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INTRODUCTION

Attempts to obtain maximum production from crop
and pasture, orchard and forest land under arid and
semi-arid conditions encounter physiological probiems
probably in many instances not unlike those met in the
latitudes more distant from the equator. In mese-
pitytic areas rescarch on the genctically controlled
reaction of plant to nutrition and environment has
Lad important consequences. This research has resulted
in enormously inercased productivity; the yields
obtained by use of the hest current agronomic practices
markedly surpass the yields based on the empirical
practices of even the most observant farmers and fores-
ters. Basic new physiological knowledge gained from
systematic experiment has been put to use.

As yet, only a beginning has been made toward an
understanding of the effects on plant yields of the quality
and intensity of the light environment. Some spocies
of plants thrive under light intensities which are too
low for other species to survive. The species capable
of growth in the shadow of an almost complete canopy
of taller plants and trees are classified as “tolerant”
(of shade). The “intolerant” species require moderately
high levels of light intensity to survive. An indication
of the tolerance of 183 species of herbaccous plants,
trees and shrubs is given in Tables 388 and 389 of
the Handbook of Biological Data (Spector, editor, 1956).

The cutting practices to be used for harvesting a
mature forest stand look forward to the regeneration of
a new young stand, Thesc practices must he adjusted
to the tolerance of the seedlings of the tree species to
be favoured. For an intolerant spocies more of the
canopy must be removed by cutting more trees at the
time when a crop of seed may he anticipated,

FIELD EXPERIMENTS, 1923-1928

A serics of studies of the light requirements of the seed-
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lings of intolerant New England white pine {Pinus
strobus 1.) was started in 1923 (Gast, 1930). In 1925
the light intensitics were measured under forest camnopies
beneath which were 11-year-old white pine seedlings.
Three areas were chosen for study. Fn an area from which
few trces had been removed the canopy was estimated
as 85 per cent of full, Under it the light intensity was
measured by different pyranometers during the period
from 12 May to 13 September. These measurements
indicated that the light intensity (total = visible 4 infra-
red) was 27 per cent of that in the open area not shaded
by trees. Under this canopy the 11-year-old secdlings
had just managed to survive; their average height was
only 11 inches. From the second, the “open” area, the
mature trees had been removed three years earlier. In
the third area, where the canopy was estimated as 40
per cent of full coverage, the intensity was measured
as 57 per cent of the intensity in the open. The increase
in intensity from 27 per cent to 57 per cent notably
inereased the growth rate. Tt was concluded that an
intensity of at least 27 per cent of falf light is neces-
sary for the growth of seedling white pine trees at a
rate minimal for survival.

This type of experiment is an example of the obser-
vations taken during ecological field studics for des-
cription of the environment. Similar measurements by
various investigators are quoted by Sauberer and Hiirtel

(1959).

THE “SEMI-FIELD” TECHNIQUE

To verify the conclusions of this field study other cxpe-
riments were devised. Studies of this sort may be dis-
tinguished as “semi-field” experiments, They are quite
different from the wholly controlled, artificial environ-
ment of the phytotron. Thus in the “semi-field”
experiments the satural sunlight is used bat it is modi-
fied by sereens which alter both the intensity and the
quality of the irradiation.
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As in the case of the typical ecological study under
the wholly natural conditions just cited, continuous
measurements of the environment are necessary for
correlation with the biological effects.

Other field tests during the period from 1923 to
1928 indicated that the effect of light could not be
dissociated from the nutrition of the secdlings. The
availability of nitrogen is changed when the tempera-
ture of the seil is raised by thinning of the cauopy.
The severance of the tree roots when the trees are cut
changes the soil biology. To study questions of nutri-
tion simultaneously with light intensity and quality
the “semi-field” technigue is convenient and eflicient,

SEMI-FIELD TESTS:
FIRST EXPERIMENT 1930

The first semi-field tests using natural light modified
by screens were performed at the Swedish Forest
Research Institution in 1930 (Gast, 1937). In this
study the effects of varied light intensities, light quality
and soils with differing nutrition on the growth of
seedling European Scots pine (Pinus sylvestris L.)
were examined,

TFor the modification of light intensity wood strips
were uscd to construct three compariments in & Miller
house (Plates 2, 3 and 4). The wood strips were spaced
$o as to transmit one-half, one-guarter and onc-eightl
of the light transmitted by the glass, The irradiation
intensities in the compartments came close to the
intended values. As measured by a horizontally mounted
1800 pyranometer (sec Drummound, page 15) the inten-
sity under the glass alone (area not shaded by a lath
sereen) was 50 per cent. The compartment intensities,
as porcentage of sunlight in the open, were 22 per cent,
11 per cent and 6 per cent, Fans (Plate 3} operated at
reduced speed gave a gentle air circulation through
the compartments,

To modify the guality of the radiation a water-
glter was placed over some of the plants in the “50 per
eent” area (Plate 4), A tray with a glass bottom was
filled with water to a depth of 10 cm, This absorbed
the infra-red radiation louger than approximately
1 micron. (The cxact transmission is uncertain; this
is again referred to in a later section *“Transmission of
Radiation by a Water-Filter”,) Under the water tray
the intensity was measured as 27 per cent of the radia-
tion in the open, Of the radiation passing through the
glass of the Moller house the water tray absorhed 46 per
cent. It can only be assumed, since no measurements
were made of the irradiation in the region from 0.4 to
0.7 micron, that intensities for the visible region were
approximately the same under the water tray and in
the unshaded area adjacent te it. As components
of sunlight a value of 54 per cent is a reasonable esti-
mate- for the speetral region 0.3 << & = 1.0 p and 406
per cent for the region 1 <% > 3 p.

The soils used in this experiment differed in potential
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nitrogen availability—from previous studies they were
known to have different rates for nitrogen mobiliza-
tion, The soils were combined with sand to give a
porous mixture. The pots containing the soils were
embedded in sand to stabilize the soil tomperature
{Plates 3 and 4).

SEMI-FIELD TESTS: SERIES 1931-1939

The seedlings grown during the first test in 1930 were
analysed for nitrogen. The concentration of nitrogen
in the plant (expressed as percentage of the dry weight)
provided an efficient index as to nitrogen availability.
An adequate supply of nitrogen is essential to the
full utilization of the available light, Less nitrogen
than the amount required to maintain the optimum
internal concentration limited the growth at the higher
light intensities,

That the internal concentration could be used to
appraise the optimal nutritional levels of nutrients
other than nitrogen seemed worth testing., To explore
this possibility a serics of studies was condueted to
determine the eoncentrations of nitrogen, phosphorous,
potassium and caleium in the seedlings variously
supplied with these nutrients. The plants were grown
in what are now called hydroponic cultures—thoe plants
are rooted in sand which is periodically flooded with
a solution of the salts comprising the nutrient mixture.
For each nutrient element a graded series of concen-
trations is needed,

From the analyses for nitrogen, phosphorous, potas-
sium and caleivm in the graded sexies of weights of
plants grown in the graded series of nutrient solutions
were obtained conclusions as te the internal concen-
tration (gramme element /gramme dry weight) optimal
for growth. Such is the method of foliar diagnosis
as it was used in these studies,

Gradnal medification of the techniques for most
efficient manipulation of the large number of plants
involved in these tests was to be expected. In the earlier
experiments unglazed clay pots were placed in pails
the insides of which were painted with tar (Plafes 7,
9 and 10). Later special glazed eurthenware pots with
abottom opening were used {Plate 8). (Plastic containers
now available can be used to advantage as suggested by
Dr. J. Wehrmann, in a private communication.) The sand
was a mixture of two sizes of quartz sand (at least 99 per
cent Si0,); it was cleaned before use with a dilute
HCI-H,80, mixture and then with ordinary water until
no mineral acid could be detected, The nutrient solutions
were stored in jugs placed in a dark chamber underneath
the pots; they were flushed from helow inte the pots
10 a height sufficient to dampen the top of the sand by
pumping aiv inte the tops of the jugs {Plates 8 and 9),

Instead of the lath sereens used in 1930, in all later
experiments bronze-wire-cloth screen was used to
modify the light intensity {Plates 5, 6 and 8}, The
bronze sereen is preferred because the flecks of light and
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shade are small and the illuminated and shaded areas
of the plants alternate more frequently, The sereen
is formed as a hemi-cylinder with a comparatively
small radius and a long axis, The frame holding the
pots is so oriented that the long axis of the screen is
north-south, A constant transmission at all hours of
the day results. Since the irradiation under the screen
was measured, the changing declination of sun created
no difficulty—but if desirable, the screen could be
adjusted by tilting the long axis so that any change in
transmission is minimized,

The seedlings were grown from seeds sorted for size
and in any one pot seedlings from only one size of secd
were grown, At any given time during vegetative growth
the weights of the secdlings are propartionate to the
“capital”—the initial dry weight—of the plant at the
beginning of the measured growth, This is an example
of one of the details which must be followed through in
order to attain precision in this type of experiment,
In practice, the weights of the plants are corrected to
a commeon normal initial “capital” weight. The seeds
sorted into weight classes were germinated in separate
flats (Plate 10}, Immediately the seed ecoat (testa)
was shed, samples of seedlings and seed coats from each
weight class were taken and their dry weights detexr-
mined. The ratios between the weights of the seed-
lings grown for any specific peried {e.g., 9, 90, 180 days)
were the same as the ratios of the seed weight classes
from which the plants were grown. An adjustment
factor can be derived to correct the dry weights of
the seedlings grown from any seed weight class to
a “normal” value (Aldrich-Blake, 1930, 1932, 1935;
Gast, 1937; Mitchell, 1934, 1930),

This summary account emits many details of tech-
niques described in the referenced papers. Following
this earlier work on pine seedling nutrition came the
studics, among others, by DBjorkman (1940, 1942,
1944, 1956}, Tamm {1954, 1955} and Ingestad (1957,
1959, 1960}, Gradually these pilot experiments on
nutrition of seedlings in Lydroponic ecultures were
extended to studies of fertilized experimental plots
in forest stands (Mitchell and Chandler, 1939). A hiblio-
graphy of studies of tree nutrition and foliage analysis
both in hydropenic cultures and in nature can be com-
piled from the references cited above, supplemcnted
by Tamm and Carbounier (1961), Wechrman (1959)
and others.

NUTRITIONAL LEVELS

The concentration levels of macronutrients in the plant
tissues which are associated with maximum vegetative
growth are still heing studied, as the references just
cited indicate. (Note that where plant productivity
is measured by the harvest of grain and fruit, a nutxi-
tional level which produces the maximum vegetative
growth may only in part be responsible for maximum
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productivity; it may be a contributing but not control-
ling condition. For during the flowering and fruiting
phases nutritional levels differing from those of the
vegetative phase may be optimal for maximum pro-
ductivity, The advantages of using only the vegetalive
phase for “preliminary” semi-field tests seem obvious;
in subsequent experimenis the variations in the yields
of the fruiting phase with changing environment may
be studied with better understanding,)

During their early growth, tree seedlings are limited
to the vegetative phase of development. During this
phase the same internal concentrations of nitrogen,
potassium and phosphorus appear to provide for maxi-
mal growth of pine seedlings rooted either in hydro-
penic ionic solution cultures or in natural soils, A
mnemaonic “rule of three” is close to correct, That
is, for nitrogen 3 per cent N of dry weight gives the
best growth. JFor potassium, one-third of 3 per cent,
equal to 1 per cent K (not K,0) is apparently close to
the optimum, Ior phosplorus, one-third of 1 per cent,
cqual to 0.3 per cent I’ (not P,0,) is most favourable,

Adequate levels of the internal concentrations of
calcium and the micronutrients are tentatively known

(Ingestad, 1960).

FORMALIZATION OF
GROWTH /NUTRITION RELATION

The weight of the seedlings in relation to the supply
of macronutrients is ameunable to mathematical for-
malization. The effect of nitrogen, potassium and phos-
phorus on dry weight can be expressed quantitatively
by an appropriate Mitscherlich type of eguation;
Le., as a factor (nutrition) is increased there is an
exposnential increase in yield up to a maximum; then
further inercases in the factor cause an cxponential
decrease from the maximum. The effect of the complex
of individually varying factors can bhe expressed by
a multiple equation where the total resultant is the
product of each of the Mitscherlich components taken
scparately—in other words, summation of the indi-
vidual factors can be expressed by a logarithmic form
of the Mitscherlich equation (Gast, 1937, AMitchell,
1934, 1939),

LIGHT AND GROWTH

The intolerant pine scedlings (white pinc and Scots
pine) grown for approximately ninety days fully used
the maximum light available in the open in the north-
eastern United States, The seedling dry weights were
exactly proportionate to the cumulative sunlight as
measured by a 180° Eppley pyrheliometer (pyrano-
meter) within the error of the sunlight rccord (about
3 per cent). Such full wse of “open™ {100 per cent)
sunlight will be obtained, however, only if the macro-
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Dry weight (mg.)

Frc. 1. The dry weights of three-montls Scots pine seedlings
as affected by radiation and nitrogen availability. Seedling
weights normalized to 4.8 mg. fresh seed weight, Radiation
scaled as percentage of open, and in kg.cal. by 180° pyranc-
meter. Nitrogen availability calibrated by hydroponic cul-
tures, (After Gast, 1937, Fig. 20.)

and micronutrient concentrations are maintained at
the optimal concentrations referred to above,

The vesults of the experiment in Sweden in 1930
are reported in three figures. In Figure 1 the relation
between light (50, 22, 11, and 6 per cent values) and
nitrogen nutrition is correlated with the dry weight
of the seedlings. In Figure 2 the correlation is with
the length of the long roots which increase with increas-
ing light intensity, In Figure 3 the ecorrelation is with
the shootfroot ratio,

As calibrated by the later hydroponic experiments,
the nitrogen available from the three differcnt soils
was in the proportions 76 : 8 : 2 (shown as heavy lines).
The intermediate values (light dashed lines) which
indieate the shape of the curved surface were interpo-
lated from the hydroponic exporiments of later years.

Trom 1931 to 1934 secdlings weze grown in hydroponic
cultures both in the open and under screens for reduc-
tion of the irradiation intensity. The dry weight of the
seedlings increased with increasing intensities up to
the intensity of full—“open”—sunlight, That is, later
experiments showed that under conditions of the highest
nitrogen availability of Figure 1 where the internal
coneentration of nitrogen in the seedlings is close to
3 per cent, the linear relationship can he extrapolated
as a straight line up to twice the light intensity shown

32

:

[]

e :

~ 1 >7: 60

v /N =
/ 4 E >(\ 40 %
/ § \\//le\/\ \>‘ E
. AR A 2 5
3

1. 2. Lengths of long lateral roots of seedlings as in Fig, 1
(After Gast, 1937, Fig, 21.)

Shoot/root {mg.}

Fie, 3. The shootfroot raties of seedlings as in Figures 1
and 2, but note that in this figure the direction of the cumn-
Jutive radintion scale is reversed. (After Gast, 1937, Fig, 22.)
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in the fignre—100 per cent—equal to 28 kg.cal. em™2,

In the case of white pine the growth is proportionate
to the sunlight intensity up to 40 kg.cal. em,”? (46.5
watt hours em. 2} summed over a three-month growth
period (Gast, 1937).

The aecuracy of the correlation between the vege-
tative growth and sunltight is illustrated by the expe-
rience of Mitchell (1934, p. 66-67, 1936, 1939) at Corn-
wall. White pine seedlings were grown in full sunlight
as measured by a 1800 pyrheliometer (Plates 6 and 8).
Afker several wecks of cloudy weather in the middle of
the growing season it was noted that the seedlings
sampled at the beginning of September were under-
weight in the light of previous experience. Due to the
cloudy weather the cumulative irradiation was low.
An additional growth period of a few weeks of sunny
warm weather brought hoth cumulative irradiation
and yield in dry weight up to expectation,

LIGHT AND SHOOT/ROOT RATIOS

The experiments in the period 1930-1938 made clear
the reasons why the intolerant spccies of pine required
approximately 30 per cent of full light for survival
under a canopy of older trees,

In Figure 2 it is seen that the growth of the long
lateral roots is proportionate to the irradiation, even at
low levels of nitrogen availability. But if the weights
of the shoots and the roots are compared (Fig, 3),
it is seen that as the light intensity decrcases below
30 per cent of open the relative weights of the roots
decrease markedly in relation to the shoots.
{Note that for convenience in representing the surface
in Figure 3 the scale of the radiation axis is shown as
increasing from right to left, instead of from left to
right as in Figures § and 2}

The large change in the shoot/root ratio as the light
intensity decreases below 30 per cent, as disclosed in
the hydroponic cultures, correlates with evidence from
the forest observations that 30 per cent is the mini-
mum for the survival of scedling trees under an older
stand. A full discussion of the significance of the 30 per
cent light intensity requires a review of the myco-
trophic habit,

THE MYCOTROPHIC HABIT

Evidence for the importance of the mycotrophic habit
may be cited from an experiment by Hatch (1937,
p. 100). A sample of soil was collected from a prairie
avea. The site was so distant from a forest stand that
there was no possibility that it contained any fungi
which could infect pine tree roots to form mycorrhizae.
Scedlings eultured in this soil both with and without
the addition of fungal inoeulum are shown in Figure 4,
The marked increase in growth and in nitrogen content
of the plants grown symbiotically is notable {(see
Table 1).
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Tapre 1, Weights and nutrient content of seedlings grown
in prairie soil, (After Hatch, 1937, Table IX)

Inoculated Uninoculsated
[}
mg. dry \ﬁight mg, dry \:/glght
Average dry weight  404.6 3207
Nitrogen 5.00 1.24 2.69 0.84
Phosphorus 0.79 0.20 0.24 0.07
Potassium 3.00 0.74 1.38 0.43

The comparative morphologies of roots oultured in
three different nutrient media are shown in Plate 11,
Type A are from a hydropoenic culture with a moder-
ately high eoncentration of nutrients, In a lower concen-
tration of complete nutrients in hydroponic culture
and cccasionally in “natural seils”, root-hairs are formed
on the short lateral roots (type B), The normal type of
infected short lateral roots forming mycorrhizae is
shown as type C. Sueh “true” mycorrhizae are found
in cultures of a forest soil containing both organic
matter and inoeulum of mycorrhizal fungi, The sec-
tions through the roots which are “true’” mycorrhizae
{type C) show the cellular enlargement characteristic
of the reaction of the root cells to the intra-penetrating
growth by the hyphae of myecorchizal-forming fungi.
For comparison with type C are included sections
through the “psendo-mycorrhizal” roets In type A,
and the rare lateral roots covered with root-hairs in
type B. (Hatch, 1937). The mycorrhizal roots increase
the surface for the uptake of nutrients from the soil.
The increased surface follows {rom the increased velume

F1c. 4, White pine seedlings raised in prairie soil: (&) ino-
culated; (b) uninoculated. (After Hatch, 1937, Table 1X.)
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covered by the mantle of fungal hyphae and, in addi-
tion, the extension of the hyphae into the surrounding
soil, Both increase in surface and in metabolic kinetics
are believed to acconnt for the inereased growth and
mineral uptake, leading to an increased nutrient
content of plants equipped with true mycorrhizal
roots over those with *“‘pseudo-mycorrhizal” roots.
In natural seils the plant roots are but sparsely fur-
nished with root-hairs and these are found only near
the tips of the “long laterals”,

A deficiency of easily available nitrogen, phosphorus,
potassium and caleium in a natural soil otherwise
adequately supplied with macronutrients wiil, if the
inoculum is present, stimulate the development of the
mycotrophic kabit. Whether or not a deficiency in
micronutrients will also promote the appearance of
true mycorrhizae has not, it is believed, been tested.

Tt appears, then, that by use of the hydroponic
culture a condition different from that existing in natural
soils can be created. In the case of plants in natural
soils tlie efficiency of the myeorrhizal hyphae in assist-
ing uptake of exchange-bound nutrient ions becomes
significant. When the nutrients are present as [ree
ions, as in the hydroponic solution media, the factor
of mycotrophy is eliminated.

But where present the mycorrhizal roots are more
cflicient than pseudo-mycorrhizal roots in the uptake
of mineral nutrients. Melin and Nilsson have produced
clear evidence for this favourable influence of wnycor-
rhizae by the use of labelled clements: P%2 (1950, 1954),
NI5 (1953), Na?® {1955a), Ca'® (19555},

The literature on mycorrhizae and the mycotrophiec
habit is extensive; the reports cited above are but a
small part of the total. A large, related but separate
literature treats of symbiosis with bacteria, and the
symbiotic phenomena in roots harhouring simulta-
neously bacteria and fungi. The growth of the whole
plant is in all instances affected by the supply of pho-
tosynthate to the roots, and by formative influcnces
such as night temperature (Mes, 1959q, 1959b).
Again, irradiation as a part of the plant environment
enters by indirection as a significant factor, as indicated
by experiments with the water-filter.

In connexion with a succinct yet adequate discus-
sion of mycotrophy Bjorkman {1942} cites all relevant
literature, and this is brought up to date by his 1956
report. Bjbrkman scems to de-emphasize a possible
role of the fungal hyphae which the writer considers
important. This is the likelihood that by ion exchange
a hypha can acquire nutrient ions from the surface
af a soil partiele to which the nutrient ion is hound.
The writer {unpublished) attempted to use ien-exchange
resins (commercial “Permutit”, ete) to synthesize
a balanced nutrient substrate which would release
into the “soil” solution a minimum of free ions. IPurther
work with ion-exchange resins, concentrated ion-
exchange clays (montmorillonite, kaolinite), “humus”
concentrates and vermiculite should be undertaken.
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MINIMAL LIGHT INTENSITLES

An analysis is now possible of the factors entering into
a requirement of about 30 per cent of natural sunlight
as a minimum for the growth of intelerant pine seed-
lings. At less than 30 per cent irradiation the photo-
synthate is retained mostly in the shoot at expense of
the root. Large shoot/root ratios result. Pine seed-
lings growing under natural forest conditions are obli-
gate symbionts—the macronutrienis are never present
at the relatively high solute concentrations of the
hydroponic culturcs. Failing an adequate supply of
carhohydrate, as in the instance of seedlings with high
shoot [root ratios, the mycorrhizae arc starved. They
are no longer efficient in the uptake of macronutrients.
The seedlings suffer from a deficiency of the mineral
nutricnts due to an inadequate root system.

So much is clear; but a further question remains to
be explored. It is noted that severance of the roots
of mature trees which enter into a small plot will
premote growth of plants within the plot. The biotic
conditions in the seoil within the plot are changed.
There is less drain on the available water. But the
possibility of antibiotic competition must not he dis-
regarded, The mycorrhizae on the roots of the trees
with the foliage in full sunlight may well be capable
of excreting antibiotic substances which would inhibit
the development of mycorrhizal fungi on shaded seed-
lings inadequately supplied with earbohydrate. The
mycorrhizae on the roots of scedlings growing wnder
less than 30 per cent irradiation would be subjeet to
such starvation, Contemplated but never tried were
experiments to study competition between the mycor-
rhizae on roots of plants with the tops in the contrast-
ing conditions of high and low intensities of irradiation;
in seini-field tests the desired contrasts could be arranged
by the usc of shades.

The test just suggested wonld serve to inerease our
understanding of the complex situations under which
tree seedlings are established or fail to survive accord-
ing to the light intensities following removal of over-
shadowing trecs of the higher canopy, The effest of
reduction of the carbohydrate to the roots on the devel-
opment of mycorrhizae was demonstrated by bjork-
man {1944) in an ingeniously simple experiment, By
constricting the stems of seedlings with wire the flow
of carbohydrate to the roots was slowed and the
inhibition of mycorrhizal development resulted.
Melin and Nilsson {1957) by the use of C'-lahelled
photosynthate {ound that the €' and its conversion
products are rapidly transported to the root tips and
to the mycorrhizal mantles,

The connexions between the formative influences of
low versus high light intensitics and the mycotrophic
habit are elear for intolerant seedlings growing in low
light intensities—Iless than 30 per cent of the open—
under the canopies of older trees. The information
necessary for a similar analysis of telerant species is
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not in hand, To acquire this information it would be
helpful to use the screens and the water-filter. These
same techniques would he of use in examining differ-
ences in the role of mycotrophy in tolerant and intoler-
ant species which depend on this phenomenon for
the uptake of mineral nutrients,

Another instance of the formative effect of dimi-
nished infra-red irradiation is an experiment by Gast
and Hatch {Hatch, 1937, p. 72}. Plants grown under a
water-filter developed twice as many mycorrhizal
short roots as did the plants grown under wire-cloth
screens which transmitted respectively 11, 24, 48 and
85 per cent of full sunlight, Some objective mecasure of
the extent of mycorrhizal development is required.
Such a measure may be the percentage of short roots
which exhibit coral-like branching and enlargement.
This is not always infallible, Although the effect of
light intensity on the mycorrhizal development was
anticipated (Gast, 1937, p. 661-665), we did not dis-
cover the ovidence for the influence of light {(Hatch,
1937, p. 70-73, Table IH) which was observed by
Bjsrkman {1940, 1942) under almost the same experi-
mental conditions except for the scils, The critical
factors which differed as between the two scts of
experiments are still not clear.

TEMPERATURE AND GROWTH

In a complex physiology such as the mycotrophic habit
implies, the possibility always exists that other factors
of the environment may hecome important. Tempe-
rature is such a factor. For the tomato (Lycoper-
sicon esculentum) as the day temperature increases
a decreasing night temperature is more productive
as found by Went (1957) in a study of the interaction
of temperature and the photoperiod,

This finding contrasts with the results from a study
of the growth of the symbiotic velvet bean (Stize-
lobium deeringianum} observed in a series of cultures
from 1954 to 1958 (Mes, 1959a). This bean grows
symbiotically with nodules of Rhizobium sp. on the
roots. There is no evidence of photoperiodic controel
during the vegetative phase of growth; variations in
Iength of light period from 12 to 16 hours were without
cffect. At low mnight temperatures the rhizobia were
apparently inefficient and nitrogen starvation of the
beans resulted, Higher night temperatures, 18°C,
as compared with 10°C., increased the dry weight by
40 per cent (if a “starter” inerement of nutrient nitro-
gen was added) or by 116 per cent (in the absence of
“starter” nitregen). The results cited in Table 2 are
from but one of several experiments giving the same
evidence. The higher night temperatures in every
way favoured the plant growth and development, In
the velvet bean, contrary to the finding for the tomato,
there is apparently a higher rate of translocation of sugar
from shoot to root. The indirect evidence for this is
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TaniLe 2, Effect of night temperaturs on the growth, deve-
lopment and nitrogen assimilation in the velvet bean
{Stizolobium deeringianum). (After Mes, 1959, Table 1Y)

Temperatare
Day 27°C, Bay 27°C,
Night 18<C, Night 16¢C,
Dry weight per plant (grammes) 5.4 2.5
Ratio: dry weight of shoot to dry
weight of root +.8 1.8
Nitrogen
Pereentage of dry weight 2.6 1.6
Total per plant (mg.) 138 40

Nodules (Rhizobium sp.)
Number per plant 13 12

Dry weight per plant {mg.) 239 143
Dry weight per nodule (mg.) 18.4 42
Nitrogen assimilated
Per nodule {(mg.) 8.3 0.8
Per mg. dry weight of nodule
{mg.) 0.45 0.07

1, Experinsent 3. Period of growth: 18 December 1957 to £8 March £958, No
nitrogen added to growth medium, Values are means obtained from five
pots with five plants each.

the higher rate of nitrogen fixation in the root nodules,
plausibly due to a more ample carbohydrate supply.
The higher nitrogen level of 2.6 per cent of dry weight
promotes better growth than does a content of 1.6 per
cent,

LIGHT QUALITY

The seedlings grown under the water-filter were irra-
diated with 50 per cent sunlight from which the infra-
red longer than about 4 g had been removed. Signi-
ficant differences in growth and development resulted,
The irradiation as measured by a 180° pyrheliometer
{or pyranometer) was 27 per cent of the sunlight in
the open. The formative effeets on plant development
are shown in Figures 5, 6 and 7. These are Figures 1, 2
and 3 modified by insertion of a vertical plane at the
27 per cent point for “‘cumulative radiation”, The
intercepts of the plane with the curved surface in
each of the figures indicate the expected values of
weight, length of long lateral roots or sheot/root
ratio if the light quality had been the same as for the
graded serics of light intensities. The differences in
the heights of the planes above or below the intercept
line show the deviations of the found from the expected
values.

Note, however, that the curved surface of Figure 1
is plotted against the values of total radiation as mea-
sured by a pyranometer. If the seedling weights were
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Fi6, 5, Effect of water-filter {10 cm. deep) on seedling
weights, Vertical plane inserted at 27 per cent irradiation
intensity (cumulative radiation 7.6 kg cal. em.”?) under
water (cf, Fig. 1),

to be correlated with the visible components of the
irradiation they should be approximately the same
under the water-filter as outside it. {Under the water-
screen, it is true, part of the infra-red 0.8 < % > 1 p
component was included.)

Alternatively, consider the evidence in another way.
The radiation outside the watev-filter (0.3 << A > 1 1
plus 1 << x> 3 1) is 185 per cent of that under the
water-filter (0.3 << A > 1 ). This extra 85 per cent
{1 << A > 3 p) gives, in plants grown at the highest
nitrogen level, a 70 per cent increase in seedling
weight,

The superficial conclusion would be that if the visible
irradiance is about 50 per cent of that in the open,
then a supplement of infra-red increases the weights
of the scedlings, the increase being proportional to
the intensity of the added infra-red. {Note that the
irradiation is measured as the heat content, not as the
flux of photons) This explanation is probably too
simple. The development of the plants differs as the
quality of the light is changed. Root growth is favoured
in the absence of the infra-red absorbed by the water-
filter, In the smaller plants uader the water-filter the
vertical plane (27 per cent) of Figure 6 rises consider-
ably above the normal surface. The shoot [root ratio
is correspondingly smaller (Iig. 7). Parallel to the
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Fic. 6. Effect of water-filter on lengths of long lateral roots
{cf. Figs. 1 and 2}.
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Fic. 7. Effcet of water-filter on shootfroot raties of seedlings
(cf. Figs. 1 and 3).
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increase in root development is an apparent enhance-
ment in toot efficiency. The plants under the water-
filter contained the largest content of nitrogen (3.3 per
cent) of any grown in the soil of highest nitrogen
availability.

However, the régime of day-time infra-red irradia-
tion was not the only environmental factor which
was changed, The water-filters were left in position
over. the plants during the night, Cooling by a transfer
of heat by radiation from the plants to the cooler night
sky was inhibited. This was possible only in the “open”
experiments of 1931-1934 in Petersham (Plates 5 and 6).
Under the Mbller house in the 1930 experiments
(Plates 3, 4 and 5) the glass roof would prevent radia-
tional cooling of the plants outside the water-filter.
To this extent the experiments in 1930 provided controls
lacking in the 1931-1934 experiments. In the latter
there were no tests to provide a comparison between
(a) plants grown under a water-filter continuously
for 24 hours, and (b) plants grown under a water-
filter present during the day but removed at night,

The possible effect of night temperature has been
clearly demonstrated by the work on the velvet bean
cited above. To the extent that the experiments
with pine seedlings are inconclusive they point out the
requirement for measurements of the radiative loss
of heat from the plants, Such are especially important
in dry climates where the low water content of the
atmosphere {avours rapid radiative cooling at night,
Both the cnvironmental temperature and the radiative
cooling which affects it must be continuously moni-
tored. A water-screen placed over the plants during the
dark hours would effectively reduce radiative cool-
ing, Thus it should be possible by carcful observations
to distinguish between the foliage temperatures—and
resulting physiological effects—brought about by
convective transfer of heat to the ambient air and
radiative cooling outward from the foliage through a
dry atmosphere.

PLANT PHOTORESPONSES

Studies devoted to the clarification of photoperiodism
and the effect of light on seed germination have led
to the discovery that light was involved in many more
chemical reactions within the plant than the {formation
of chlorophyll, consequent photosynthesis and a
tropic orientation of stems and leaves. It now appears
that some twenty-odd plant responses are due to photo-
veactions, In addition te the formation of chlorophyll,
light is responsible for the formation of the carotenoids
(flavin) and anthecyanin, The latest pigment to he
intensively studied is phytochrome. Success in concen-
trating it (Butler, Norris, Siegelman and Iendricks,
1959) may be expected to lead soon to elucidation of
its exact chemical nature. Both auxin and the “new”
growth regulators can be influenced by light. Thus
limited evidence indicates that under photocontrol

Modification and measurement of sun, sky and terresivial radiation
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Fic. 8. Transmission of liquid
depths, (After Gast, 1930, Fig. 2.)

water through indicated

are such diverse effects as protochlorephyll regencra-
tion, epinasty, leaf abscission, Casparian strip forma-
tion, phylloidy of tracts, succulency, sex expression,
plastid generation. In this list Hendricks (1959) includes
also responses of parts of plants not exposed to light
which can only be affected by photo-induced regula-
tors: bulb formation, rhizome production and root
development.

The preceding analyses serve only to suggest the
extraordinary range of photoresponses which the
ecologist must consider. Recent accounts of the status
of these studies are summarized in Withrow (editor,
1959), and Machlis and Briggs {editors, 1960, 1961).
But in connexion with the interpretation of the effects
of a water-filter more details about phytochrome should
be recalled. It cxists in two forms, P#90 and P, The
Pe0 form absorbs red light and is converted to the
P30 form believed to induee a biological response.
The P?® form absorbs far-red and is eonverted to
the inactive P%? form. The P%® form kept in the dark
reverts to the P80 form (Hendricks 1959), The action
spectrum for photolability is seen in the lower part
of I'igure 9,

One might suggest that the eflect of the water-
filter as deseribed above is associated with the inter-
conversion of phytochrome between I'™0 and 1’960,
But the water screen of 5 em, depth transmits about
15 per cent in the region of » < 0.8 p {Fig. 8). (Note
that the acouracy of this transmission of the water-
filter may be questioned, as discussed in another section
of this article). Hence one questions whether or not
the interconversion of phytochrome by differing
intensities of A-060 mp and x-730 mp may not be too
simple an explanation,

Another possibly more plausible explanation as to
the effect of the water-screen follows from cxperiments
by Hendricks (1959). He found that the germination
of Lepidium seed was bhetiter when the red radiation
(» >~ 0.66 g max.) was supplemented by “full” sunlight
for B to 64 seconds, whereas sunlight filtcred through
5 em. water was less effective in promeoting germination
(Table 3). To quote from his discussion: “A newly

1, Here numbered Table 3,
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TasLe 3. Effect of exposure to sunlight on germination of
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recognized cifect of radiation at high Hux density that
probably is important to growth of plants in sun-
Light, as well as to several other photobiological re-
sponses, is illustrated by results in Table III.1!

“An explanation is that the high radiant flux is
supplying activation energy that in the molecular
surroundings of the point of absorption is not in equi-
librinm with thc black-bedy radiation. This affects, to
a degree dependent upon the radiant flux, the balance
of those reactions having slow turnover rates in the
vital system, The reversible photoreaction samples
this general condition through its dependence on the
hydrogen-transferring systems, Upon removal to dark-
ness, the pigment balance is fixed at the condition
attained in the high radiant flux. In general, the sys-
tems seem to shift toward Ligh amounts of A as shown
in the following reaction (2)'—they become relatively
more sensitive to red radiation:

6500 — 6600 A max

7200 — 7400 A max
(and in darkness)

(2) PO 4 A

PF30 + AHQ_ i

This explanation can be phrased in another way.
It is known that photons with energies below the
critical value for completion of a photochemical re-
action can so excite the reactive molccules that the
photons with energies above the threshold values are
more cffcetive, The concept advanced by Hendricks
can be restated in terms of the energies of the photons
{or “quanta”) given in electronvolt (eV) units,

Photons ‘with an energy of 0.41 eV form the flux
of radiation of wavelength of 3 p. For successively
shorter wavelengths the connoted photons have the
encrgies listed: ‘

2u) 2% 7 (u) eV
2.0 : 0,62 0.80 1.55
1.5 0.83 0.76 1.63
1.1 113 .69 1.80
0.9 1.38 0.60 2.07
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Fic. 9. Action spectra of five principal plant photochemical
reactions: photosynthesis and chlorophyll synthesis in the
upper section: in the lower, phototropic response and the
interconversion from P%? to P%9 and wvice versa. All curves
normalized to 100 for maximum relative response. Authorities
for data are given by Withrow (1959, Fig, 5).

Using the language of photons and the action spectra
for the interconversion of phytechrome (Ifig. 9) the
above cxplanation may be restated as follows. Iira-
diation with photons of 1.63 to £.80 eV converts P
to P80, Trradiation with photons of 1.38 to 1.55 eV so
“activates” the P#% molecule that exposure to photons
with energies of 1.80 to 2.07 eV converts it to P
and germination is induced,

In addition to the formative effeet of far-red radia-
tion, it is seemingly azlso effective in photosynthesis,
Fmerson and Rabinowitch (1960) discovered that the
far-red radiation could increase the evelution of oxygen
from water. The far-red region of » > 0.7 u (photon
energy << 1.77 €V) by itself is inactive. Although
absorhed, the energy of these photons does not accom-
plish pletosynthesis. But as a supplement to photons
with energies > 1.82 eV (» < 0.68 p) the far-red
radiation becomes fully effective. Two quantitative
conversions are postulated {Calvin, 1962). Gaflron
(1962), although Franck would differ, suggests an
interplay between two excitation levels in two diffe-
rently hound chlorophytl a moieties. There is a sugges-
tion from the results with the water-filter that the
infra-red similarly supplemented the visible in increas-
ing the growth of the pine seedlings.

In all the above discussion of photoresponse by the
plant is an evident neglect of the variation in absorption
of spectrally different energics. If reflection by foliage
is taken in account, it is difficult to eredit the infra-red
with all the increase in yield for plants growa in full

1. In quoting this equation P##? aud P have been substitnted for “pigment’’
in the original by Hendricks,
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sunlight as compared with the size under the water-
filter.

It is clear from what has been said about the variety
of possible effcets of the water-filter that it was not
used to the greatest advantage in the experiments
which have been described. Not only did it change the
quality of the Iight but it altered the night environ-
ment by inhibiting the outward flux of long wavelength
infra-red—terrestrial radiation, The demonstrated res-
ponses of the plant could arise through a variety of
mechanisms, Careful scheduling of the interposition
of the water:filter in the radiation fluxes of both day
and night are required,

TRANSMISSION BY A

WATER-FILTER

OF RADIATION

A tray of water is useful as a filter to absorh infra-red
radiation. Presumably the transmitted energy could be
estimated from absorption coefficients. The values for
the coeflicients determined by Aschkinass (1895) and
by Dricseh (1924) are more conveniently listed for
reference in the International Critical Tables {Washhurn,
editor, 1930).

The values for the coefficients given by these two
investigators {and their determinations are the only
data which have been located) are not in close agree-
ment, For this paper some new measurements were
recently undertaken, Tt then beeame elear that every
water tray used for a filter requires an ad fhoc deter-
mination of its transmission,

As an illustrative guide of only approximate accuracy
the transmissions shown in Figure 8 may bhe used,
These were caleulated for depths of 0.005 cm., 1 ¢m,
and 5.0 em, using the eoefficients of Aschkinass. It
is clear that 1 cmn, completely absorbs radiation ). > 14 p
and that 10 cm. would abserb » > £.0 p, In the region
1.0 << A > 0.7 i it-is diflicult to caleulate in advance
the transmission of a glass-bottomed tray. The presence
or absence of a glass cover will affect the transmission;
and around the edge of the zone of transmitted light
there will be anomalous spectral radiation. Only the
centtral zone of transmitted light will be spectrally
homogenous,

Where a water-filter is uscd for modification of the
spectral quality of the irradiation environment of
plants there is apparently no alternative to the direct
measurement of the transmission of the filter. A series
of observations will be required to determine the effect
of the particular design of the water tray and the
influence of the changing pesition of the sun in the sky,
ie,, the effect of the angle of incidence of the solar
beam on the top surface of the water-filter, The writer
only rather recently appreciated the need for such
observations; he certainly did not in the period 1929
to 1935, But even if he had, the equipment would not
have been available, sinee only recently have con-
venient spectrographs been devised.

Moedification and measurement of sun, shy and lerrestrial radiation

The transmissivity in the infra-red of distilled water
differs from that of a dilute solution of colourless
ions; a solution of CuSQ, so dilute that ne bluc colour
is evident when a white background is viewed through
20 cm, will show, as compared with distlled water,
arelatively large absorptionin theregion 6.7 << 2> 1.0p.

Spectrographs convenient for the measurements,
which arc here suggested as necessary, are under
development. For instance, the interferometric ins-
trument should be perfected by 1964, But the basic
interferometer and the required accessory equipment
may for several years continue to be expensive.

PLANYE VERSUS SPHERICAL
PYRANOMETER

Whether a spherical or a horizontal plane pyrheliometer
{pyranometer) is to be preferred for plant ccological
studies is periodically raised as a question for discus-
sion. Several investigators (Gast, 1930; Miller, 1934)
have proposed that the absorbing surfaces of pyrhe-
liometers be mado spherical for the measurement of
radiation affecting plants (Figs. 10 and 11 and Plate 12).
The problem is by experiment to discover whether the
spherical or the 180° pyranometer is hetter for such
ineasurements.

For the meteorologist the flat absorber is the only
acceptable shape, The quantity measured is called the
intensity of the “global” or “sun plus sky” zadiation,
It was noted above that if the hemi-cylindrical screen
is used to preduce a scrics of graded intensities, then
the horizontal flat surface pyranometer is adeguate
for highly precise results for the correlation between
the cumulative radiation over a given period and the
inercase in dry weight of experimental plants over the
same period.

An experiment which would emphasize the difference
in the records between a spherical and a 180° pyrane-
meter could be undertaken with the use of a metal-
cloth screen such as is shown in Plate 8 Assume that
such a screen, transmitting 25 per cent radiation,
is placed over the plants—and pyranometers—at
09:30 hours and removed at 14.30 hours. It would
reduce the radiation rcaching the plants and the
pyrhelometers by 75 per cent during the 5-hour period
eentred at noon. During the “open™ periods in early
morning and late aftcrnoon when the secreen was not
present the summated intensitics shown by the sphe-
rical and the 180¢ pyranometer would show the greatest
difference sinee the “cosine offect” on the horizontally
mounted pyranometer would then be larger.

To cxamine the difference quantitatively we ean
use the 12 hours recorded by the Ippley Laboratory
at Newport, LI, on a day with a practically cloudless
sky, 25 March 1962.

A 180° pyranometer was mounted on a polar axis
(Plates 13 and 14), This is an wnorthoedox use of the 1800
pyranometer and is not te be recommended as a routine
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Fic. 16. Design for a spherical pyrheliometer {pyranemeter) (after Gast, 1930, Fig. 7). The shields of mica, variously
silvered or coated, serve to interecpt the radiation and thus keep cool the “cold junction” of the five junctions of the
thermopile, They alse change the radiation environment of the black (“hot'’) junctions. (Cf. Plate 12.)

12" above reof

TFie. 11, Spherical pyranometer (Miller, 1937, Fig, 1), The
single spherical black junction 5 is placed in one bulb, in
the second is the single cold junction with a very small surface
area compared with S, We do not concur with the discussion
(Miller 1942, p. 325) of the noon-time displacement of the
Eppley record; it is suspected that the plane receiver of the
180° pyrheliometer was not positioned to be exactly hori-
zantal,
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procedure for climatological records. (Part of the
radiation reflected from the ground may be registered
near sunrise and sunsct and, at the same time, half
the sky radiance is not registered; also, the calibration
of the pyranometer in a non-horizontal position may
not be constant due to changed convection currents
inside the bulb.) However, in earlier studies (unpub-
lished), the records from spherical pyranometers
and an equatorially mounted pyranometer were found
to agree within 4-8 per cent. Probably most of the
discrepancy can be attributed to failare of the spherical
design to record as of exactly equal value, as it should,
the radiation from cvery point in the sky (Fig. 12},
One advantage of & 1800 pyranometer on a polar axis
is that the plane pyranometer is much easicr to cali-
brate—but, as mentioned above, the calibration is
rendered slightly uncertain by the possible loss in
exact calibration in the tilted instrument.

However; the records shown in Figure 13 seem sulli-
ciently aceurate for this discussion, In addition to the
record of the global radiation from a horizental pyrasno-
meter (A) and the record from a 180° pyranometer
mounted equatorially on a polar axis (B) is given the
record from a “normal incidence” pyrheliometer (C).
The latter two instruments record the “direct” solar
irradiance as of normal incidence. But in addition to the
direct sunlight and skylight within a field of 2.9°
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F1c, 13. Radiation measurements by three radiemeters at
Newport, R.1,, on 25 March 1962; for description of records
A, B, C, see footnotes to Fable 4,

from the centre of the sun registered by a normal
incidence pyrheliometer (curve B), the “normal™ 180°
pyranometer which follows the sun also registers the
skylight from the field of 90° from the contre of the
sun (curve C}. The intensities recorded by curve C
exceed those of B by the intensity of the skylight.
Assume that the two 1800 pyranometers ave shaded by a
wire-¢loth screen for the period from two and a half
hours beforc noon to two and a half hours after. The
values or irradiation measured would then be as listed
in Table 4, part B. The equatorially mounted (“nor-
mal”’) 180° pyranometer would record 571 g.cal. em.~%
that is, 63 per cent of the 905 g.cal. cm,~2 recorded in
the “open” (unshaded} condition, For the horizontally
mounted 180° pyranometer the homelogous values
are 286 g.cal.em. %, 54 per cent of 533 g.cal. em™2

Modification and measurement of sun, sky and terrestrial radiation

Tanre 4. Radiation measurements by three radiometers?!
at Newport, R.1, on 25 March 1962 for specified times

Radiemeter 11
{g-.cal, cm,~%)

Rudiometer IT
{g.cab. cm.Y)

Radiometer 1

Period {g.cal. em.-%)

Part A. Full light throughout day (“open’)

06,00-09.30 223 240 108
09.30-12.00 209 223 166
12.00-14.30 205 2N 164
14,30-18,00 202 221 95
Fotal for day 839 905 533

Part B. Shaded from 09.30 to 14.30 hours

06.00-09.30 240 108
09.30-12.00 552 422
12.00-44.30 552 412
14,30-18.00 221 95
Total for day BY§! 286
9% Ratio of shaded to ** open™ 63 9, 54 ¢

1. Radiometer ¥ normal incidence, 6° aperture pyrheliometer, mounted on
cquatorial axis to folow the suu {cf, Fig. 2, curve B); radipmeter II:
180° pyranometer (pyrheliometer) mounted oo equatorial axis so that sur-
face is normal 1o rays from san {cf. Fig. 12, curve C)s radiometer TII:
180° pyranometer (pyrheliometer}), mounted horizentally (ef, Fig. 12,
caive A),

2, Computed intensity if shade with 25 per cent transmission is over both of
the two pyranomcters from 09.30 to 14.30 hours,

On cloudy days, the values would all he less, as
would also be the difference between the 63 per cent
and the 54 per cent recorded on a clear day, And of
course the irradiation would be the sum of that for
all days during which the plants are grown. The single
day in Table 4 is wsed only as an example for the deri-
vation of numerical values,

A supplementary set of plants for determination
of the exact relation between plant yicld and irradia-
tion during any given test period would he desirable,
This set of controls would consist of the plants grown
in a series of compartments: one unshaded, or “open”,
and the rest eovered with cloth screens transmitting
respectively—to designate two possible series—70,
60 and 50 per cent, or 70, 55 and 40 per cent (produced
by sereens like those in Plate 8). These screens would
remain over the plants continuously during daylight
hours. The exact relation between yicld {plant weight)
and cumulative irradiation for the conditions of the
experiment would be dezived from this set of plant
weights. In the experiments with the pine scedlings,
it will be recalled, the relation hetween weights and
euymulative irradiation was found to be linear, With
other plants it may turn ont to be quadratie.

If the average of the weights of the plants grown
under the noon-time shade were close}to 63 per cent
of those grown in full sunlight, then one would conclude
that the spherical pyranometer is the better instrument
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for estimating the relation batween irradiation and the
type of plant used in the experiment. If the relative
average weights of the plants were closer to 54 per cent,
then contrariwise the plane horizontal pyranometer
is better. The reason for growing the plants under the
series of calibrating shades would be Lo ensure that the
relation hetween growth and irradiation is knewn,
Actually one interpolates between weights determined
by the shaded plants, Of course it is understood that
the above two values, 63 per cent and 54 per cent,
are numerical values taken as an example, using the
data for a single day from Table 4, In any actual cxpe-
riment, cumulative records would be used. These
would be obtained over the experimental growing
period by the use of three instrumments: (a) a spherical
pyranometer; (b) at option, a 1809 pyranometer
cquatorially mounted; and {c} a horizentally mounted
180° pyranometer.

The differenee hetween 63 per cent and 54 per cent
is not large. But in our experience with pine secdlings
it is about three times the standard error in carefully
conducted experiments and could therefore he signi-
ficant and could lead to conclusions as te preferred
design of pyranometers.

But from a practical point of view it would seem
that the above analysis does not justify the use of the
spherical pyranometer for work in plant ecology. On
the basis of this examination we may conclude that
the application of the cosine law to the measurcment
of irradiation has but a relatively small cffeet on the
choice between the plane and the spherical designs,
As long as the same type of pyranometer (horizontally
mounted 1809, equatorially mounted 180¢ or spherical)
is used for recording the irradiation intensity, the
ptant vields should be proporticnate. If the above
analysis is valid, the general use of the 180° pyranome-
ter, mounted horizontally as customary in meteoro-
logical practice, is to be recommended for ecological
studies, The technigue of calibration is well understood.
Technical ingenuity can be depended on some day so to
cheapen the cost that the ecologist can afford to buy
as many pyranometers and associated recorders as he

may nced (Goodeli, 1962).

FIELD EXPERIMENTS WITH
CONTROLLED CONDITIONS

€

The term “semi-field experiments’ as used above was
applied to studies invelving (a) natural sunlight,
(b) pot cultures, (¢) folinge analysis, The natural
sunlight was medified by shades, wire-mesh screens
were used to change the level of intensity swithout
change in quality, or a water-filter was used to change
the quality. The level of the irradiance was continuously
recorded as a microclimatic factor. In the pot cultures
the plants were rooted in “natural soil” samples or
in sand periodically flooded with nutrient solutions
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{(“hydroponic eultures”). By foliage analysis the
internal levels of macronutrients were determined.
(Althougl pessible, no analyses were made for miero-
nutrients.) Differences between optimum and actual
levels were used to indicate the factor—light or a
nutrient—whick limited the yield; the Mitscherlich
relation provided the analytieal tool,

If the accuracy in the control of nutrition afiorded
by the technique of pot culture is not required, plants
may be grown under shades in field plots. The produe-
tivity of erop plants as different as coffee and barley
have been so examined, The largest yields were found
under fuil sunlight. An early study on coffec was reported
by Guiscafre-Arrillaga and Gomez (1942), and a meore
recent onc by Montoya, Sylvain and Umafia (1961).
Kamel (1959) has recorded the comparative yields
of barley and mangold under shades and in full sunlight.

CONCLUSIONS

Experience with seedlings of forest trees in growth
experiments has cstablished that irradiation (“full
spectrum™: 0.3 << » > 2.5 p) intensities and increase
in dry weight show high correlation. FFailure to achieve
perfect correlation seems to be caused as much by
error in the measurement of the irradiation inlensily
as by the error in the measurement of the plant yields,
or genetic or other uncontrolled variance in the seed-
lings. These conclusions arc predicated on careful
control of the plant nutrition and all other technical
details of the experiments, To cite but a single instance,
corrections are required for the ‘“‘normalization”
of the “growth capital” at the heginning of the expe-
rimental period; for example, if tree secdlings are uscd
for experimental material the “‘growth capital” ean
he correlated with the weights of the seeds. By the
use of wire-cloth screens a preseleeted, graded series
of irradiation intensitics can be arranged; pyranometers
placed under the screens provide mreaswrements of the
ecumulative absolule intensities of the irradiation to
which the plants are cxposed during the growth pexriod.
The reasons for the discrepancies between anticipated
and actual yields of the plants grown in the “full”
spectrum (0.3 < % > 3 p) and the “limited” specirum
(0.3 << » > 1.0 ) under the water-filter are not clear,
Several possibilities can be suggested. There is the
possibility thar supplementing the visible by infra-red
{0.8 < A > 2.5 p) may contribute to the energy for
photosynthesis or otherwise promote assimilation
of the photosynthate, Since the water-filters remained
over the plants during the night, cooling by outward
radiation of the infra-red (1 << 2 > 30 < 60 ) was
prevented. The higher “effective” (and sensible)
temperatures of the above-ground parts of the plants
during the night hours might well have exerted a
formative influence. It is also possible, since the exact
quality of the light transmitted by the various types
of water-filters is unknown, that alternating levels
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of intensitics of the red (0.58 << » > 0.68 1) and far-red
(0.68 < 2 > 0.77 1) exert formative cfiects by inter-
conversion of phytechrome. A 1800 (plane) pyrano-
meter, horizentally exposed, secems well adapted for
measuring the intensity of irradiation as an environ-
mental factor, This conclusion is hased on deductive

Modificetion end measurement of sun, sky and terrestrial radiation

comparisons which stress the differences hetween the
effects of angle of incidence in the records of spherical
and plane pyranometers. Experimental studies of the
“effective temperatures” of plants as correlated with
terrestrial radiation in the spectral region 3 < % > 30
< 60 p seem long overdue,

APPENDIX : RADIOMETRIC QUANTITIES FOR THE INFRA-RED

Symbol Name Desceiption Unit
u Radiant energy joule
u Radiant energy density joule em.?
P Radiant power Rate of transfer of radiant energy watt
¥  Radiant emittance Radiant power per unit area cmitted from a surface W cm,?
H Irradiance Radiant power per unit area incident upon a surface W oem,?
J Radiant intensity Radiant power per unit solid angle from a source W sterad.!
N Radiance Radiant power per unit solid angle per unit area from a source W sterad,”? e¢m,-2
P, Spectral radiant power Radiant power per unit wavelengih interval Wyt
W, Speetral radiant emittance Radiant emittanee per unit wavelength interval Woem, 2 p-t
H;  Speetral irradiance Irradiance per unit wavelength interval W em, 2 pt
J Spectral radiant intensity Radiant intensity per unit wavelength interval W sterad, ™t p—!
N;  Spectral radinuce Radiance per unit wavelength interval W osternd, ™! cm,~? pt

Ratio of “emitted” radiant power to the radiant power ltom

a black body at the same temperature

€ Radiant emissivity

o Radiant absorptance
o Radiant reflectance

T Radiant transmittance
% Wavelength

Ratio of “*absorbed’ radiant power to incident radiant power
Ratio of “reflected’” radiant power to incident radiant power
Ratio of “transmitted’ radiant power to incident radiant power

cm., ¢ (micron)
myp (millimicron)
A (Avgstrom)
Tem —1 % 10 — 1 X 407 mp — 1 % 108 A

RESUME

Modification et mesure du raysunement selaire, céleste
el terrestre pour des études éco-physiologiques (P. 1. Gast)

Les diftérentes étapes de la eroissance et du dévelop-
pement des végétaux sont influencées & des degrés
divers par la qualité et Pintensité du milien radiatif.
Ce milien comprend le rayonnement solaive et eéleste
pour la bandc spectrale comprise entre 0,3 1 environ
et 60 w environ. Le rayonnement céleste ecompris
eaxtre 3w et 60 g eaviron (rayonncment « nocturne »
ou « terrestre ») est la cause, pendant les heures diurnes,
d’un gain thermique; la nuit, il abaisse par perte
radiative la température ambiante. Pour mesurer la

totalité du amilien radiatif, il faut cmployer divers
types de radiométre, On peut éiudier les effets du
rayonnement, grice A : a) des zones expérimentales de
grandes dimensions permettant de véritables expé-
riences « sur le terrain »; §) des expériences pilotes
cffectuées dans des conditions partiellement contrélées,
scmblables & celles du terrain; ¢} des phytotrons,
Ces expéricnces exigent des radiombtres, généralement
assez coliteux, Pour orienter les études ultérieures,
on se sert de certains résultats expérimentaux concer-
nant la morphogénése ct les rendements végétaux dans
des conditions de nutrition et en milien radiatif con-
trilées.

PISCUSSION

M. Evexani, I want to draw special attention to the far-red
effect which has been mentioned. One most possibly deals
here with the well-known red-far-red reaction which appa-
rently affected photosynthesis indirectly, perhaps by increasing
the efficiency of the photosynthetic apparatus. T would like

to state in general that specind attention should be paid in
measurements of global radiation to the area of red and far-red
as this speetral region influences basically morphogene-
sis and, through this, photosynthesis and net assimilation
rate,

43



Environmental factors{Facteurs du miliew embiant

P. R. GasT. Mr. Evenari has indeed raised a question of great
importance in the study of the whole plant as distinguished
from the study of the cffciency of photosynthesis as a single

plant physiological-biochemical-process. 1 helieve that the
work which I have described raises more questions than it
answers,
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Plate 1

Typical records obtained
of the long-wave radiative
energy exchange hetween
an artificial black sarface
(radiometer receiver) and
the atmosphere during (a)
day-time fine weather con-
ditions with cumulas cloud
and (b) night-time heavily
overcast sky conditions.
(After Drummond.)
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Plate 8

Petersham, Mass.,, 1934. A
preferred arrangement of
the bronze wire-cloth hemi-
eylindrical screens on the
top of a wooden {rame.
The long axis of the screen
is north-south, and a
long overhang projects well
beyond the southernmost
plants. On the ground in
front of the frames ave the
doors which darken the jug
compartment. In the right
foregronund ave (left}a glazed
pot and jug arrangement
as used for hydroponic
culenres—by air pressure
the sand can be flushed
with solution in jug, to
which it returns when
pressure is released; {right)
a similar glazed pot and
bottle as used in the soil-
gand and elay-sand cul-
tures; the drainage into the
bottle is returned to top of
the pot. In the rear are the
“Cello-Glass” screens used
for protection against rain.
When the pots are in
position in the frames the
areas avound them are
packed with sphagnum
moss to stabilize the tem-
perature; this is similar to
the carlier method of em-
bhedding in sand. (After
Gast, 1937, Fig. 9.)

Plate 9

Hydroponic cultures at
Cornwall in 1932-1934. The
englazed pot and pail
arrangement antedate the
glazed pot techmique. By
connecting air pressure to
several jugs they can be
pumped  simultaneously.
Cloth shades darken ihe jug
compariment. A photo cell
and 1807 pyranometer are
mounted in near box. (After
Mitchell, 1934, Plate 11L.)

Plate 10

Transplanting procedures.
The seeds are started in flat
on right; by use of the
planting dibble in front, the
spacing between plants is
equalized when they are
transplanted into sand In
the wunglazed eclay pot.
(After Mitchell, 1934, Plate
IL.)

Gast

Plate 11
Forms of seedling pine roots.

Left:

(A) psendo-mycorrhizal short roots on long lateral roots of
I stlvestris;

(B) uninfected short roots with root hairs on long lateral
roots .of P, sirobus grown in sterile enlture;

(C) mycorrhizal short roots on long lateral roots of P. strobus
grown in pure culture with Lactarius deliciosus.

Right:

(A) longitudinal section of a short root from left;

(B} longitudinal (not medial} section of a short root from
left;

(C) longitudinal (not medial) section of short root on left,
note mantle and intercellular net of fungal hyphae, hypertro-
phy of rost cells;

(D) Transverse section of short root of P. silvestris, eularged
2 X the longitudinal sections. (After Hatch and Doak, 1933,
Plates 58 and 59.)
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Plate 12

Three models of spherical pyranometers. Left: Type A does
not use top shield “A” (as labelled in Fig. 10), the shield “B”
is silvered. Type D (not shown) which showed the best relative
directional response (see Fig. 12), is the same as type A but
the shield “B” is coated with MgO smoke over the upper sur-
face. Middle: Type C was constructed with a top shield “A”
which was blackened with carbon smoke. Right: Type B
has spherical receivers for the ‘“‘hot” junctions which are
covered with carbon smoke and the “cold” junctions which
are coated with MgO smoke. (Retouched photographs after
Gast, 1930, Fig. 8.)

Plate 13

A 180° pyranometer on polar axis (equatorially mounted)
continuously maintaining plane surface of receiver normal
to rays from sun, Used in 1933 to derive a record for comparison
with that from a spherical pyrheliometer (pyranometer),
type D (cf. Plate 12).

Plate 14

Left: a 180° pyranometer on new design of polar axis. Right:
the normalincidence pyrheliometer and pyranometer mount-

14a,b
ed together on polar axis,
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