentiful. This leaf apparently
shows the effects of agee

Plate I1I. A cross section of one of the leaves growing under

Plate IV.

Plate Ve

Plate VI.

one layer of cheesecloth. This section was made
April 30. The palisade cells are somewhat elongated,
chloroplast are arranged full length of them, spongy
parenchyma cells are rather scattered, with a large
amount of air space throughout the leafe

A cross section of one of the leaves growing undexr
one layer of cheesecloth. This section was made
June 17 The epidermis and cuticle has increased

as the leaves become oldere The palisade layer re~
meins about the same, but the spongy parenchyma cells
have increased in number as the plant gets oldere.

A cross section of one of the leaves growing under
two layers of cheesecloth. This section was made
April 30. The epidermis, cuticle, and in fact,

the entire leaf appeers rather thin. The palilsade
layer of cells is somewhat poorly organized and not
elongated as when the leaves receive a higher degree
of 1light intensity. The spongy parenchyma cells are
fairly well developed with a large amount of air
space between them. The chloroplast are in much
smaller number than as shown in the previous platess

A cross section of one of the leaves growing under

two layers of cheseseclothe This section was made
June 17 The cuticle, and epidermis have increased
somewhat in thickness, but the general thickness of
the leaf remains about the same as the previous platee
The palisade cells have became somewhat more elongated
as the leaf gets older and the air space seems to
have increased in quantitye.
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In general, the cell development of the leaves under

the no shade condition is nomal, but when shaded the cells
in the spongy parenchyma lack regularity in shape and are
arranged loosely, so that a large part of their surface is
exposed to the intercellular spaces. The greater the shade,
the less the palisade parenchyma cells are developed. This
demonatrates how the number of palisade layers' and the density
of the cell structure depends largely, either directly or
indirectly, upon light intensitye.

These supplementary factors are rather definitely
regulated by the amount of light received by the plants, and
this appears to be in order with the variation of photosynthetic
activity. W hen the plants are exposed to the no shade condition
the palisade cells are well developed and their chloroplasts
seem to arrange themselves so as to decrease the surface and
transpirat ion due to t he 1ight, but when shaded they are
differently arranged so as to increase the surface for receiving
lighte This latter arrangement appears to increase the chloro-
plasts' efficiency, and the greater the light reduction the
more it is increased. It appears that the reduction in photo-
synthetic rate did not have an effect on the chloroplast
efficiency. 4As previously stated, the light seems to have a
regulatory effect on the chloroplast content and cell structure

of the leaves, and this 1s one of the contributing causes for a

-decreased photosynthetic activity by the plantis when shadegl.*

* The cells of the upper part of the thick leaf in the
no shade group removes enough red and violet light
rays to reduce the effectiveness on the lower leaf cells,
but this blocking effect is not as apparent in the thin
shaded leaves.
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DISCUSSION

This study has dealt primarily with the influence of
light intensity on photosynthetic activity of tomato plant
lsaves, as measured by amount of growth, fruit production, and
increases in fresh and dry weights. The results show, as would
be expected, that on the whole there is a close relationship
between these several factors, viz: with decreased light
intensity there is: (a) greater vegetative growth, as measured
by leaf area, and both fresh and dry weight of tops and roots,
(b) decreased fruit production, and {c) a decrease in the total
amount of photosynthate produced by the plantse. However, the
increase in vegetative growth and the decreases in fruit pro-
duction and total photosynthate produced are not directly pro-
portlional to the decreases in light intensitye Thus, reducing
light intensity by a half resulted in only approximately a one~
fourth increase in amount of vegetative growth, a one-third
decrease in fruit production, and a one-sixth a.ecrease in total
photosynthate productions BReducing light intensity to
approximately one-fourth normal resulted in only a 40 percent
increase in vegetative growth, 2 one-half decrease in fruig
product ion and e one-third decrease in total photosynthate pro-
duction. (Table 15). This is but another way of saying that
the partially shaded leaves used their limited supply of light
more efficiently than the unshaded leaves used their normal

supply. That 1is, a given quantity of light effected a greater
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photosynthate production in the case of the shaded plants

than was true in the case of those unshaded.

Great, however, as were the differences between the
growth rates, leaf areas, and fruit and photosynthate pro-
duction of the several groups of plants exposed to the different
light intensities, there were equally great differences, between
different plants within the same group, in their apparent ability
to utilize their light supply for fruit and photosynthate pro-
duction. Indeed, some of the individuals (@.g. Noe 11) in the
moderately shaded group produced nearly as xvu.ch photosynthate
per unit of leaf area as some of those in the unshaded group
and one of those in the heavily shaded group (No. 11) produced
nearly as much photosynthate per unit of leaf area as the
average of those in the moderately shaded group and within 30
percent as much as some of the least efficient in the unshaded
group (Table 15).

This latter fact is of especial significance for it
suggests the possibllity of developing a strain of plants that
has @ high degree of photosynthetic efficiency under conditions
of low light intensity. Obviously, the producer of indoor-grawn
tomatoes has no control over light intensity - at least he has
no practicable means of increasing it. However, if he can obtain
tha‘g:'ics? especially adapted to the low light intensities and short

deys of the northern winter season, a substantial contribution

will have been made to the solution of the problem of profitadbly
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growing tomatoes in the greenhouse during the winter.

Little or no effort has thus far been directed toward de-
veloping such a physiological strain of tomatoss, present
stocks apparently being heterozygous in this respecte.

The studies here reported point clearly to some of the

possibilities that lie in this direction.

SUMMARY

The effect of light intensity on the photosynthetic
efficiency of tomato plants was studied by growing Grand
Rapids Forcing tomato plants under three different daily
average light intensities of 1139.9, 583.1, and 2610 foot
candleses The results were as follows:

l. The responses in stem elongation and leaf area
expansion were both continuously and finally the greater when
the 1light intensity was reduced, showing a negative relationshipe

2¢ It was indicated that when the light intensity reached
a definite average the fruit would set rather freely and develope.

3¢ The percentages?\ft;.ry matter, ash material, water, fresh
weight and elaborated food materials correlate rather closely with
the light intensity received dy the plantis. ‘Iaight intensity
-variation 1s the chief cause of differences in plant efficiency.

4. Basal plant metabolism and its contributing factors
are regulated by the amount of light received by the plants.

5. The increase in the multiple correlations (when the

elaborated food materials are the dependent variable and light
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intensity, humil ity, and temperature are the independent

variables) over the simple correlations under each degree of
light intensity is evidence that there is interrelation between
factors regulating the plant food manufacture. The coefficients
of determination demonstrate that light intensity alone accounts
for 32.4% of the photosynthate variation and that temperature
and humidity are neglible factors only when correlated with
light intensity, « humidity becoming a critical factor in
photosynthesis when the light intensity is reduced.

6e The light intensity appeared to have a regulatory
effect on the average amounts of chlorophyll per square meter
of leaf areas The chloroplasts in the leaves arranggd then-
gelves 80 as to get the greatest amount of light wheﬁ it was
reduced.

7e¢ The leaf anatomy shows abnormal) cell development
when the plants are shaded. This abnormality consists of
loosely arranged, irregular spongy parenchyma cells and a
reduction in size, density and number of palisade cellse

8. 1t is evident that light intensity averaging
1139.9 foot-candles daily during the growth of the tomato
plants had a greater effect in promoting chlorophyll formation,
fruit production and photosynthetic efficiency than light of
a daily average of 583.1 foot-candles and this in turn had a
similar greater effect than that on the plants receiving a

daily average light intensity of 201.0 foot-candles.
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