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THE EFFECT OF VARIED SOLAR RADIATION UPON THE GROWTH, DEVELOPMENT
AND NUTRIENT CONTENT OF WHITE PINE SEEDLINGS GROWN UNDER
' NURSERY CONDITIONS

By H. L.. Mrremsrn

It 18 the usual praectice in many forest nurseries to re-
duce by approximately 509% the light* received by eco-
niferous seedlings during the entire initial growing sea-
son. In support of this practiee it is pointed out how
shading prevents excessive evaporation from the seed
beds. It is also the belief of many nurserymen that in-
erements of radiation above 50% of foll sunlight, if not
harmful, result in little or no increase in seedling yield.
But evidence from ecarefully controlled sand and soil
nutrient culture experiments (Mitehell, 1934; Gast,
1986) indicates that failure to respond to inereased
radiation is often due to limiting nutritional factors
rather than to the inability of seedlings to utilize effee-
tively the higher light intensities. All species studied
made their best growth in full light when mineral nutri-
ent supplies were favorable, IHowever, the conclusions
drawn from these experiments are not neeessarily ap-
plicabie to nursery practice becanse of the artificiality of
the experimental method employed—pot cultures. The
investigation reported here was designed to study, under
aetual nursery conditions, the relation of light to seed-
ling growth and development. Since, as has been sug-
gested (Mitchell, 1934), the chemical composition of
seedlings may be a good index to soil quality—Tertilizer
needs—an attempt was made to determine the influence
of varied solar radiation upon nutrient absorption.

About 400 white pine (Pinus strobus I.) seedlings
were grown in a relatively poor nursery soil for 100
days (from the time seed coats were shed) in each of four
radiation intensities: approximately 25, 50, 75 and
100% of full light, Variation in radiation was obtained
by placing iron frames eovered with brass wire cloth of
different transmission factors over the seed beds. At
the end of the growing season the seedlings were har-
vested, measuired, dried, weighed, finely ground and an.
alyzed for nitrogen, phosphorus and potassium. These
data are summarized in Table 1, and a detailed deserip-
tion of the experimental methods follows. '

DETAILS OF EXPERIMENT
Soin

The seed beds were prepared by thoroughly cultivat-
ing to a depth of one foot a relatively poor clay loam soil,
No fertilizer had been added for several years other than
the plowing under of an alfalfa crop a year previous to
the experiment. A small amount of fine sand was
worked into the upper layer to prevent excessive com-
pacting of the soil,

SEEDS

Seeds were obtained from a single tree growing on
the Pack Demonstration Forest, Warrensburgh, New

1 The word fflight’? is, in this report, used synonymously with
solar radiation. e

York. They were separated into 1 milligram classes on
the basis of fresh weight, ‘I'his permitted eorrection of
plant weights at the time of harvesting for the original
“‘eapital’’ with which they started (see diseussion,
Mitchell, 1934, pp. 31-87), Only 2 weight classes were
used in this experiment: elass 00 (19.0—18.9 meg.) and
clags 0 (20.0—20.9 mg.). Seeds were sterilized for 1
minute in 0.1% biehloride of mereury, ringed in sterile
water, stratified in moist filter paper contained in sterile

-flagks, and stored for 6 weeks at a constant temperature
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of 4-5° C. On June 14, 1934, 400 seeds were planted in
each of the 4 beds in rows 1.25" x 1.25", The beds were
31" x 25" and the 2 classes of seeds were separated in
each by a blank row. The majority (about 90%) of the
seeds had germinated and shed their seed coats by June
25, Although the soil was untreated, very little damp-
ing off was observed.

Raprarion CoNtTROL AND MEASUREMENT

In this experiment the intensity of radiation was re-
duced by brass sereens made of wires drawn to an exaet
dimension and accurately spaced. The many advantages
of thiz material over the usual cheese cloth and wooden
shades are discussed at some length by Gast (1936).
Numerous tests have proved that the ‘“open area’ of
brass screen (this value is stated in catalogs of ac-
curately made sereen) is an accurate measure of the
transmission to be expected. Sereens of the following
specifications were nsed:

Mesh per inch Wire diameter Open area’
4x4 0.035 74.0
18x18 0.017 48.3
70x70 0.007 26.1

1 Open area s percent of total area.

In each case a rectangular piece of sereen 40” x 38”
wag shaped, with the aid of an iron frame, into a hemi-
eylinder 40% long with a radius of 127, These frames
were placed over the seed beds with long dimensions
running north-south. An overhang was allowed on the
north (beds only 31" long), and the sonth ends were
closed with semicirenlar pieces of sereen tipped at an
angle of about 45°. Seedlings in the 76% and full light
beds were covered from the time of planting until July 8
with sereens which reduced the radiation to about 50%.
Experience has shown that white pine seedlings often
do not survive high light intensities immediately fol-
lowing germination; also, the lowered radiation during
germination prevented excessive evaporation,

Solar radiation was measured with Eppley Weather
Bureau Type Pyrheliometers registering on & Leeds and
Northrup two point recording potentiometer (Mieromax,
equipped with special integrating device}, Values rep-



regenting the total solar radiation reeeived by the various
beds during the period (100 days from the time the seed
coats were shed) are entered in Table 1, eol. 1, and as
pereentages of “‘full light’’ in eol. 2. The percentage
values are not identical with the transmission factors of
the sereens used since the light reccived by seedlings in
both the “open’’ and the “75%"’ beds wag reduced to
approximately 50% dumng the first few weeks of the
experiment,

CARE OF SEEDLINGS

The seedlings received no care other than weeding, and
an occasional watering during dry periods.

HarvegriNg AND CHEMICADL ANALYSIS

Trenches were dug around the beds and the soil washed
away from the roots with the aid of a small stream of

sulted in inereasod yield over tus entire range studied,
including full sunlight. Considered separately, root
weights, and to a lesser extemt shool weights, showed
gimilar correlations (Fig. 1, Ib and I&; Table 1, cols, 4
and 5). It is quite evident that under the conditions

-of this experiment light variations had a relatively

greater effect upon the development of the rools than
upon the aerial portions of the seedlings. But the soil
used was relatively infertile, This may aceount for the
comparatively small sheot inerement in regponse to in-
creased radiation, for as will be brought out later in the
discussion, mineral nutrition conditions the effect of
radiation on seediing yield,

Under certain experimental conditions some tree spe-
cies have been found to reach maximum growth at light
intensities less than full sunlight. Shirley (1929)
showed that the yield of loblolly pine seedlings increased

TARLE 1

"The total weight, root welght shoot weight, root-shoot ratio, shoot helght nitrogen, phosphorous and
potassium content of white pine scedlings grown for 100 days in a nursery soil with varied solar radiation.
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(1) (2) (3) (4) (6} | (6) (7) {8) {9y | 10y | (11) | (12) | (18) | (14)

9,360 | 28.77| 89.53-1.55*| 30.83 | 59.26 { 0.520 | 271 | 43.05 | 1.618 | 1.448 | 0.160 | 0.143 | 0.461 | 0.413
17,322 | 53.24|107.14-=1.21 | 4221 | 58.87 | 0.717 | 3388 | 39.87 | 1.538 | 1.648 | 0.153 | 0.164 | 0.374 { 0.401
24,075 | 74.00(114.18==1.46 | 4890 | 64,16 | 0.762 | 324 | 58.09 | 1.533 | 1.750 ] 0.142 | 0,162 0.263 | 0.4i4
32,533 | 100.00(123.654-1.95 | 5225 | 67.24 | 0.777 | 114 | 81,50 | 1,628 | 2,007 0.135 | 0.167| 0.333 | 0.412

1 All weights corrected for seed sive and expressed as of seed
clags 0 (See diseussion, Mitchell, 1034, pp. 81-37), Reserve dry
weight (See Gagt, 1936) of seed class 0—=12.66 mg.

"z Root-shoot ratio for some unexplained réason varied some-
what with seed mize, It was therefore inadvisable to apply the
usual correction factors (for whole plants) to convert separate
portiong (root and shoot} of scedlings to weights equivalent to
those of secdlings from a single seed size, Sinee portions of

water from a garden hose. Very little breakage was
noted. Seedlings were measured, cut into two portions,
root and shoot, for ratio determinations, each part placed
in a labeled glassine envelope, dried at -}-70° Centigrade
and weighed to =01 milligram.

Approximately 24 average seedlings from each group,
selected on the basis of mean dry weight and root-shoot
ratio, were finely ground and portions taken for chemi-
cal analysis. These results checked very well with an-
alyses of average individuals, and samples obtained by
grinding together all seedlings in each group; resulis are
snmmarized in Table 1, columng 9-14,

DISCUSSION OF RESULTS
Y1ELD
The total yield (root weight -} shoot weight) of white

pine seedlingy was found to vary with the radiation in-
tensity (I'ig. 1, C; Table 1, col. 3). Increased light re-
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seodlings could not be reduced to n eompsarable basis, the results
roported in ecls. 4, 5 and 6 are of seedlings from only clazs 0
seeds, the claas from which the majorily of seedlings wave grown.

8 The relatively low survival (of the 400 seeds planfad) in the
25% light bed is helieved duo chicfly to insuffieient solar yadiation.
‘Trampling by dogs just previous to harvesting was 1espopmble for
the very poor survival in the full hght bed.

4 Standard error of mean,

but little when the light was raised from 50% to 100%,
and that redwood seedlings reached maximum yield at
approximately 479% of full sunlight. Others have re-
ported similar results. On the basiz of such experiments
the conclusion has often been drawn that inerements of
radiation above 50% of full sunhght it not harmful,
result in little or no inerease in the yield of tree seed-
lings. But, although such a conclusion may be true for
a given species grown under certain environmental con-
ditions, it should not be applied too broadly or without
qualification.  Hvidence from reeent experiments
(Mitchell, 1934 ; Gast, 1936) indicates that soil fertility
often governs to a large extent the response of geedlings
to increases of solar radiation above 30% of full sun-
light; and that plants otherwise capable of taking full
advantage of high light intensities often fail to do so
beeause of insuffieient mineral nutrition. ,

A majority of the available information regarding the
manner in whieh mineral nutrition conditions the re-



gponse aof trec seedlings to inereased solar radiation has
neen obtained from sand nutrient culture experiments.
In theso, scedlings from seeds of known origin and
weight were grown for approximately three months in
sand contained in pots, and were supplied the essential
nutrient cleroents as chemically pure salts in solution,
Usuvally solar radiation and mineral nutrition were
varied simultaneously. In one such experiment
(Mitchell, 1934 ; see Tig. 3) it was found that only at
relatively high nitrogen supplies were Scots pine yields
proportional to radiation np to full insolation. At nitro-
gen supplies below 50 ppm, inereaging the radiation from
50% to full light had no effect upon yield. Similar re-
sults with both Scots and white pine seedlings have been
obtained by Gast (1936) in more elaborate subsequent
investigations.

Using the data from the various sand nutrient culture
experiments, Gast (1936, Fig. 14) shows that, ‘“where
neutral sereens are used for the reduction of radiation
intengities and under certain nutritional eonditions,”’
there is a linear relation between the yield of white pine
seedlings and the logarithm ‘‘of the eumulative radiation
received on a fixed horizontal surface during the period
of growth.” But it is guite evident that this relation is
-valid enly when mineral nutrient supplies are favorable.
With relatively low nitrogen (50 ppm), but excessively
high potassium eoncehirations (200 ppm), the curves
tended to break and become horizontal at the higher radi-
ation values {Gast, loc: cif,, Fig, 14). Under favorable
conditions, however, it appears that this arithmetie-
logarithmic relation halds over a radiation range of from
approximately 7 to 39 kg. calories per sq. em. The
higher value is the cumulative radiation received by
seedlings grown in “full light”’ from July 6, to October
15, 1932 (see Mitehell, 1934 pp. 27-28, and (last, 19386,
Fig. 143,

The yields of seedlings from the present study (Table
1, col. 8) are also linearly related to the logarithm of the
fzumulative radiation, They are shown plotted in this
way by Gast (loc. cit., Fig. 15; compare with the sand
nutrient culture data presented in Gast’s Fig. 14). This
gimilarity of response between seedlings grown in the
“grtificial’’ environment of the sand nutrient ctlture
and those grown in a natural soil is interesting. But it
is probably incorrect to assume from this that the yields
of white pine seedlings grown in all natural soils would
respond to radiation increments in exactly the same way,
t.e., decording to the arithmetie.logarithmic relation true
of sand-eulture-grown seedlings, In faef there is some
évidence that the vields of seedlings grown in matural
soils of relatively high fertility inerease with radiation
increments at a greater rate, For example, Gast (foc.
cit., Fig. 5) found a direct arithmetic-arithmetic corre-
lation between radiation and the yields of Seots pine
geedlings grown in samples of ‘‘good raw humus’’ ad-
mixed with sand, The apparent dissimilarity of re-
sponse to radiation-increments of plants grown in sand
cultures and in natural soils is probably due to differ-
ences in the ‘‘availability’’ of mineral nutrients in the
two substrates.

In the sand nutrient eultures all nutrient elements are
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supplied in comparatively large quantities as free ions
in golution, TUnder such conditions the external (solu-
tion) coneentration governs the intake of these ions by
the seedlings; and, other things being equal, it is the
internal (seedling) nutrient content that controls the
rate of dry weight inereage (Mitehell, 1934, Tigs. 3, 4
and 5 and unpublished data; Gast, 1936, Figs, 11 and
16). - It should also be emphasized that, nunder these con-
ditions, the internal {scedling) nutrient econtent, in milli-

grams, is relatively independent of seedling size. Liarge

roots, therefore, do not always cnable plants to seeure
more nutrients, which would in turn stimulate yield.
For example, in a nutrient, solution with a nitrogen con-
centration of 250 ppm, Seots pine seedlings grown in
full light, although larger, were found to absorb only
slightly: more nitrogen than seedlings grown in 50%
light (Mitchell, 1934, Fig. 3). DBut this is not character-
igtic of seedlings grown in natural soils or sand-humus
mixtures, In these the plants must obtain their mineral
nutrients from a eomplex in which there are usually few
free ions, most being absorbed in organic or inorganie
base exchange compounds. Often the supply of soluble
(*‘available’’) nufrients is changing due to the activity
of the microflora, with which the plants must ecompeie
for nutrients. In such a comples the greater absorbing
area of large roots is a distinet advantage. They enable
the seedlings to absorb more of the “bound’ nutrients,
and the inereased nuirient intake stimulates dry weight
increase. (ast (1936, Table 17) found that as plant size
increased (with radiation), so did the gquantity of nitro-
gen absorbed by Scots pine seedlings grown in identical
gand-humus mixtures. This is not true of seedlings
grown in sand nutrient cultures. -

From the foregoing discussion it appears that the
physical and chemieal properties of the substrate in
which seedlings are grown have a considerable influence
upon the manner in which they will respond to increased
radiation, If nutritional and other factors are favor-
able, the yields of both Seots and white pine seedlings
inercase with radiation, and the.largest seedlings are

those grown in full light; it not, the seedlings usually

fail to take advantage of increments in radiation, espe-
cially the higher intengities. The arithmetie-logarithmie
relation between yield and radiation apparently holds
only where the absorption of mineral nutrients iy not
influenced to any great extent by increases in plant size.
This is usunally true of seedlings grown in sand nutrient
cultures. But in the more complex substrates, such as
natural seoils and sand-humus mixtures, seedling size is
often an important factor in nutrient absorption. Un-
der such conditions the more favorable arithmetie-arith-
metic correlation between yield and radiation is probahly
to be expected—provided that the soil .ig fertile and
other factors are not limiting. It is suggested that such
a response can be obtained from nursery-grown seedlings,
without loss of root-shoot balance, if fertilizer applica-
tions are properly timed (see Gast, 1936, Fig. 17 and
dizeussion ; Mitchell, 1934, p. 23).

The yields of seedlings from the present experiment
did not respond to Inereased radiation aecording to the
linear arithmetic-arithmetic relation, The yields af the
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- lings to make some response to in-
creagsed light, the response was far
- below that of which the species is
" eapable when properly nourished.
- For example, the average dry
weight of those grown in the full
- light bed was only 123.6 mg (see
Table 1, col. 3). But in samples of
_ . fertile ‘““ecove’’ soil white pine
geedlings weighing as mueh at 8310 2
mg, have been grown in approxi-
mately the same length of time
{Mitehell, 1933 experiment, unpub-
lished). Since other factors—solar
radiation, seed size and souree, soil
temperature and soil moisture—
were approximately equal, this sug-
gosts that mineral nutrient snp-

another, and perhaps better, test of
the fertility of the soil used, ..,
the nitrogen, phosphorus and po-
tassium content of the seedlings
grown therein, These data are pre-
sented in Table 1, cols. 9-14, and
are comparéd, in Table 2, with the
N, P and K: cotitent of the 310 mg.
< | seedlings produced by the cove soil
referred to above,

nutrient content of seedlings from
the nursery soil was, as with yield,
markedly less than that of seedlings
= grown in the more fertile cove soil,
' It is probably safe to conclude that
4  the former failed to make a better
response to increased radiation be-

ool —1L° ! ]
zs | 50 ' g5
28,77 53.24 14,00

TOTAL SCLAR RADIATION AS % OF OPEN

0,340 17,322 24077
TOTAL GM. CAL, PER 3Q.CM, FOR PERIOD

F16. 1.—The effect of varied selar radiation on the shoot height, root-sheot ratio, total
weight, shoot weight and root weight of white pine seedlings grown for 100 days in o

nursery soil, '

canse of insufficient mineral nutri-
tion.

323 Regardless of the exact form of
the relation between solar radiation

i
00
[N

ently varies with the chemical and

two higher light intensities were not sufficiently great to
_ satisfy such a correlation, Therefore the curve (Tig.
1, 0), tending to flatten at the higher radiation values, is
perkaps the best ““fit’’ with the data plotted in this way.
Yields read from the curve will, of courge, resulf in a
straight line if plotted against the logarithm of the radi-
ation (seec Gast, 1936, Fig. 15). This relation, however,
i characterigtic of sand-culture-grown seedlings rather
than of those grown in natural soils, In the latter, un-
der certain conditions, seedlings size may effect nutrient
intake and therefore yield. .But, in the present case,
the root extension of the seedlings grown in the higher
intensities apparenily was not sufficient to have much
influence upon yield. The lack of greater response,
especially to the higher light intensities, ean probably
be attributed to the poor gquality of the goil nsed. ‘
Although the soil was sufficiently fertile for the seed-
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strate, the data presented show that where nutritional
and other factors are favorable, the largest (total dry
weight) one-year-old Scots and white pine seedlings are
those grown in full light. This is true of temperate hu-
mid regions norih of 40° latitude where the enmulative
radiation reeceived by seedlings during the growing sea-
son (June 1 to September 15} is about 40 kg, calories
per sq. ent. ; but this may not apply in regions where the
mean daily intensity of radiation during the growing
season. is considerably greater. It should also be empha-
gized that seedlings of Pinus, particularly white pins,
must be shaded {about 50%) during germination, after
which the intensity of radiation should be gradunally
inereased up to full light (over a period of 2-3 weeks)
if best results are to be obtained.

. 2 Correct for seed class 0; the yields im Table 1, col. 3, are ex-
pressed as from seeds of this size, :

plies were limiting. There remains

I . The data in Table 2 show that the

and seedling yield, which appar- -

physieal properties of the sub- -




" Roor-Smoor RATio

The ratio between root weight and shoot weight affords
a good measure of the relative development or balance
‘hetween the two portions of a seedling. In the present
experiment root-shoot ratio was found to vary with
solar radiation, veaching 2 maximum between 75% and
full light (Fig. 1, B). Thus, seedlings grown in the
higher light infensities are not only heavier in total
weight and root waight, but have a more favorable bal-
ance between root and shoot. This ig in agreement with
,the findings of Gast (1936, see Fig. 8) and other work-
} “High light intensities, like root pruning and low
seed bed density, tend to produee stocky, hardy plants
Wlth well developed roots. Sueh plants are desirable
since they have a much better chance of survival in the
transplant bed or field than have the tall, spindling, un-
derdeveloped seedlings produced in erowded, shaded
beds.
: TABLL 2
.Comparlson of the dry weights and nitrogen, phosphorns

and potassium content (% dry maiter basis) of white
pine seedlings grown in two different natural soils,

Total
8Boil | [Dry Weight| Nitrogen | Phosphorus| Petagsium
. in Mg, :
Nursery | 061 | 1e2st | odsst | 0331
goil - .
“Covesoil | 8100 | 2230 | 0209 | 1190

1 Data- from seedlings grown in full light; see Table 1, eols
3 9, 11 and 13.

Heeaar GrowrH

~ Tt has frequently been observed that‘shading, whether

d.I‘tlﬁGIELI or natural, tends to result in etiolated seedlings
that-are tall, spindly and sueenlent,
© geedlings .from the present experiment, Height growth,
as well as needle length and number, varied inversely as
the radiation jntensity. The height data are shown in
Fig. I, A. These data agree with those of Gast (1936)
for both Scots and white pine seedlings. DBurns (1914)
and leolsky (see Zon) reported similar results with one-
year-old pine-and spruce seedlings. Additional sup-
porting evidence is cited by Toumey (1916) and Shirley
{1935).

The stimulating effeet of low light intensities upon
shoot- elongation ig as ecommon to many other species of
plants ds-to young coniferous seedlings, In faet most of
the available information regarding etiolation has been
obtained from experiments with field and garden species.
Various explanations of the inereased shoot inerement
0f shade-grown plants have been offered. . Brotherton
and Bartlett (1918), who determined the size and num-
ber of epidermal eells in normal and etiolated plants of
Phaseolus multiflorus, estimated that 34% of the inerease
in the length of etiolated stems was due to inereased cell
divisions, and that the other 66% was attributable to
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Thi§ was true of

inereases in the length of the constituent cells. The in-
creased height inerement of shade-grown Helianthus
plants was found by Penfound (1931) to be due to an
increase in the number of cells along the vertical axis,
rather than to an increase in the length of the cells.
Whatever the true explanation may be—and this may
vary with species and environmental factors other than
light—it is apparent that the rate of shoot elongation of
young coniferous seedlings, as with many other species
of planis, varies inversely as the radiation intensity.
But, as has been shown (Fig. 1), the total assimilation
of seedlings of Pinus is, under favorable conditions,
directly correlated with solar radiation. Thus, although
seedlings grown in low light intensities are actually
taller, their total assimilation, as measured by dry weight,
is usually less than those grown in higher light supplies.
It is therefore evident that height inerement is no index
to dry weight inerease, probably the best measure of the

“growth’’ of young coniferous seedlings. But this is
not true of older plants.

The total assimilation of older comferous seedlings and

saplings apparently is, as with 1 fo 3-year-old plants,

directly correlated with solar radiation. The former,
however, unlike young seedlings, normally respond to
inereased light with height increments. A reeent-fiold
study made by Duffield and Kraemer (unpublished
manuseript *) is of interest in this eonnection. Dry
weights were obtained, and height measurements made,
of natural 7-year-cld white pine reproduction from twe
entting areas on the Harvard Forest, Petersham, Massa-
chusetts: a 2-cut shelterwood that had received the first
treatment, and a clear cut. area (80-ft. north-south
strips). Seedlings growing on the clear cut strips (un-
shaded) were found to be both taller (18.8” as compared
to 12.4") and heavier {22.46 grams as compared to 6.97
grams, exelusive of roots) than those growing under the
remaining canopy of the old stand. Sinee the diametor
inerement of 7-year-old white pine seedlings is negligible
in comparison with the height inerement, it appears that
the greater portion of the total assimilate of the seed-
lings, which increased with the light intensity, was ap-
plied to height growth. This is believed to be typical of
practically all free gpecies in the late’ seedling, sapling
and pole stages.
between light and the leader growth of 11-year-old white
pine seedlings. Shirley (1982) reported a similar rela-
tion between light and the mean annual height growth
of white, Norway and jack plne saplings (up to 18-20
years of age) growing in a virgin Norway pine forest.
In view of the experimental evidence it appears that
in the case of older seedlings and saplings, height growth,
as well as dry weight increase, may be taken as a measure
of total assimilation. But it is equally evident that the
inereased shoot elongation of young coniferous seedlings,
in response to low light infensities, is not in the least
eorrelated with total assimilation which, in such cages, is
best measured as yield (drvy weight). It is therefore
impossible to use height inerement ag a basis for com-
paring the response, to varied solar radiation, of seed-
lings differing widely ag to age. The height growth of a

- 3Manuscri1‘)t on file at Harvard Fovest Library.

Gast (1930) found such a correlation .
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Data from sand nutrient culture
experiments (Mitchell, 1934} sug-
gest that, nnder certain conditions,
the total quantities of the various
nutrient olements absorbed = by
Scols and white pine geedlings are
relatively independent of light
variations. But, in terms. of con-
centration, the content values tend
to vary inversely as the radiation.
This is due to the “‘diluting’’ effeet
of increasing yield, with radiation,
when the milligram content (of N,
P, K and Ca) per plant is rela-
tively constant. However, these
relations do nol always hold for
seedlings grown , in natural soilg
where, as has been shown, nutrient
intake may be influenced by plant
size. In the present experiment,.
with one exception, the greater root

NITROGEN

100 28

TOTAL SOLAR RADIATION AS % OF OPE

75

Fig. 2.—The effoct of varied solar radiation upon relative trends in the nutrient eon-
tent (ag percent and total milligrams of N, P and K) and dry weight increase of white

pine geedlings grown for 100 days in a nursery soil,

extension of seedlings grown in the
higher light intensities had buf, lit-
tle effect upon the intake, in milli- .
grams, of =oil phosphorus and
potasgium  (Fig. 2; data from

N

voung, shaded Seedling is only an expression of the
degree of etiolation, and is neither related to, nor, conse-
guently, a measure of the total assimilation.

NUTRIENT ABSORPTION

Tt has been found that the quantities of nitrogen,
phosphorus, potassium and caleium absorbed by conifer-
ous seedlings are, as with many species of plants, pro-
portional to the supplies of these elements available in’
the soil or nutrient media (Mitehell, 1934 and unpub-
lished data; Gast, 1936). One obvious application of
this information regarding proportional nutrient ab-
gorption is to nursery fertilization. Data are available
to show that the results of chemieal analyses provide re-
liable measures of the nuirient requirements—~fertilizer
needs—of coniferons seedlings. But if application is to
be made of this procedure it is desirable to know the
effect of varied solar radiation upon the nutrient intake
of geedlings for, in practice, radiation eonditions are not
necegsarily identical in all nurseries. _

The nutrient content of a seedling may be expressed
in two ways: (1) the absolute amount present, usually in
milligrams, or (2) in terms of internal (seedling) con-

Table 1). Nitrogen absorption,
though, apparently varied with increasing root size. In
view of previous discussion this suggests that in the soil
used, as in inorganie nutrient cultures, phosphorus and
potassium were relatively free as ions in solution, but
that at least part of the nitrogen may have been adsorbed
in organic or inorganic base exchange eompounds and,
therefore, less readily available. '
The interrelation of the several variables is shown in
IFig. 2. As regards potassium, it is evident (Pig, 2) that
K, remains practically constant, but that seedling yield,
as hag already been shown, increases with the solar radi-
ation. This results in an aceumulation of K in fhe
smaller geedlings. Thus K, (an expression of coneen-
tration) is inversely proportional to light. Much the’
same is true of phosphorus, except that the total P con-
tent of séedlings grown in 25% light is considérably
lower than might be expected. In this case the lack of
greater phosphorus absorption can probably be attrib-
uted to root size. The concentration of nitrogen in the
seedlings showed no congistent trends, but the total nitro-
gen intake, in milligrams, was proportional {o the radi-
ation intensity. Apparently, in this soil, nitrogen intake
wag affected by root extension, which varied with radia-
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tion. Neither phosphorus nor the potassium intake
gseemed to be influenced to any great degree by changcs
in root size,

No general conclugions can be drawn from these data
regarding the offect of varied solar radiation upon the
‘nutrient absmption of white pine seedlings. It appears
that root size, which varies with radiation, may or may
not influence nutrient intake, depending on the chemiecal
and physieal propertics of the substrate, Thus, in an-
other soil, the effect of varied radiation upon nutrient
absorptlon may be entirely dlﬂerent than in the soil nsed
in this experiment,

CONCLUSIONS

The experimental evidence presented indicates that
" regardless of the exact form of the relation between
golar radiation and seedling yield, which apparently
varies with the chemieal and physical properties of the
substrate, the largest (total dry weight) one-year-old
Scots and white pine seedlings are those grown in full
sunlight. But it should be emphasized that this is true
only where nutritional and other factors are favorable.
Sinee these conclusions are drawn from experiments
condueted in, temperate humid regions north of 40°
latitude—where the eumulative radiation received dur-
ing the growing season by seedlings exposed to “‘full
light'* is about 40 kg. calories per sq. em. (received on a
fixed horizontal surfaee)—they are not neeessarily ap-
plicable in regions having a widely different climate.

1t was found that young coniferous seedhngs grown
in low light intensities are actually taller, and have more
numerous and longer needles -than those exposed to
higher intensities. But they are light, spindly, sueeulent
and have poorly developed roots. High light intensities,
like root pruning and low seed bed density, tend to pro-
duce heavier, stockier, hardier plants, with well devel-
oped roots and a more favorable balance between root
and shoot weight.

In view of the experimental evidence it seems that,
other factors being favorable, the most desirable seed-
lings are those exposed to full sunlight during the
greater part of the growing season. Although some
shading is necessary during, and for a short time follow-
ing germination, there is little reason for continuing
the practice for the entire growing season except in
nurgeries without adequate watering facilities, or those
in very hot, arid climates. It is true, of course, that un-
shaded beds lose moisture guite rapidly, especially the
lighter soils where gome provision must be made to cut
down evaporation. This has been aceomplished in many
nurseries by mulching with humus or other suitable ma-
" terial, thus eliminating mid-day watering which is apt
to be harmful to young seedlings on very hof, dry days.

On the basis of experience at the Black Rock Forest
Nursery, wire sereens are recommended as the best. ma-
terial to use in shading seed beds during germination,
The light transmitted by sueh sereens is almost com-
pletely diffused, whereas seedlings shaded with the usual
widely spaced wooden slats are alternately exposed -to
the direct rays of the sun and nearly complete shade.
Metal screens absorb and eonduet heat; they also per-
mit a freer cireulation of air currents than do some types .
of wooden, and all eloth shades. Adequate protection
trom birds and rodents is assured with wire sereens.

Available data indicate that the ehemical and physical
properties of the seil govern, to a large extent, the effect
that tnereased solar radiation will have upon the absorp-
tion of mineral nutrients by white pine scedlings. There-
Tore, results obtained with seedlings grown in other goils
would not necessarily be the same as those reported here.
In goils where a greater portion of the mineral nutrients
are absorbed in inorganic and organic hase exchange
compounds, nutrient intake may vary with root size,
which increases with solar radiation., But in soils and
inorganie culture solutions where the majority of nutri- '
ent elements are free in solution, it appears that root
size, which inereases with light intensity, hag little or
no influence upon mutrient absorption,
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