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INTRODUCTION

Of great interest is the question how much the green plant profits from the
radiant energythat falls uponit,and what part isstored aspotential energyof
the accumulated organic compounds.
Agriculture hasbeenlargelyconcerned onlywiththestudy ofthe conditions
of soil,climate, and cultivation for high crop production. Little consideration
hasbeengiventothevitalprocessbywhichtheplantmanufactures itsproducts
and the efficiency of solar energy conversion that ultimately limits crop production.
Under natural conditions itwasfound that less thanone to two percent of
the solar radiation usable in photosynthesis is converted into organic matter
by higher plants, while under laboratory conditions the photosynthetic efficiency may reach 25 per cent corresponding to 8-12 photons of red light per
molecule ofC0 2 . Thelowenergyconversion observedunderfieldconditionsis
due to the limited capacity of the photosynthetic apparatus and dissipation
of energy absorbed in excess of this capacity.
Because of the lack of detailed information on the problem of solar energy
conversionduringthegrowthcycleofcropplants(from sowinguptomaturity),
itisquiteobviousthat oneofthemostimportant andfundamental tasksinthis
field isto study,under natural conditions,thetimeor agetrend, to follow the
short periodfluctuationsand to detect the stage at which maximum efficiency
is reached.
Sincetheresultsof WASSINKand othersfavor the supposition that excessive
solarradiationinsummermaybeoneofthechiefreasonsfor thelow efficiency
values under natural conditions, special attention has been given to the effect
of reduced daylight intensity.
Asvariationsinthedensitygiveanothermeanforvaryingthesolarradiation,
plant density hasbeenalsotaken into consideration.
Besides,anextensivestudy hasbeenmadeoftheformative effects ofshading
on plant growth and development, aiming at the same time to determine the
relationship between growth and light energy conversion efficiency.
In this laboratory, where all these studies were carried out, work on the
efficiency of solar energyconversion has been in progessfor a long time, both
in algaeand inhigher plants.Periodicharvests ofpotatoes,e.g. witha viewto
determine the yield ofenergy conversion havebeen made in 1949, 1950,and
1951 (WASSINK, in course of publication). Data from literature have been
discussed in viewof thisproblem by GAASTRA in 1955(Proc.World Symp.on
Applied Solar Energy. Phoenix, Arizona, pp.255-259).
Inthepresentpaper,theauthorintendstodiscuss,briefly, someofhisresults
on this problem (efficiency of radiant energy and growth in leaf area and in
weight asaffected by time,shadingand density,inbarley).
A moredetailed publication including allthe results of the series of experimentsperformed in 1957and 1958on barley and mangolds,willappear inthe
near future.
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REVIEW OF LITERATURE
I. EFFICIENCY OF SOLAR ENERGY CONVERSION

Several investigators have attempted to determine the efficiency of plants in
utilizing the light energy striking them. BROWN and ESCOMBE (1905) estimated
the conversion yields to be of the order of 2.5 per cent of the visible radiation
absorbed by plants. PUREVICH (1914) calculated efficiency values from 0.6-7.7
per cent of the incident energy. TRANSEAU (1926) reported from his own results
that the corn plant utilized about 1.25 per cent of the incident energy. SPOEHR
(1926) obtained much lower values for the practical efficiency (neglecting the
stalks, husks and roots of wheat). NODDACK and KOMOR(1937), studying the
efficiency of grass in converting solar radiation in two successive periods and
in two different plot sizes, stated that the efficiency tended to increase with
time and to decrease as the experimental area increased. RABINOWITCH (1945
and 1951) estimated the average solar energy conversion of field crops and
forests to be about 2per cent of the absorbed visible radiation. WASSINK(1948)
computed the efficiency of some crops in converting solar energy to range from
0.5 to 2.2 per cent. WASSINK, KOK, and VAN OORSCHOT (1953) studied the
efficiency under optimal conditions and reported values of 11-15per cent. VAN
OORSCHOT(1955),growingalgaeunderfieldconditions, obtained values ranging
from 1-5 per cent of the visible radiation. He found also that decreasing the
light intensity resulted in higher efficiency values.
II. SHADING AND GROWTH

Besides the fact that light is the direct source of energy for the manufacture
offood, light isthe most important factor affecting theform of plants and plays
a significant role in determining their structure. Although much work has been
done on the effect of shading on plant growth and development, evidence is
rather conflicting. LUBIMENKO (1908) found that the dry matter production increased with increasing light intensity up to a certain maximum and then
decreased. Helianthus annuus reached its maximum dry weight under full sunlight. Leaf area was found to behave as dry weight, but attained maximum
development at lower intensities. The dry matter percentage usually increased
withincreasinglight intensity. COMBES(1910)found the optimum light intensity
for theproduction of dry matter in plants to increasewith the age of the plants.
GREGORY (1921) stated that the average leaf area of cucumber plants over the
growth period (about 30 days) is proportional to the total radiation received.
CLEMENTS et al. (1929) found that the leaf area and dry weight per plant of
wheat and sunflower cropsincreased withintensity. SHIRLEY (1929) pointed out
that in the majority of cases maximum dry weight was produced by plants
receiving the full normal daylight of the region in which they were grown. The
dry matter percentage in the tops and the density of growth increased with
increasing light intensity, while the leaf areawas found tobemaximum at light
intensities of about 20 per cent of full summer sunlight. MILTHORPE (1945)
found that shading reduced the leaf area offlaxbydecreasingleaf number and
leaf size. BLACKMAN and RUTTER (1948, 1950) on the other hand reported that
the plants of Scilla nonscripta growninthe openunder shades,produced larger
total leaf area than plants grown under full daylight illumination. They demonstrated that in general plant weight increased with light intensity, and
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maximum growth was in full daylight. MONSELISE (1951) showed that also the
leaf area of citrus seedlings was increased by shading. Although most investigators concluded that growth in leaf area under open air conditions decreased
by increasing light intensity, the results of GREGORY and MILTHORPE indicate
that in some cases, possibly at high temperature, leaf area may increase with
increase in illumination. BLACKMAN and WILSON (1951) pointed out that the
leaf-area ratio under their experimental conditions was linearly related to log.
light intensity, and increased with decrease in intensity. They found also that
the ratio decreased with age. WATSON (1952) concluded that the leaf area index
increased with time, up to a maximum, and thereafter decreased.
III. DENSITY AND GROWTH

Densityisoneofthemajor factors determiningtheamount of growth per unit
area. It is of great importance to study the nature of competition in field crops
and how the density of a plant community affects the growth of each individual
plant. Although this problem has been studied for a long time, little attention
has been paid to thecriticalrelationship between density and the developmental
changes taking place from planting up to muturity. CLEMENTS et al. (1929) reported that the averageleaf area and dry weight of tops, roots, and entire plants
decreased as the density increased. KONOLD (1940) found that, in general, the
production of seed per plant decreased with density. IWAKI (1958) showed that
with increasing the density of a buckwheat population a marked suppression
in individual plant weight was observed. The differences induced by variation
in density became more marked as theplants developed. He alsofound that the
leaf area index increased as the density increased, especially at the early stages
of growth. The maximum leaf area index was attained in all densities after
42 and after 30 days from planting in 1954 and 1955, respectively.
MATERIAL AND METHODS
Barley (Hordeum distichum, var. Heine 4804) was used in this study, and the
work was carried out in the experimental garden of the Plant Physiological
Research Laboratory, University of Agriculture, Wageningen/Holland, during
the growing seasons 1957 and 1958.
SHADING EXPERIMENT

In order to study the shading effect, daylight was reduced by screens; 4 intensities were applied: 100per cent (full daylight), 80 per cent, 50 per cent and
25per cent. Only one density was employed in this experiment (250plants/m 2 ).
Planting was on June 6 in 1957, and on May 2 in 1958.
DENSITY EXPERIMENT

For studying the density effect 3densities were applied in 1958: 500,250 and
125plants/m 2 , whilein 1957onlythefirsttwodensitieswereemployed. Planting
wasonJune 6in 1957,and onApril 17in 1958.
GENERAL METHODS AND OBSERVATIONS

The plot size was4m2. Two replicates were used in 1958.Plots were in reach
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of full daylight during most of the day (except muse under screens which
differed according to the treatment). Periodic harvests were taken during the
growing season from seedling stage up to maturity. On the sampling days up
to the 3rd harvest (after 39and 43daysfrom plantinginthe shadingand density
experiments,respectively),top photographs weretaken to determine the surface
covered by the plants. In subsequent harvests this was no more necessary, since
the cultivated area was completely covered. A sample of 30 plants within each
treatment, from a closed area, was selected randomly at each interval. An area
of 0.5 m2 from the center of the plots was used for the determination of the
average efficiency during the entire growing season.
LIGHT ENERGY CONVERSION ESTIMATION

The required meteorological data for the daily total radiation (cal/cm2) was
obtained from the Laboratory of Meteorology and Physics of the same University, in the neighbourhood. The visible photosynthetic radiation was calculated by multiplying the total radiation by the factor 0.45. The dry weight
increase for calculating the efficiency per period was based on the area really
covered by plants, while it was based on the cultivated area (including covered
and uncovered surface) for calculating the average efficiency from the time of
sowing up to the final harvest. From the meteorological data together with
the total dry weight increase of crop per unit area, assuming its composition to
be CH 2 0 (3.7 kcal/gr), the efficiency of solar energy conversion in per cent is
given by:
Chemical energy of dry weight production
X 100
Photosynthesizable radiation energy
FRESH AND DRY WEIGHT DETERMINATION

The weight was recorded separately for roots, stems and sheaths, leaf blades,
ears and seeds. Drying was carried out in a large electric oven with ventilation
for two days at 90°C followed by half an hour at 105°C.
LEAF AREA ESTIMATION

At early stages ofgrowth, an outline ofa sample of leaf bladeswasdrawn and
its area was measured by planimeter. At later stages, 100 discs of 6mm. diameter were punched. The dry weight of these measured blades or discs was
determined. In this way an estimate of the leaf area:leaf dry weight ratio for
each sample was obtained, and thismultiplied bythe dry weight of green blades
per plant, gave the total green leaf area per plant.
Note: For simplicityandtosavespace,Tablesarenotgiveninthispublication.
RESULTS AND DISCUSSION
I. SHADING EFFECTS

1. Shading andEfficiency of Solar Energy Conversion
The effect of shading on the efficiency of solar energy conversion in barley,
measured during the growth season of 1958, at successive intervals, is given in
fig. 1. It is evident that the efficiency, in general, tended to be low at the early
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FIG. 1. Shadingeffect ontheefficiency of solarenergyconversion duringgrowth (inpercent),
in barley, at successiveintervals,in 1958.
a: Full daylight
b: 80per cent
c: 50per cent
d: 25per cent

stages of growth where the plants were still small and the photosynthetic
apparatus was not yet well developed. As the plants advanced in growth the
efficiency increased rapidly. During a period of about 4 to 6 weeks, from May
27to July 7(25to 65daysafter sowing) theplants showed the highest efficiency
of solar energy conversion. It attained a maximum of 13.6 percent in full daylight in the period from June 23 to July 6 (52 to 65 days after planting). The
maximum of green leaf area, tiller number and fresh weight was reached also
by that time. After this maximum, the efficiency dropped towards a minimum
at the end of the growing season. It followed closely the trend of green leaf area
and fresh weight. This time trend was also observed in 1957.
At certain periods the efficiency increased with decreasing light intensity.
This was observed only in the first period (11 to 24 days after planting) and at
late stages of growth, from 66 days up to maturity of the plants. Conversely,
the efficiency per unit area really covered by plants during the period extending
from May27to July 6(25-65daysafter seeding),increased with increasing light
intensity. It appears, to some extent, that daylight was in great excess of plant
requirements during the early stages of growth and the late ones. At the early
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stages, the plants, being still very young, form smalland thinleaveswitha low
absorbing capacity (transmission is more than absorption [SAUBERER, 1937])
and haveproduced only one or twolayers ofleaves.Consequently, allthe leaves
are exposed to full daylight intensity, and fail to trap most of theincident light
and thus profit very little. At this stage decrease in light intensity resulted in an
increase in the efficiency of the solar energy conversion. Thus, the highest
efficiency was obtained at the lowest light intensity (25 per cent daylight intensity).
As the plants develop, more tillers and thick leaves are formed, securing a
welldeveloped apparatus with many leaf layers (due to growth in height).Thus,
the plants grown under full daylight conditions, possessing a greater photosynthetic systemthan the shadeplants,may utilizetheenergymore efficiently.
Besides this, COMBES (1910) found that the optimum light intensity for the
production of dry matter in plants increased with the age of the plants.
At late stages of growth, the plants grown under full daylight profit little
from the light owing to senescence, while those under shade, due to growth
cycle prolongation, exhibited the highest efficiency values. Thus, at a light intensity of 50per cent, the efficiency increased. But, at only 25 per cent of full
daylight it decreased again, maybe due to a detrimental effect of heavy shading
which increased with time.The maximum efficiency was found to be 13.6,10.3,
8.3 and 6.2 per cent for 100, 80, 50 and 25 per cent of full daylight intensity,
respectively. With the exception of the 50 per cent series, the maximum was
reached when the plants were 52 to 65 days old.
The average efficiency during the whole growing season was found to increase with increasing light intensity up to full daylight. The efficiency values
ranged from 2.9per centfor full daylight to 1.4per cent for the 25per cent daylight.The same trend was observed in 1957.
The decrease in the efficiency associated with the lowering of the light intensity may beattributed to thedetrimental effect of shading on growth of open
habitat plants. This effect, usually, increased with time and with decreasing
lightintensity.Thus,thephotosynthetic apparatus formed bytheheavily shaded
plants isvery restricted due to limited photosynthesis from the beginning. As a
result, growth is greatly depressed as compared with that under full daylight.
It seems that the lower degree of growth and development of shaded plants is
not solely the result of the lower assimilation rate, but is due to some effect of
light other than that directly on assimilation. Apart, however, from a possible
effect of reduced light intensity of leaf thickness (light absorbing power of
leaves), the modifications in leaf structure, stomatal number, etc, induced by
shading may affect, indirectly, photosynthesis by changing the rate of gas exchange. Moreover, shading affects the formation of mechanical and conductive
tissues and the root growth. This,in turn, may influence the uptake of nutrients
and water as well as the translocation of food and water.
From our data, it is evident that the depression in growth due to shading is
more effective than the reduction in light intensity. It appears that many internaland metabolicfactors aswellasexternalfactors may directly or indirectly
influence photosynthesis and thus the ultimate "efficiency of growth" as computed here.To sumup,it seemsthat in shadeplants (versusplants in the open),
two controversial tendencies affect the efficiency of light energy conversion:
1) Increase of efficiency of photosynthesis by less excess of light. 2) Decrease
of efficiency of growth by unfavorable "health" and development of the
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plant and less favorable balance between photosynthesis and respiration.
In this connection it is worth noting that leaves which are adapted to strong
light are more efficient in strong light and have low efficiency in weak light
(CURTIS and CLARK, 1950).
WASSINK, RICHARDSON and PIETERS (1956) concluded that, in Acer pseudoplatanus grown at high light intensities, the saturating light intensity as well as
the maximum rate of photosynthesis, increase. The leaves formed are thicker.
However, the efficiency inusing low light intensities wasfound to decrease.
2. Shading andGrowth
A. Growthinweight
a. F r e s h weight per p l a n t
The results illustrated graphically in fig. 2a indicate that in general, within
the limits of experimental error, the fresh weight increased with increasing light
intensity. The differences induced by shading increased as the plants advanced
in growth and were maximal at midseason (on July 7) when the plants were
66 days old.
At all light intensities, the plants increased only slowlyinweight during the
first stages of growth, and the more so under heavy shading. From the 2nd
harvest up to the4th one, thefresh weight increased rapidly while theeffect of
shading remained the same. At more advanced age, it increased less rapidly
till the maximum, and then decreased sharply due to maturity. It is of great
interest that the maximum fresh weight was attained in the 100 and 80 percent daylight intensities when the plants were 66days old. The maximum in the
50 per cent intensity was reached two weeks later (on July 21), while it was
attained five weeks later (on August 11) in the 25 per cent intensity. This indicates that, in general, with decreasing light intensity the length of the vegetation period increased due to growth retardation induced by shading.
It has already been pointed out that the highest efficiencies were obtained at
those periods of greatest growth in fresh weight (cf. fig. 1).
b. Dry weight per p l a n t
It is apparent from fig. 2b that also the dry weight increased with increasing
lightintensityuptofull daylight.Thedifferences induced byshadingwere found
to be less marked at the first stages of growth at which obviously the injurious
effect of reducing the intensity was not yet very marked. Later on, the plants
respond greatly to shading, and the differences in dry weight increased to a
maximum at the end of the growing season. It was found that the maximum
dry weight per plant in full daylight was about 6 times that at 25 per cent intensity, being 8.5 gr. and 1.4 gr., respectively.
These results are in accordance with those obtained by LUBIMENKO (1908),
SHIRLEY (1929), CLEMENTS et al. (1929) and BLACKMAN and RUTTER (1948,
1950)who stated that cultivated plants always had maximum dry weight when
grown in the open.
At the beginning the plants increased slowly in dry weight, then increased
more rapidly, especially in the unshaded plot. The increase in weight came to a
standstill at a moment which differed according to the treatment, viz., on
August 11(101 days after planting) in the 100per cent and 80 per cent intensi-
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FIG. 2. Shading effect on entire plant: fresh
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ties,andonlyattheendofthegrowingreasoninthe50percentand25percent
intensities.To some extent the samewas observed in 1957.
It is clear that theshading effect ondryweight increment was reflected
closely in the efficiency of solar energy conversion.
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c. Dry weight p e r c e n t a g e
Fig. 2c shows that the percentage of dry weight/fresh weight increased with
increasing light intensity at all intervals under investigation. The differences
induced by shading increased as the plants advanced in growth and were maximal at the end of the season. The decrease in dry matter percentage associated
with lowering of theintensity may be dueto the shading effect on increasing the
water content of the plants. These results confirm those of LUBIMENKO (1908)
and SHIRLEY (1929).

During further development, the dry matter percentage decreased due to
extension growth, and more sharply so, and for a longer period, at the lower
light intensities. After this drop the dry matter percentage increased progressively with age - and more rapidly so at the high light intensities - till a
maximum was reached at the end of the growth period. This increase may'be
attributed also in part to maturing. The maximum dry weight per cent reached
at full daylight intensity was about three times that at the lowest intensity,
namely 73.3 and 20.4 per cent, respectively.
The percentage of dry weight/fresh weight may be considered a good indicator of the shading effect on prolonging the vegetation period. It may be
mentioned in addition that shading also prolonges the vegetative period and
retards the appearance of the ears.
B. Growth inleafarea
The variations in total green leaf area per plant with time, in barley, as affected by shading are brought out in fig. 3 for the 1958 experiment. It can be
seen that, up to July 7 (66 days after planting), the green leaf area increased
with increasing light intensity and the greatest differences between the highest
and lowestintensities werefound at that time.The maximum leaf area, reached
after 66daysfrom planting,was280cm2/plantinfull daylightand 146cm2/plant
at 25 per cent light intensity. It was attained by June 23 (two weeks earlier) at
the medium intensities. These results are in accordance with those of GREGORY
(1921) and MILTHORPE (1945) with the only difference that in our case the decrease in leaf area induced by shading was due mainly to depression in leaf
number and not in leaf size. From the 6th harvest up to the end of the season
the position was converted and, due to later maturity induced by shading,
the green leaf area increased as the light intensity decreased. These findings are
similar to those of SHIRLEY (1929) and BLACKMAN and RUTTER (1948, 1950).
Turning next to the age effect, the leaf area increased to a maximum more
rapidly at the higher light intensities, and when dropping, it decreased more
gradually at the lower light intensities. This may be considered as another
indication of the shading effect on the extension of thevegetation period.
With reference to the efficiency, it is evident that since the green leaf area
represents the greatest part of the photosynthetic apparatus, the responses
of the leaf area to shade and age are reflected in the capacity of plants in converting the solar radiation (cf. figs. 1,3).
C. Leaf-area ratio
Fig. 4 shows that, in general, the leaf-area ratio increased with decreasing
light intensity. With the exceptional rise observed at the second period, the
leaf-area ratio in all cases decreased with age. Thus, the ratio increased from
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FIG. 3. Shading effect on total green leaf area per
plant,inbarley,atsuccessiveintervals,in1958.
A—A: Fulldaylight •»•-.-•»•:80percent
V—V : 50per cent
• - - - • : 25percent
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208in the first period to 273inthe second oneunder full daylight intensity, and
from 233 to 502 in the heaviest shading. Thus, for unexplicable reasons, the
tendency of the leaf-area ratio to decrease with age was masked at the early
stages. BLACKMAN and WILSON (1951) pointed out that this may be due to the
fact that the plants, having received full daylight prior to placing the screens,
were not yet completely adapted to shading since at lower light intensities the
ratios invariably increased between the 1st and 2nd periods. It appears that this
explanation is not the only one since the ratio increased also in full daylight.
BLACKMAN and WILSON (1951) emphasized that nutrient deficiency may have
been a factor in slowing down the rate of adaptation, or in other words, is
responsible for such increase in the ratio (regardless the intensity).
Whatever may be from these detailed considerations, we would like to point
out that the leaf-area ratio curve primarily only expresses the relations between
leaf area and dry weight formed in each interval. The curve thus shows that
between the first and second period the plant mainly produces leaves, it converts most of its acquired dry matter into leaves. During this phase the plant
seemstoprepare itself for the big risein dry weight starting after the 2nd period
(cf. curves 2b and 3). After the second interval, the amount of leaves still
strongly increases (cf. fig. 3) together with a still more pronounced increase in
dryweight. Fig. 4expressestherelationbetween both,indicatingthat, gradually,
the amount of other tissues becomes prevailing. Only after about 80 days the
amount of leaves actually decreases (cf. fig. 3, and also p. 10).
II. DENSITY EFFECTS

1. Density and Efficiency of Solar Energy Conversion

The density effect on the efficiency of solar energy conversion, in barley, at
successive periods, in 1958,is illustrated in fig. 5. At all densities, the efficiency
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FIG. 4. Shading effect on leaf-area ratio (total
greenleafarea/entireplantdryweight),
inbarley,atsuccessiveintervals,in1958.
A—A: Full daylight •*•-•-•*• : 80percent
V—V : 50per cent
•---•»•: 25percent
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was found to increase rapidly with time till it reached a maximum between
June 12and July 10, viz., in the period from June 12to June 25 (56 to 70 days
after planting) for the dense and thin plantings and from June 26 to July 10
(70-85 days after seeding) for the normal planting; thereafter it decreased to a
minimum at the end of the season. The rise and fall before and after the maximum, aremore sharpinthedenseplanting. This may be dueinpart to the more
rapid growth per unit area before reaching the maximum, and to early senescence after the maximum in the dense planting.
The experimental data on growth measurements show that the age trends of
shoot number, green leaf number, leaf area, fresh-weight etc. per unit area are
wellreflected in the agetrend of the efficiency of solar energy conversion. Thus,
the maximum efficiency was reached by the time of highest tiller and leaf number, leaf area and fresh weight per unit area (see later).
From May 16to June 25 (29-70 days after planting), the efficiency increased
with increasing density. In the period from June 26 to July 28 (70-103 days
after seeding)thepositionwaschanged infavor ofthenormalplanting, followed
by the dense one, while the thin planting came at the end. By that time, leaf
area, shoot number, greenleaf number, and dry weight per unit area, as well as
plant length showed a similar trend. This indicates that the efficiency followed
closely these growth aspects in their reactions to plant density.
Thedotted linesinfig.5agivetheefficiency valuesin the denseplanting duringthe periods
from June26toJuly 10and from July 11toJuly 28. Thissudden drop (after the maximum)
in the first period and the sharp rise in the second one for the denseplanting seem to beincomprehensible as compared with the other densities in the same part of the season or with
the same density in the previous parts of season. An exceedingly unhappy variation in
sampling may have been responsible for this deviations. If the first of the two harvests in
question is disregarded we obtain the full-drawn linewhich has been taken as a base for the
previous discussion.
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FIG. 5. Density effect on theefficiency ofsolar energyconversion duringgrowth (inpercent),
in barley, at successiveintervals, in 1958.
a: Denseplanting b: Normal planting c: Thin planting

During the last period, extending from July 29 to August 13 (103-118 days
after seeding), the efficiency again was minimal. It was still positive in the medium and thin densities infavor of theformer, while it wasnegative inthe dense
one due to overmaturing and to loss of dry leaves and smaller shoots.
The maximum efficiency value was 13.7, 10.0 and 8.8 per cent for the dense,
normal and thin plantings, respectively. In 1957, nearly the same trend was
observed, with the only exception that the normal planting always exceeded the
dense one.
The average efficiency during the entire growing season increased with increasing density up to the normal planting, and decreased with further increase
in density, following closely the final dry weight per unit area. It seems that
with increasingdensityup to the normal planting (250plants/m2)the depression
in growth due to competition is overcome by the increase in plant number per
unit area. With further increase up to 500 plants/m2, the increase in plant
number obviously could not counterbalance the decrease in the final yield per
plant.
The average efficiency valuewas2.33per cent for the dense planting, 2.94 per
centfor thenormal oneand 1.84for thethin one.
Similar results were obtained in 1957.
2. Density and Growth
A. Growthinweight
a. F r e s h weight per p l a n t
Fig. 6aindicates thatwithincreasing densityfresh weightper plant decreased.
The differences increased as the plants developed; obviously at the early stages
competition was not yet important. The highest differences infresh weight were
observed in the period from June 26to July 29 (70-103 days after sowing).
At alldensities,freshweightincreasedwithtimeandwasmaximalonJune26,
then it decreased towards a minimum at the end of the season. It was found
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that in the dense planting the curve decreased more sharply owing to early
maturing.Themaximum fresh weight per plant varied from 52 gr. for the thin
planting to 19.4gr. for the dense one.
b. Dry weight per p l a n t
Fig. 6b shows that the dry weight per plant decreased with increasing density.The differences increased withtime and the greatest differences were found
at the end of the season.
Dry weight per plant, increased progressively with time for the normal and
thinplantings whileinthedense one,theplants tended todecrease indry weight
during the last two weeks,owing to over-ripening. The maximum dry weight,
reached on August 14, was 14.7gr. for the thin planting and 10.7 gr. for the
normal one. In the dense planting it was attained on July 29 (103 days after
seeding) and was 5.3 gr.
Similar results were obtained in 1957. These findings confirm those of
CLEMENTS et al. (1929). KONOLD (1940) and IWAKI (1958).
c. Dry weight p e r c e n t a g e
From fig. 6cit is evident that the dry weight percentage up to May 30(43 days
after planting) tended to increase with decrease in density, indicating that the
competition for light was responsible herefor. From this date up to maturity
the position was changed, and the percentage of dry matter increased with
increasing number of plants per unit area. This suggests that the effect of some
factors other than light especially water and nutrient factors prevailed and
masked the light effect. The differences induced by density increased with time
and were maximal at the end of the season, due to increased competition,
obviously inducing earlier maturation.
The dry matter percentage decreased, during the early stages of growth up
to the 3rd period. This may bedue to increased uptake of water connected with
extension growth; thiswasmost pronounced for thedenseplanting. From May
30up to the end of the season the dry weight/fresh weight in per cent increased
progressively with time until harvest; the values for the dense planting always
were the highest. This indicates that with increasing density ripening was accelerated by a more rapid translocation of cell constituents owing to the absence of photosynthesis in the lower part of the plant. Several of the lower
leavesthen die,connected withearly senescence and death. The final dry weight
percentage was 75 for the dense planting, 60 for the normal one and 50for the
thin one.
Notwithstanding all plots surely were to be considered as "ripe" at the last
harvest sinceallleavesweredead, theremayhavebeena difference inthe degree
of maturity which i.a. finds its expression in the above figures.
With few exceptions the same trend was observed in 1957.
B. Growth inleafarea
Fig. 7 gives the mean leaf area per plant and the leaf area index in barley as
affected byplant density, in 1958.Leaf areaperplant, increased with decreasing
density; the differences became more marked with time. At all densities, the
leaf area per plant increased rapidly as the plants developed till the maximum
was reached by late June (70 days after sowing) at the same time as maximum
fresh weight, after which it decreased. The maximum green leaf area per plant
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varied from 220.5 cm2 for the dense planting to 562.3cm2for the thin one. The
last harvest stillincluding green leaves was 85days after planting, at which the
green leaf area differed from 66.5 cm2 for the highest density to 353.8 cm2 for
the lowest one.
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FIG. 7.
Density effect on total green leaf
area per plant (a)andleafareaindex (b), in barley, at successive
intervals, in 1958.
o
o: Dense planting
•
• : Normal planting
x
x: Thin planting

In contrast to the leaf area per plant, the leaf area index increased with
density up to 80 days after seeding. This indicates that with increasing density,
the higher plant number per unit area easily counterbalanced the reduction in
leaf area per plant. From 80to 85days after sowing this situation was changed
infavor of themedium density. Owing to higher degreeof self-shading of leaves
and consequently to early senescence, the dense planting had the least final
green leaf area index.
In general, the age trend was the same as in the leaf area per plant. The same
age trend was also observed by WATSON (1952). The maximum leaf area index
was 11.0for thedenseplanting, 7.2for thenormal one and 7.0 for the thin one.
At 85daystheleaf areaindex was3.3for thehighest density, 5.0for the medium
one and 4.4 for the lowest one.
These results, to some extent, are similar to those obtained by IWAKI (1958)
on buckwheat.
C. Leaf-area ratio
Clearly,infig.8twocriticalperiodswerenoticed. Intheearly stagesof growth,
up to 47 days old, the ratio increased with increasing density, indicating that
the light factor has played the major role. In the second period, from 47 to
85days after sowing, the ratio decreased with increasing density. Since BLACKMAN and WILSON (1951) reported that the leaf-area ratio increased with increasing nutrient supply, it may be supposed that the severe competition for
nutrients, induced by density at that time, has masked the light effect and was
responsible for the observed decrease in the ratio.
It is clear from fig. 8 and from the preceding comments that, with the exception of the rise in the second period, the leaf-area ratio decreased with age.
It is worth noting here again that, primarily, the rise in the second period indicating that the increase in leaf area is relatively more rapid than that in dry
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8. Density effect on leaf-area ratio (total
greenleafarea/entire plant dryweight),
inbarley.atsuccessiveintervals,in1958.
o-o: Dense planting
- • : Normal planting
-x: Thin planting

t plant in c*ai's

weight- isonlyanexpressionofthefact that, obviously,inthisstageofgrowth
most oftheacquired drymatter isconverted into leaves.Theplant, obviously,
isnowbuildingitsfood factory, while,later on,theproducts ofthisfactoryare
converted to a larger degree into other useful structures.
In this connection it may still be observed that in the very first period,
preference isgiventorootformation. Dataonthisdevelopmentwillbesupplied
in detail in the following, more extensive paper.
SUMMARY
Theefficiency ofsolarenergyconversionandthegrowthofbarleyas affected
by shading and density, at successive intervals, were studied under natural
conditions during thegrowing seasons 1957and 1958.
Ithasbeenestablishedthattheefficiency ofsolarenergyconversionunder field
conditions increased with time to a maximum (at mid-season), then decreased
toreachaminimumat theend oftheseason.Itfollowed closelythetimetrend
ofgrowth inleafarea,fresh weight, etc.Thus,itsvalueisextremely dependent
onthestageofgrowth.Thehighestefficiency valueswereattainedatthemiddle
stages ofgrowth (for aperiod of about 4to 6weeks).Amaximum of 13.6per
cent ofthephotosyntheticradiationfor thefull daylightintensitywasobtained
in the shading experiment, while in the density experiment a maximum of
13.7per cent for the dense planting was reached.
I. SHADINGEFFECTS

1.Shading greatly affected the efficiency. At the early stages and at the late
stages the efficiency increased with decreasing light intensity, at the middle
stages the reverse was true. The average efficiency during the whole growing
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seasonincreasedwithincreasinglightintensity uptofulldaylight.Valuesranged
from 2.9percent for the full daylight intensity to 1.4percent forthe25 per
cent intensity asobtained in 1958.
2. The fresh and dryweights perplant aswell asthedryweight percentage
decreased, in general, with increased shading. Themaximum fresh weightwas
reachedatmid-seasoninfull daylight andin80percentlightintensity, and later
with increased shading. At all intensities, the dry weight per plant anddry
weight percentage were maximal at theendof the season.
3. Fresh weight increased with time toa maximum, then it decreased, while
dry weight increased progressively astheplants grewup.Dry weight percentage
dropped at first, then increased with time.
4. Thegreen leaf area perplant increased with time uptoa maximum, then
decreased. Atearly stages ofgrowth, upto66days, theleaf area increased with
increasing light intensity, while at late stages it decreased with increasing light
intensity.
5. Theleaf-area ratio decreased with ageandwith increasing light intensity.
6. Thelength ofthe vegetation period increased with shading.
II. DENSITY EFFECTS

1. Thenumber of plants perunit area greatly influenced the efficiency. Up
to thetime of maximum efficiency, theefficiency increased with density. Later
on the position changed in favor of the medium (normal) planting. The
average efficiency over the entire season increased with density uptothe normal
planting andwaslower again atthe highest density. Efficiency values of2.3 per
centforthe dense planting, 2.9 percent forthe normal one and1.8per centfor
the thin one, were obtained in 1958.
2. Fresh weight, dry weight and green leaf area per plant decreased with
density. In contrast, thedryweight percentage increased with density withthe
exceptions observed at early stages of growth.
3. With increasing density, the leaf area index increased, but the final leaf
area index, 85days after planting, washighest for thenormal planting.
4. Theleaf-area ratio increased with density inthefirst half of the growing
season, while thereverse wasfound inthesecond half.
5. Theagetrend wasthesame asfor shading.
In general, theresponses ofthe plants with time, to shading anddensityare
well reflected in their efficiencies asconvertors of solar radiation.
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