
DOCTORAL DISSERTATION SERIES

t i t le  A//46 yj/S  AA/Q G&6M/7?/ ^ ____
M A M M M C y  CM £££y r£ £ £ S  f / ’ru-nu.s. census

I.) AS MflU£AC££> gy Sal A A & A M 7/W AVJ>
//frmr/ry0? M/r&t7W t
author SMA&& zae//s A ea£Ssr//V<S'Juse.
UNIVERSITY M/Ctf- S7HT£ COIL._______DATE_

'PL D. PUBLICATION NO.. 4 7 0 9DEGREE _

UNIVERSITY MICROFILMS
A N N  A R B O R  - M I C H I G A N



LEAF ANALYSIS AND GROWTH OF MONTMORENCY CHERRY 
TREES (Prunus cerasus, L.) AS INFLUENCED BY 
SOLAR RADIATION AND INTENSITY OF NUTRITION

By
Edward Louis Proebsting, Jr.

A THESIS

Submitted to the School of Graduate Studies of Michigan 
State College of Agriculture and Applied Science 

in partial fulfillment of the requirements 
for the degree of

DOCTOR OF PHILOSOPHY

Department of Horticulture

195>1



LEAP ANALYSIS AND GRONTF CP MONTMORENCY CHERRY 
TREES (Frunus cerasus, L.) AS INFLUENCED BY 
SOLAR RADIATION AND INTENSITY OF NUTRITION

By
Edward Louis Proebsting, Jr,

AN ABSTRACT

Submitted to the School of Graduate Studies of Michigan 
State College of Agriculture and Applied Science 

in partial fulfillment of the requirements 
for the degree of

DOCTOR OF PHILOSOPHY 

Department of Horticulture
1951

Approved /y?
-  - , r  . .



LEAP ANALYSIS AND GRONTK OP MONTMORENCY CHERRY 
TREES (Prunus cerasus, L. } AS INFLUENCED BY 
SOLAR RADIATION AND INTENSITY OF NUTRITION

By
Edward Louis Proebsting, Jr.

ABSTRACT

One-year-old Montmorency cherry trees were grown in 
sand culture with five balanced nutrient solutions rang­
ing in concentration from zero to 8,000 ppm. Varying 
conditions of solar radiation were provided by moving 
the trees at various intervals between full sun and 
shade houses which were constructed with camouflage net­
ting. Leaf analyses and growth records were obtained, 
and their relationships to each other and to the treat­
ments were discussed.

Leaf analysis values for the individual elements did 
not increase proportionately with the concentration of the 
nutrient solution. Nitrogen and manganese values in­
creased in proportion to the nutrient solution concentra­
tion, but the magnesium content decreased as the nutrient 
solution concentration was increased. Leaf phosphorus, 
potassium, calcium, and iron showed an irregular relation­
ship with nutrient solution concentration, indicating that 
the absorption of phosphorus, potassium, calcium, magnesium, 
and iron was more dependent upon the physiological re­
lationships among the nutrients than upon the absolute con­
centration of the element in the external solution.
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Narked differences in leaf analysis were induced bjr 
differences in solar radiation. These differences were of 
a complex nature and were influenced by other factors, 
such as temperature, so that the responses of one year could 
not be repeated in a succeeding year. On the basis of our 
present knowledge, prediction of tie effect of solar radia­
tion upon leaf composition probably would not be success­
ful .

Leaf nitrogen showed a close relationship with growth 
responses. Very marked depression of growth was associated 
with leaf nitrogen greater than 3*5^> in the full sun in 
19ij-9* At 30 5 S.P. and $0% S.P. depressions in growth oc­
curred with leaf nitrogen contents higher than 2.9^. There 
was no apparent relationship between the absorption of the 
other nutrient-elements and growth, as affected by solar 
radiation and nutrient solution intensity.

The relationship between leaf analysis and the nutrient 
solution and solar radiation treatments was different in 
19i|9 from 1950. This difference appears to be associated 
with temperature more than solar radiation.

The conditions most favorable for the growth of 
Montmorency cherry trees vary in regard to the measurement 
of growth as follows:

a. Terminal growth is favored by moderate temperatures
and low light conditions.
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b. Increase in dry weight is the greatest with warm 
temperatures and full intensity of solar radiation.
c. deduced solar radiation failed to stimulate terminal 
growth when storage reserves had been used in shoot 
growth prior to reducing solar radiation.
d. Higher concentrations of nutrient solutions were more 
toxic at higher temperatures and reduced solar radiation. 
With normal solar radiation and warm temperatures (con­
ditions favoring dry weight increase) a total salt con­
centration of 2,000 ppm resulted in maximum dry weight 
increase. Peduction of the solar radiation to 5>0$ re­
sulted in maximum dry weight increase at a total salt 
concentration of 1,000 npm, and at 30$ S.R. the best 
growth was observed when no nutrients were added.

Trees growing in high solar radiation are more capable 
of utilizing higher intensities of nutrient elements than 
are trees growing in reduced solar radiation. However, In 
order to produce a given amount of dry matter it is more 
important that the trees have optimum conditions of nutri­
tion where solar radiation is relatively low than where 
solar radiation is high.

i
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LEAP ANALYSIS AND GROWTH OF MONTMORENCY CHERRY 
TREES (P. cerasus, L.) AS INFLUENCED BY SOLAR 

RADIATION AND INTENSITY OF NUTRITION
By

Edward Louis Proebsting, Jr.

Introduction

In recent years the use of leaf analysis as a diagnos­
tic tool has attained considerable prominence In the field 
of fruit tree nutrition. Many horticulturists have studied 
the inter-relationships of nutrient-elements in fruit tree 
leaves. These investigations have been carried on at dif­
ferent locations in widely differing soils and climates.
If the effect of climate on nutrient-element composition 
of fruit tree leaves could be evaluated, some of the cur­
rent difficulties in the interpretation of leaf analyses 
might be eliminated. For this reason an experiment was de­
signed to study the effect of some environmental factors on 
leaf composition. Solar radiation, one of the most im­
portant climatic characteristics affecting living plants, 
and the intensity of nutrition, expressed as concentration 
of the nutrient solution, were used as the two variables in 
the e xp e r ime nt.

Any discussion of leaf analysis would be of little 
value withoiit an expression of the growth responses asso­
ciated with those particular values. Therefore, experiments 
were designed so that questions related to the effect of
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solar radiation on the growth of cherry trees could be 
approached simultaneously with its effect on leaf composi­
tion. For instance, pronounced differences in solar radia­
tion exist among different areas, both in total accumula­
tion of solar energy and in seasonal pattern. The experi­
ments permitted a study of the influence of such differ­
ences in solar radiation upon growth in relation to the 
intensity of nutrition and an investigation of nutrition as 
a means of partial compensation for insufficient solar 
radiation.

Review of Literature

The use of leaf analysis as an aid in determining the 
nutrient-element requirements of fruit trees has been 
handicapped by an inability to obtain reproducible results.
Several investigators have mentioned the importance of 
climate in causing variation in leaf analysis. This would 
result in a considerable range in nutrient-element composi­
tion of leaves associated with growth which appeared to be 
normal, that is, exhibiting no deficiency or toxicity symp­
toms. Boynton, Cain, and Compton (19iflp), working with leaf 
analysis of McIntosh apple trees in New York, concluded that 
with leaves of the same age, differences in season may pro­
duce significant differences in the percentage content of 
potassium and magnesium in the leaves. Boynton and I



Compton (194£), in discussing the important factors in­
fluencing the interpretation of leaf analysis data, mention 
root, trunk, and leaf injuries, age of leaf, inter-ionic 
relationships and factors related to season and climate.

Lundegardh (1947) pointed out that the importance of 
such climatic influences lies in the fact that for practi­
cal use, in the field of fruit tree nutrition, leaf analysis 
must serve as a fertilizer guide for the corning year. Con­
sequently, he says, the applicability of the results to the 
conditions likely to prevail is of fundamental importance.
In a review of the literature on tissue analysis, Goodall 
and Gregory (1947) similarly cited the importance of climate 
in influencing leaf composition and referred to an 
Australian investigator, Wark (1939), who felt that solar 
radiation influenced the concentration of nutrient elements 
in the leaves of grain crops so readily that his leaf 
samples were taken only on bright days.

Leaf analysis apparently has been used quite success­
fully in the nutrition of pineapple plants in Hawaii, where 
large climatic differences occur within a few miles. 
Nightingale (1942), in reporting \*ork done with Hawaiian 
pineapple made the following comments:

’'Chemical analyses of leaves as applied to agriculture 
has often led to increased efficiency in the use of ferti­
lizers. However, could values correlated with best yields 
one year be considered as standard in successive years or 
at different locations? Perhaps if water is not limiting 
and sunshine and temperature do not vary greatly from year 
to year such an assumption may be adequate for practical 
purposes."
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He showed that the starch reserves were the limiting 
factor in determining the nitrate status of the pineapple 
plant, and that, in turn, if phosphate was to be used effi­
ciently, its level in the plant must be adjusted on the 
basis of nitrate concentration. Similarly, nitrate was not 
absorbed readily if the potassium level was low. Thus he 
pointed out that there is a chain of inter-dependent re­
lationships directly or indirectly associated with oppor­
tunity for carbon dioxide assimilation that necessarily 
varies with weather conditions.

The relationship between solar energy and leaf composi­
tion has also been shown by Chapman and Gray (19^9)» They 
reasoned that the expenditure of energy from respiration 
was necessary for accumulation of nutrients in roots, and 
that factors which influence the general health of the plant, 
such as light intensity, also influence the amounts and 
ratios of elements absorbed by the roots and finally found 
in the leaves.

The effect of shading on the nutrient content of plants 
has been investigated periodically by a number of persons 
but usually without a critical examination of the relation­
ships between solar radiation and nutrient uptake and 
utilization. Early papers by Pagnoul (1879* 1881) showed 
a decrease in the total mineral content in sugar beets 
when heavily shaded, but an increase in mineral composition I



if expressed on a percentage basis. Thatcher (1909) ob­
tained similar percentage-wise results with potatoes, peas, 
and cereals. In 1930 Tyson showed an increase in the per 
cent of ash in sugar beets that had been shaded. Shading 
with cotton cloth increased the percentage of nitrogen in 
apple and oeach shoots and was believed by Kraybill (1923) 
to be responsible for decreased flowering. Porter (1937) 
found that nitrogen absorption was not decreased in green­
house tomatoes until the light Intensity fell below 5>0 per 
cent of daylight. In testing the efficiency of the Neubauer 
test under different conditions, Thornton (1931) found that 
light conditions did not affect the total nutrient absorp­
tion by rye seedlings.

More detailed examination of the question is provided 
in the work of Mitchell (193l+» 1936), Gast (1939)» and 
Blackman and Rutter (19^6, 191+7* 191+8, 191+9) all of whom 
studied the effects of solar radiation and mineral nutri­
tion simultaneously.

Mitchell (1931+, 1936) worked with pine seedlings and 
measured their growth as influenced by nitrogen level and 
solar radiation. Increased growth was observed as the nitro­
gen supply Increased to an optimum level above which fur­
ther increments of nitrogen exerted a depressing effect on 
dry weight increase. At the low levels of nitrogen nutri­
tion, growth in 50 per cent of full daylight was equal to 
that of unshaded plants. However, at the higher levels of
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nitrogen nutrition, the full daylight plants were capable 
of better growth than were the shaded plants. At extreme­
ly high levels of nitrogen, where toxic effects were pre­
dominant, there was again no difference between full sun­
light and fifty per cent shading.

Gast (1939) worked along similar lines and obtained 
similar results. He showed, with pine seedlings, that at 
low levels of solar radiation (below 20 per cent of full 
daylight) factors of nutrition had a minor influence on dry 
weight increase. Above 30 per cent of full daylight the 
factors of nutrition became more important. Fe showed that 
with moderately high intensities of radiation, an increase 
in nitrogen availability could offset a deficiency in 
radiation. In general, high intensities of radiation were 
of no value if the nitrogen was low, and, conversely, if 
the light intensity was low, the seedlings were unable to 
respond to more nitrogen.

In a series of papers, Blackman and Rutter showed the 
importance of light intensity and mineral nutrient supply 
and the interaction of these factors upon the ecological 
relations of the bluebell (Scilia non-scripta, Hoff, and 
Link.). They associated the distribution of bluebell with 
the degree of shading and showed a precise correlation be­
tween these two factors (191+6). The growth of bluebell was 
only affected slightly by mineral nutrition, but was 
especially sensitive to a reduction In light intensity (191+7)»a
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This sensitivity to light intensity was established as 
being due to an effect on the net assimilation rate, which 
was directly proportional to the logarithm of the light 
intensity (19i|8). Shading increased the percentage content 
of nitrogen, phosphorus and potassium, the increase being 
largest for potassium and least for phosphorus. The per­
centage content was the result of two factors: absorption
of nutrients and growth or dry weight production {19-U-9) -

Methods 

Equipment and Procedure

One-year-old Montmorency cherry trees (Frunus cerasus,
L.) nursery budded on P . mahaleb rootstock and certified 
virus free were used. The trees were planted in fifty- 
pound, lacquered metal berry cans which had been coated on 
the inside with an asphalt emulsion. Drainage was provided 
by a £/8M hole punched in the side of the can just above 
the bottom seam. This opening was screened with cheese 
cloth or glass wool to prevent the loss of sand. The sand 
was obtained from a bare area of soil classified as 
Oshtemo sand.

The cans were arranged so that the trees were two feet 
apart. Then the groups of cans were enclosed in wire pens 
which held straw used for packing around the cans to pre­
vent high soil temperatures. The effectiveness of the I



straw mulch as a protective measure was shown by tempera­
ture records taken on a bright day with the air temperature 
at 87 degrees Fahrenheit. The temperature in the soil in 
the mulched cans was 8l degrees Fahrenheit, and in the non­
mulched cans, 95 degrees Fahrenheit.

Shading was provided by two houses which were con­
structed by spreading camouflage netting over Ij.81 x 12’ x 8 1 
pipe frames. One shade allowed 30 per cent of the solar 
radiation to pass through, while the other had holes cut in 
it to permit 50 per cent of the solar radiation to come 
through.. The use of camouflage netting permitted suffi­
cient ventilation to equalize the air temperatures inside 
the shade houses with the temperature in the full sun.
There was no difference between maximum and minimum read­
ings taken in standard Weather Bureau instrument shelters 
inside and outside the shade houses.

llutrient-elements were provided by means of solutions. 
Table 1 shows the salts used, concentrations of the indi­
vidual nutrient-elements at the five different intensities, 
and the approximate total salt concentration of the 
solutions.

The zero level consisted of de-ionized water which was
obtained by passing tap water through two towers containing
the synthetic ion exchange resins IR-l+B and IR-120-*. De-
ionized water was used for preparing stock solutions, using
* Produced by Rohm and Hafts Company, Resinous Froducts 

Division, Philadelphia, Pennsylvania.
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C. P. chemicals of the individual salts, which were about 
20 times as concentrated as the nutrient solutions applied 
to the trees. The nutrient solutions of various intensi­
ties were made from the stock solutions as shown in Table 1 
and stored in five-gallon bottles until distributed to the 
individual trees by means of quart fruit jars, une quart 
of the nutrient solution was applied every other day. The 
cans were not covered, and periodic rainfall was sufficient 
to flush any accumulated salts out of the sand. As fur­
ther insurance against salt accumulation, and in order to 
provide relatively uniform moisture conditions, the sand was 
maintained near field capacity by use of de-ionized water, 
as necessary, so that each time a quart of nutrient solu­
tion was added some solution drained from the can.

The first measurement was the initial fresh weight 
of the individual trees when planted. Twenty additional 
trees were reserved at planting time for dry weight determi­
nations . These were cut at the bud union, and then the 
roots and shoots were dried separately at 65 degrees Centi­
grade in a forced air dehydrator. The per cent moisture of 
the sample trees was used to calculate the initial dry 
weight for each tree. The results of the 19i|-9 experiment 
were extremely variable within treatments, and in an attempt 
to reduce this variability in 1950, all trees were pruned 
to an initial fresh weight of 95 grams, with a maximum 
variation of 5 grams. In 19l|9, the trees were pruned to I



To accompany Page 9

Table 1. Nutrient-B'lement Composition (ppm) in Nutrient 
Solutions of Varying Concentration

Approx. total 
salt conc. 
Chem. Nutr. Concentration of Nutrient Sol. (ppm)c omp’d elem. 0 1,000 2,000 ij.,006 “8 /066

NH^NO^ (H) 0 112 22k 2j48 896
h3po^ (P) 0 3k 68 136 272
KC1 (K) 0 k3 86 172 3kk

CaCl2 (Ca) 0 88 176 352 7 Oii-
MgSO^ (Mg) 0 29 58 116 232
h 3eo3 (B) 0 1-5 3 6 12
MnSO|^ (Mn) 0 2.5 5 10 20
CuSO^ (Cu) 0 1 2 k 8
PeS0[|_ (Be) 0 1 2 k 8
ZnSO^ (Zn) 0 1 2 k 8
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three buds and a length of top of 12-18 Inches* The adjust­
ment of fresh weight in 1950 was accomplished by pruning 
the roots after the initial pruning, which was done in the 
s#me manner as in 19i|9»

Trunk diameter measurements were made periodically 
through 19l|9 with a Vernier caliper, but because of highly 
variable results they were discontinued in 1950* Terminal 
growth, in centimeters, was measured at certain intervals 
with considerably more emphasis being placed on this measure­
ment in 1950 than in 19ig9-

During the second week of September all the leaves 
on each tree were counted and stripped from the trees for 
dry weight measurement. After being washed free from the 
sand, the roots were separated from trunk and shoots. Dry 
weights were obtained for each tree part after dehydration 
at 65 degrees Centigrade as mentioned above.

After drying and weighing, the leaves, which were col­
lected from all trees of each treatment, were ground with a 
Micro-Wiley mill to pass through a forty mesh screen, mixed 
thoroughly, and divided into two portions. Nitrogen de­
terminations were made on one portion by the Agricultural 
Chemistry Department of Michigan State College, using the 
standard Kjeldahl method. The other portion was sent to the 
National Spectrographic Laboratory of Cleveland, Ohio, 
where analyses for potassium, phosphorus, calcium, magnesium, 
iron, and manganese were made spectrographically.
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Daily solar radiation and temperature records were ob­
tained from Mr. George Crabb, Supervisor of the Michigan 
Hydrologic Research Project, USDA Soil Conservation Service, 
in cooperation with the Michigan Agricultural Experiment 
Station.

Experimental Design
The experiments were conducted during two summers-- 

19i|-9 and 1950.
The trees in the 19i|9 experiment were planted on May 30 

and were grown in full sun* without nutrient solutions un­
til June 20. This arrangement provided a three weeks 
period which could be used later to evaluate the perform­
ance of the trees under identical conditions. Differential 
shading was begun on June 20, using three different light 
conditions: full sun, 50 per cent solar radiation, and 30
per cent solar radiation. The first applications of nu­
trient solutions were on the same date (June 20), using 
five different concentrations of the same formulation. The 
trees in each of the three light groups were then further 
subdivided into three lots on August 10, one lot remaining 
in its original light intensity, and the other two lots 
being moved into the other two light conditions for the 
rest of the summer. The trees were removed during the 
second week of September for dry weight determinations.
Each treatment containedfive single tree replicates._____
* In this paper "full sun" or "100£ solar radiation" refers 

to the solar radiation received at the surface of 
the earth at Blast Lansing, Michigan.
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This arrangement gave nine different light treatments, 
as diagrammed in Figure 1, each of which had five nutrient 
levels, giving a total of ii.5 treatments and 225 trees.

The results obtained from this experiment showed that 
a change in the light condition during the latter part of 
the growing season had no great effect upon the accumula­
tion of dry weight, and that the highest nutrient level was 
sufficiently toxic to cause death of the trees. Therefore, 
the 1950 design was modified to include only the four low­
est nutrient concentrations, and all the variations in 
solar radiation were induced during the fore part of the 
summer with the final transfer occurring shortly after ces­
sation of terminal growth.

The trees for the 1950 experiment were planted May 20 
and divided equally into twelve sets. One set of trees con­
sisted of five replications of four nutrient intensities.
At the time of planting, half of the trees were placed in 
full sun and half in 40 per cent light. At predetermined 
periods after planting a set of trees was moved from each 
light condition into the other. This moving was done on 
the following dates: June 7* June 12, June 18, July 1,
and July 22.

This design gave twelve light sequences as shown 
diagrammatically in Figure 2, and the use of four inten­
sities of nutrition resulted in 1|.8 treatments and a total 
of 2lp0 trees. I
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Figure 1. An Outline Showing the Dates of Initiating
Solar Radiation Treatments, 19^9

Percentage Solar Radiation
May 30 June 20 AuS* 10

100 (75 trees) 100
50
30

(25
(25
(25

trees) 
trees) 
trees)

100 (225 trees) 50 (75 trees) 100
50
30

(25
(25
(25

trees) 
trees) 
trees)

30 (75 trees) 100 (25 trees)
50 (25 trees)
30 (25 trees)
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Figure 2. An Outline Showing the Dates of Initiating
Solar Radiation Treatments, 1950

XXXXX Trees growing in shade______  --Trees growing in sun
Weeks* May June July August Sept.
Sun Shade- 20 jO 10 26 ~~30 l0 " 2 6  30 l0~2g~~30 10 20

Trees Started in Sun
1/2 15 1 / 2   : -XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
1 15 ----------- -:~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

2 lit. ----- : --------xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

li 12 —  - — :------- “XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
8 8 —  ----! — --------------------------------------- -XXXXXXXXXXXXXXXXXXXXXXXXX
16 0 - - —     ----

Trees Started in Shade 
1/2 15 1/2 XXXXXXX:X-       - —  —  - —  —  _----—
1 15 xxxx xx x txx - - ................. - .................... - - - - - ....................

2 llj XXXXXXX: XXXX-----------------------...............
k 12 XXXXXXX:XXXXXXXX  ---- -------------------- -
8 8 XXXXXXX :XXXXXXXXXXXXXXXX~........ —  — ....

16 0 XXXXXXX:XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

; — Approximate start of shoot growth
* — Weeks after initiation of growth
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Results 

Leaf Analysis--19ii9

The Effect of Nutrient-Element Concentration.
The concentration of the nutrient solution produced 

direct responses in leaf composition for some elements 
while for others there was no direct relation to the exter­
nal concentration. Since leaf analyses were made on single 
composite samples for each treatment, interactions between 
nutrient solution concentration and solar radiation could 
not be demonstrated statistically. For this reason the ef­
fect of nutrient-element concentration was obtained by 
averaging the values from all light conditions for each of. 
the five nutrient levels. A similar procedure was used to 
determine the effect of the various light conditions. These 
averages appear in Table 2.

Per cent nitrogen in the leaf increased as the total 
concentration of the nutrient solution was raised to i|,000 
ppm, but when a concentration of 8,000 ppm was reached 
there was a slightly lower nitrogen content than at i|.,0QQ 
ppm. Phosphorus was lowest when no nutrient-elements were 
supplied. The addition of 1,000 ppm produced a maximum 
phosphorus level which was maintained for the higher con­
centrations of nutrient-elements. Potassium, also, was 
lowest when the trees were grown in the zero level of



Table 2. Leaf Analysis (fo dry wt.) as Affected by Concentration of
Nutrient Solution, 1949

Concentration of Nutrient- Element Index of
nutrient solution N P K Ca Mg Pe Mn intensity# balance#

ppm
0 1.78 .16 1.18 1.30 COCO• .020 .007 -11 95

1000 2.73 .20 1.50 1.23 .80 .020 .009 0 1+5
2000 2.98 .19 1.31 1.23 • 74 .019 .009 - 4 34
4000 3.37 .20 1.47 1.39 .65 .020 .011 + 5 45
8000 3.31 .19 1.63 1.63 • 54 .019 .013 + 8 104

# See Appendix Table 1.

To 
accompany 

Page
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nutrient-elements. The use of 1,000 ppm caused a sharp In­
crease in potassium, but the use of 2,000 ppm resulted in 
lower potassium than 1,000 ppm. The use of lj.,000 ppm 
caused potassium to be higher than when 2,000 ppm was used 
and the highest potassium value was associated with a nu­
trient solution concentration of 8,000 ppm. Higher calcium 
values were found for 4,000 and 8,000 ppm concentrations of 
nutrient solutions than when only de~ionized water was used, 
but lower calcium values were found in the 1,000 and 2,000 
ppm treatments than in the de-ionized water treatment. 
Magnesium analysis was highest when only de-ionized water 
was used and decreased with each successive increase in 
concentration of the nutrient solutions. Iron analysis 
showed little or no variation in relation to concentration 
of the nutrient solution. The lowest iron analysis was 
found when the nutrient solution contained 2,000 ppm, and 
highest value was associated with the use of 8,000 ppm. 
Manganese increased with concentration except when the con­
centration was increased from. 1,000 to 2,000 ppm, when no 
increase or decrease was noted.

The index of nutritional intensity (see Appendix 
Table 1 for method of calculation) in the leaf analyses did 
not Increase in proportion to the increasing concentration 
of the nutrient solution, as recorded in Table 2. There 
was a very pronounced increase in the index of nutritional 
intensity from zero ppm to 1,000 ppm, but at 2,000 ppm the 
index was less than that at 1,000 ppm. The intensity
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factor then increased from 2,000 ppm to If.,000 ppm, and 
from if.,000 pom to 8,000 ppm. The zero level produced a high 
index of balance deviations (see Appendix Table 1 for 
method of computation of index of balance deviations) which 
was lowered markedly at the 1,000 ppm level. At 2,000 and 
if.,000 ppm the index of balance deviations remained low, but 
at 8,000 ppm the index was much higher.

The Effect of Solar Radiation (3. E.).
Full Season. The effect of solar radiation on the nu­

trient ~ e 1 em e nt composition of the leaves is shown in Table 3» 
The values in Table 3 are the average of all nutrient levels 
for each solar radiation treatment.

Solar radiation produced a very definite effect on the 
nitrogen content of the leaves, with the 100'io S.R. treat­
ment showing a higher percentage of nitrogen than those in 
reduced solar radiation. Phosphorus composition of the 
leaves apparently was not affected by solar radiation, but 
the three major cations were affected. Magnesium was most 
markedly affected and potassium was affected relatively 
little. The highest concentration of no two of the major 
cations occurred at the same solar radiation treatment. 
Calcium was highest in 1 0 0 ‘fo S.R., potassium highest at 5Q/£ 
S.R., and magnesium showed a large increase at 30% S.R.
Iron content was increased when solar radiation was reduced. 
Differences in the indices of nutritional intensity and 
balance deviation were not closely associated with solar 
radiation treatment.



Table 3* Leaf Analysis (% dry wt.) as Affected by Varying Solar Radiation
During the Growing Season, 19̂ 4-9 •

Solar
radiation

Hutrient-■Element Index
intensity#

of
balance#N P K Ca . . . . . .  M& ....... Pe Mn

Initial Pinal
100%> 100^ 3.20 .17 1.33 1.58 .78 .018 .009 + 1 75
100% 50% 2.96 .18 1.36 1.58 .59 .018 .008 - 5 68
100%, 30 % 2.81+ .21 1.62 1.52 .1+6 .018 .009 - 3 96
5o% 5oi 2.65 .18 1.1+0 1.37 .1+1). .021 .011 - 5 72
5o % 30% 2.7 5 .18 1.83 1.36 .1+2 .018 .011 95
5o% 100% 2.68 .18 1.37 1 • 21+ • 63 .018 .010 - 6 25

30% 30% 2.71+ .18 1.29 1.21 .95 .020 .008 - 2 7030t 100% 2.89 .19 1.26 1.27 1.12 .020 .010 + 6 98
30% 5o% 2.81 .20 1.29 1.08 1.10 .026 .011 +10 125

# See Appendix Table 1.

To 
accompany 

Page 
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Midseason Transfer. The effect of reducing solar radia­
tion to 50 per cent and to 30 per cent is shown in Table 3. 
Nitrogen was decreased markedly with reduced solar radia­
tion and was roughly proportional to the quantity of solar 
radiation received. Phosphorus increased with reduced 
solar radiation, but may reflect the influence of decreasing 
nitrogen rather than the effect of reducing solar radiation. 
Transferring the trees from 100# S.R. into 30# S.R. re­
sulted in a very high potassium analysis, reduced magnesium, 
and had little effect on calcium. In this series the inter­
relations among the three major cations seem to be pri­
marily between potassium and magnesium, with calcium 
relatively independent.

Transferring the trees into lower light Intensities de­
creased the index of nutritional intensity, and had little 
effect upon the index of balance deviations.

Nitrogen increased slightly when the trees were moved 
from 50io S.R. Into 3>0% S.R., but was not affected when the 
trees were moved into 100# S.R. Phosphorus was unaffected 
by increased or decreased solar radiation after being in 
50io S.R. Again, potassium was highest when the trees were 
moved to lower solar radiation, magnesium was highest when 
the trees were moved into 100# S.R. and calcium was slightly 
less when the trees were moved into 100# S.R.

Intensity of nutrition was decreased when the solar 
radiation was increased or decreased from 50# S.R. The
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index of balance deviations was lowest when the trees were 
moved to 100%> S.R. and became higher as the total solar 
radiation was decreased.

Leaf analyses associated with trees initially in 30% 
S.R. and later moved into the higher solar radiation condi­
tions are represented in Table 3» In general, there was 
very little effect of these changes upon the leaf analysis. 
Nitrogen increased when solar radiation was increased, but 
phosphorus was not appreciably affected. Potassium was 
highest at 30€ S.R. , and magnesium was highest when 
shifted to 100^ S.R., as noted for the other two groups. 
There was no recognisable pattern for manganese and iron in 
this group of treatments. The index of nutritional inten­
sity was raised by moving the trees into higher solar radia­
tion conditions. Balance deviations were affected primar­
ily by the high magnesium values which prevailed throughout 
the 30% S.R. group.

Growth--1949

Terminal Growth.
All terminal growth had developed by August 1, 19^9* 

hence bhe midseason shifting, which occurred after this 
date had no effect upon shoot growth. Therefore, the data, 
as analyzed, consisted of 1$ treatments with 15 replicates 
each. Due to differences in tree size and rate of terminal 
growth during the period before any nutrient solution or



18

solar radiation treatments were initiated, an analysis of 
co-variance was employed to adjust the final terminal 
growth on the basis of terminal growth produced before the 
treatments were applied. The results obtained by using the 
analysis of covariance to adjust terminal growth data are 
shown in Table l\.»

Terminal growth varied directly with the intensity of 
solar radiation. Maximum terminal growth was produced in 
100'̂  S.R. by the lj.,000 ppm treatment, whereas, the trees 
in 30% S.R. and S.R. grew best with 2,000 ppm added. In 
all three solar radiation conditions the application of nu­
trients increased terminal growth up to a maximum above 
which additional increases in the nutrient solution concen­
tration resulted in a definite depression in terminal growth.
The interaction between nutrient level and solar radiation 
did not have a significant effect on terminal growth. High­
ly significant differences in terminal growth were pro­
duced by nutrient level and by intensity of solar radiation.

Dry Weight Increase.
Because of the variability in the initial weight of the 

trees at planting time, dry weight increase was used as a 
measure of growth and was adjusted on the basis of the 
July Ij. terminal growth by the use of covariance, Table 
The midseason shifting had no effect upon trees which had 
been in 30% S.R. or %>Q% S.R. but shifting the trees from I



Table i|. Total Terminal Growth# (cm) and Dry Weight Increase# (gms) as
Affected by Concentration of Nutrient Solution and by Varying 
Solar Radiation During the Growing Season, 1949

Concentration of Nutrient Solution (ppm)
Solar 0 1,000 2 ,000 4,000 8 ,Coo Average

Radiation Term.Dry wt . Term.Dry wt. Term.Dry wt . Term.Dry wt. Term.Dry wt. Term.Dry wt.
Initial Final gr. Inc. gr. inc • gr. inc. gr. inc. gr. inc. gr. inc.

1005 1005 68.ii 38.8 77.0 56.7 85 .0 64.5 93.8 46.3 67.4 18 .0
ioo5 5o5 43.0 48.2 49.4 ## 42 .8 17.2
ioo5 30-5 31.9 ## 41.7 A A* 49*6 46.7 17.9

Average 68.4 37.9 77.0 48.9 85.0 54.5 93.8 45.3 6 7 .4 17.7 78.3 40.9
5o5 5o5 65.0 32.9 70.0 30.9 72.6 15.4 67.8 16 .4 66.6 11.8
5o5 305 ftft 2i|.9 30.3 '/V A* 18 .4 ftft 15.8 - 0.4
5o5 ioo5 29.0 ftft 28.0 *a *a" 17.0 ftft 14.7 2.7
Average 65.0 28.9 70 .0 29.7 72.6 16 .9 67.8 15.6 66.6 4«7 68.4 19.2

305 305 62.0 24.2 67.2 22.6 70.1 15.5 64* 6 16.9 63.0 8.6
305 i o o5 ’"X-'SV* 22.8 A /t 20.3 ■jrtr 23.1 ## 16.4 ftft 11.7
305 505 ’/»•«* 20.5 *A**f 20.1 *a"*a‘ 14.1 ftft 16.0 3.2
Average 62.0 22.5 67.2 21.0 70.1 17.6 64*6 16 .4 63.0 7.8 65.4 17.1

# Adjusted by covariance on the basis of terminal growth on July 4, 1949•
##Since terminal growth stopped before solar radiation was changed, a single value is 

given for trees having same initial treatment.
Least Significant Difference 55 1?%

Terminal growth 9.8cm 13.0 cm
Dry weight increase l4.1gm 19.5 gm

To 
accompany 

Page 
18
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Figure 3 . Effect of Nutrient Solution Concentration 
and Midseason Changes in Solar Radiation 
on Dry Weight increase of Montmorency 
Cherry Trees, 19^9•

(upper) Trees started in 100^ solar 
radiation.

(middle) Trees started in Ô'Yo solar 
radiation.

(lower) Trees started in 30:C solar 
radiation.
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Figure i|.. Effect of Nutrient Solution Concentration 
and Solar Radiation on the Growth of 
Montmorency Cherry Trees, 19^9.
(upper) Terminal growth.
(lower) Dry weight increase.

*
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100$ S.R. to conditions of lower intensity of solar radia­
tion resulted in less dry weight accumulation. Highly 
significant differences occurred between the solar radiation 
treatments and between the nutrient levels; also the inter­
action between the solar radiation and nutrient level 
treatments x̂ as highly significant. The best grox-Jth in 100$ 
S.R. was obtained with 2,000 ppm, in 50$ S.R. with 1000 
ppm, and in 30$ S.R. the application of all concentra­
tions depressed dry weight increase. The root and shoot 
weights varied similarly in all cases, but there was a 
tendency for the weight of the roots to decrease relative to 
the weight of the shoots as the concentration of the nu­
trient solution was increased. (Appendix Table 2)

Leaf Analysis--19$0

The Effect of Nutrient-Element Concentration.
Averages for the leaf analyses of all trees given each 

of the four nutrient levels are presented in Table 5.
By increasing the concentration of the nutrient solu­

tion from zero to 1|,000 ppm the nitrogen in the leaf was 
increased from 1.7l|.$ to 3.31$. Phosphorus showed no signi­
ficant changes over the same range of concentration— zero 
to 1|,000 ppm— of nutrient solutions. The lowest value of 
potash occurred where no nutrients were added and the high­
est value occurred where the 1,000 ppm nutrient solution 
was applied. At 2,000 ppm the potassium percentage was less

f



Table Leaf Analysis (?£ dry wt.) as Affected by Concentration of
Nutrient Solution, 1950

Concentration of 
nutrient solution N P

Nutrient- 
K Ca

Element
.. Mg .... Pe Mn

Index
intensity#

of
balance#

ppm
0 1-714- .14 1.08 .89 .45 .012 .007 -33 37

1,000 2.54 .15 1.37 1.13 .55 .012 .014 -10 116
2,000 2.79 .15 1.29 1.15 .54 .012 .015 - 8 133
4,000 3-31 .14 1.35 .99 .49 .012 .014 -10 167

-::-See Appendix Table 1.

To 
accompany 

Page 
19
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than when 1,000 ppm was used, and 4*000 ppm produced ap­
proximately the same value as 2,000 ppm. Calcium, also 
was lowest when no nutrients were added; 1,000 and 2,000  

ppm produced the highest levels, and the 4 ,0 0 0 ppm treat­
ment decreased the amount of calcium in the leaves somewhat. 
Magnesium behaved in the same manner as calcium; lowest 
when no nutrients were added, highest at the 1,000 and 
2 ,000 ppm nutrient-solution concentration, and then lower 
at the 4*000 ppm level. Iron analysis was constant for all 
nutrient concentrations. The manganese content of the 
leaves was low when no nutrients were added, was doubled by 
the application of the 1,000 ppm nutrient solution, and 
remained at that level for the other treatments.

Computations of the indices of nutritional intensity 
and balance deviations were made using the overall average 
of the 1949 experiment as a standard (see Appendix Table 1 
for method of calculation). These computations show that 
the index of nutritional intensity of the trees receiving 
no nutrient-elements was lower than where nutrient-ele- 
ments were added. The 1,000 ppm treatments increased the 
index of nutritional intensity, but no further increases 
were caused by 2,000 and 4*000 ppm. Where no nutrient- 
elements were applied the leaf analysis values for the 
various elements were uniformly low, giving a favorably 
low index of balance deviations, zero being considered as 
a condition of perfect balance. As the nutrient solution



21

concentration was Increased, the Index of balance devia­
tions was increased.

Effect of Solar Radiation.
A comparison of leaf analyses for trees which were in 

100?' S.R. with those in k.0̂  S.R. for the full season (Table 
6 ) shows little variation for nitrogen, magnesium, and man­
ganese. Phosphorus, potassium, calcium, and iron were all 
higher in the leaves from trees in ij-O*# S.R. than in those 
in 100^ S.R., and magnesium was lower. The trends brought 
out by varying periods of exposure to the full intensity of 
of solar radiation or to shaded conditions were not uniform, 
but some generalizations may be attempted.

Varying periods of shading had little or no effect on 
the absorption of either nitrogen or manganese. The ab­
sorption of phosphorus, potassium, calcium, and iron was in­
creased in the shaded treatments as compared with the non­
shaded treatments. The most outstanding trend, which ap­
plied to some extent to all four nutrient-elements just 
mentioned, but was best exemplified by iron, was the ten­
dency for leaf analysis to remain constant with increasing 
periods of initial shade until the length of the shade 
periods reached 8 to 16 weeks. On the other hand, initial 
periods of full sun had an immediate effect in decreasing 
the concentration of these nutrient elements. I



Table 6. Leaf Analysis (# dry weight) as Affected by Varying Solar
Radiation During the Growing Season, 1950

Weeks Nutrient-Element Index
intensity#

of
balance#Sun Shade N P K Ca Mg _ Pe Mn

Trees Started in Sun
0 16 2 .78 .200 1.58 1.2U • )45 .018 .013 - 1 10)4

1 /2 1? 1 /2 2.56 .11*5 1.52 1.05 .39 .01)4 .011 -16 99
1 15 2.56 .175 1.12 1.15 .52 .01)4 .01)4 -10 109
2 1)4 2.65 .160 1 .2)4 1.02 .56 .01)4 .012 -13 78
k 12 2.57 .115 1.32 1.10 .59 .012 .013 - 4 11)4
e 8 2.68 .135 1.27 1.05 .6)4 .011 .013 -13 110

16 0 2.81 .130 1.25 .90 .57 .009 .013 -17 139
Trees Started in Shade

Shade Sun
0 i r ~ 2.81 .130 1.25 .90 .57 .009 .013 -17 139

1 /2 15 1 /2 2.52 .155 1.21\ .95 4 6 .009 .011 -22 112
1 15 2 .1̂ 8 .125 1 .10 .95 .I48 .009 .013 -22 125
2 IIl 2.35 .135 1.30 .90 .5)4 .009 .04 -18 138
b 12 2.7U .1)45 1.33 1.1)4 .47 .009 .OII4 - 4 1)45
8 8 2 4 5 .130 1.05- 1.00 4 2 .011 .011 -23 8716 0 2.78 .200 1.58 1.2k 4 5 .018 .013 - 1 10k

# See Appendix Table 1.
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Perhaps the most significant figure presented in 
Table 6 is the index of nutritional intensity, which is an 
expression of the whole complex of nutrient-elements in the 
leaf. Here, the shaded trees showed a much higher index 
than those receiving the full intensity of solar radiation. 
Also, as described for the individual elements above, there 
tended to be very little change in the index of nutritional 
intensity as the period of shade increased up to eight 
weeks, but progressive decreases in the index occurred as 
the period of full solar radiation was extended.

Growth--1950

Terminal Growth.
Terminal growth was measured at frequent intervals in 

order to determine the effect of the six changes in solar 
radiation brought about by moving the trees into or out of 
the shaded area. These data showed that when the trees 
were moved from shade to sun the rate of terminal elonga­
tion was decreased, and when moved from sun to shade, the 
rate of terminal elongation was increased (Table ?). An 
analysis of variance showed most of these differences to be 
highly significant. Likewise, differences in rate of 
terminal elongation associated with intensity of nutrition 
were highly significant (Table 8 ). The interaction between 
solar radiation and concentration of nutrient solution was 
not significant. The terminal growth differences caused



To accompany Page 22

Table 7« Total Terminal Growth (cm) as Affected by
Varying Solar Radiation During the Growing 
Season, 1950

VJeeks Date of Measurement
Sun Shade 6/ 6 6/8 6/12 6/17 6/23 7/6 "B7I4

Trees Started in Sun
1/2 15 1/2 6.1 9.1* 16.3* 26 * 8*- 40.5* 65.5* 72.4*
1 15 5-4 7.8 14.3 24.0* 36. 6* 57.3* 63.5*
2 Ik 4-5 6.9 12.4 20.4 31.7* 57.7* 69. 6*
4 12 3.6 5.7 11.1 19.4 29.6 56.4* 69. 6*
e 8 6.6 10.0 16.9 27.4 39.8 57.1 61.6*

16 0 4.9 7 .3 13.4 22.9 34.0 52.8 57.0

Shade Sun
Trees Started in Shade

1/2 15 1/2 5.4* 8 .5 14 .0 23.8 34.2 52.5 56.6
1 15 4 * 6-:;- 7 .3* 14.5* 25.0 37.5 56.5 61.8
2 14 4*4* 7 1. 15.5* 26.7* 36.4 57.8 64.I
4 12 4.2*- 6.9* 14.5* 26. 6* 4 2 . 0* 67 * 6 75.4
8 8 3.7* 6.4* 13.5* 25.5* 4 0. 9* 70.6*- 81 .2

16 0 4-7* 7.2 15.1* 26.0*- 39.7* 67.3* 78.0*-

*- Trees were in the shade at this date
Least significant difference on Aug. I k  l€ = U-U cm

5< = 3.4 cm
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Table 8. Total Terminal Growth (cm) as Affected
by Nutrient Element Concentration, 1950

Nutrient-Element
concentration

Date of Measurement
6 /6 6/8 6 /12 6/17 6/23 7/6 8/14ppm

0 4 .2 6 .8 12.9 22 .4 33.7 53.3 58.3
1,000 4.6 7.3 14.2 24.4 36.9 61.7 71 .1

2,000 5.1 7.9 14.8 25.3 38.4 62.2 71 .0

4 ,000 5 . 4 8 .2 15.7 25.9 39.4 62.6 69.7

Least Significant Difference on Aug. llg 5'̂  = 2.0 cm
lfe = 2.5 cm



Figure f?. Terminal Growth of Montmorency Cherry Trees on Successive 
Dates as Affected by Varying Periods of Full Solar 
Radiation and 1̂ 0̂  Solar Radiation (on right) and by 
Nutrient Solution Concentration (on left). 1950*
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by nutrition indicated that the trees receiving the zero 
level grew poorly, but that there was an increase in 
terminal growth with added nutrients. This relationship 
prevailed until near the end of the growth period when the 
trees in the higher nutrient level stopped growing a few 
days before the 1,000 ppm level trees. This permitted the 
trees at the 1,000 ppm level to finish the season with 
slightly more terminal growth than that produced by trees 
at higher nutrient levels. The differences in terminal 
growth at the 1,000, 2,000, and i+,000 ppm levels were not 
significant, but the terminal growth values at these levels 
were all significantly greater than at the zero level.

Dry Weight
Dry weights of the trees at planting time were uni­

form in 19^0 , therefore, these figures could be used 
directly as the growth criteria, but for easier comparison 
with the 19l}.9 data, dry weight was converted to dry weight 
increase by subtracting a constant value for the initial 
dry weight. Highly significant differences existed be­
tween nutrient levels and between solar radiation treat­
ments (Table 9), but there was no significant interaction. 
The values for dry weight followed the same pattern as the 
values for terminal growth, and would appear to be largely 
determined by the amount of shoot growth because of the 
influence of terminal growth on leaf area. Nevertheless, I



Table 9. Dry Weight Increase (gms) as Affected by Nutrient-Element Con­
centration and Varying Solar Radiation During the Growing
Season, 1950

Trees Started in Sun
Weeks

Concentration of Nutrient Solution
Average0 1,000 2, 000 i+,000

Sun Shade Orig. Ad.i. Orig. Adj. .. Orig. Adj. Orig. Adj. Orig. Ad j.
1/2 15 1/2 32.7 32.2 33.9 28.5 33.7 27.0 22.8 22.7 30.8 27.6
1 15 19.1+ 26.3 20.1+ 22.6 21.5 20.5 18.8 20.9 20.0 22.6
2 ll+ 20.9 26.1+ 33.2 26.0 28.6 29.5 1+0.1+ 35.8 30.8 29.1+
1+ 12 31.6, 37.8- 1+0.1 31+.1+ 37.5 ■ 31+.5 32.1 29.1 35.3 - 31+. 0
8 8 23.6 36.1 31+.2 36.1 21+. 8 27.5 28.1 27.1 27.7 31.716 0 23-3 35.8 35.5 39.1+ .- 18;9 25 .6 21+.1 27.9 25.5 32.2
Shade Sun Trees Started in Shade
1/2 15 1/2 39.2' 31.2 27.7 1+1+.8 22.9 26.1 26.6 37.1 29.6 36.8
1 15 39.2 27.8 35.8 38.6 33.6 32.1+ 31.1+ 33.8 32.1 36.0
2 11+ 30.7 23.8 1+3.1+ 1+3.1+ 38.8 39.2 31.5 32.9 31+.1+ 36.6
1+ 12 31+.5 36.2 1+5.1 i 40.6 1+9.2 39.5 38.5 31+. 8 1+2.2. 37.1+8 8 29.6 27.3 1+1.6 32.1 32.3 19.2 1+1.6 26.9 35.7 27.0
16 0 28.8 27.8 1+3-0 30.1+ 28.3 22.5 1+5.9 = 36.6 36.2 29.6
Averages 27.1 33.0 ■ . .- 37.0 31+.7 30.8 --- ref/ 1 28". 6' VflT-31.8 30.5 51.7 31.7

Original values 17.1 22.6
Adjusted values ll+.O 18.5
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analysis of covariance between the two factors, indicated 
significant differences in dry x^eight beyond those arising 
from differences in terminal growth. Dry weight values 
adjusted by means of covariance, on the basis of terminal 
growth, showed a reversal of the trend shown in the un­
adjusted dry weights.

Discussion 

Leaf Analysis--191+9

In evaluating the leaf analysis data of this experi­
ment a relationship should be established with similar data 
collected under field conditions.

Table 10 shows the results of a survey conducted by 
Kenworthy (1950) in Montmorency cherry orchards of Michigan 
in comparison with average results obtained in this experi­
ment. In this survey samples were taken from apparently 
normal trees of bearing age which showed no visible symp­
toms of deficiency or toxicity. These data may be con­
sidered to represent a normal range of leaf analysis 
values. Variations within this range may be presumed to 
be produced by a number of physiological and environmental 
factors, solar radiation among others. Following the con­
cepts of Shear, Crane, and Meyers (191+8), there should be 
an optimum condition of nutrition within this range for a 
given set of climatic conditions. Thus solar radiation



i'o accompany Page 21;

Tatle 10. Comparison of Leaf Analyses from 
Field Samples with Samples from 
the Sand-Culture Experiments

__________  Nutrlent-Element________
Value  N P K Ca Mg Fe Mn

Field Samples
Average 2.83 .270 l.yk 1.91 .?!+ .028 .011
Maximum 3.1+2 .670 2.82 3*00 1,16 .071+ .028
minimum 2 .07 .090 .i;l .91 .1+0 .002 .001;

Sand-Culture Experiments 
Average 2.8l .186 1.1;2 1.35 .72 .020 .010
^Maximum 1+.16 .260 2.20 2.07 1.72 .036 .023
Minimum 1.1+6 .09 0 .83 .67 .35 .007 .005



may function not only as a determining factor in the up­
take and utilization of nutrients, but also may establish 
conditions under which a given combination of nutrient- 
elements would be the most beneficial.

A comparison of leaf analyses in this experiment with 
the leaf analyses from field samples shows somewhat lower 
averages for the leaf analyses from trees in the nutrient 
solutions.

The extreme high and low values of individual treat­
ments show nitrogen to be the only nutrient-element which 
exceeded the field samoles in both extremes. Calcium and 
magnesium were the only other elements showing values be­
low the range found in the field, yet no symptoms appeared 
during the growing season that would have suggested calcium 
or magnesium deficiency.

A major difference between trees in this experiment 
and field conditions is that the young trees of the experi­
ment were in the vegetative condition, thus eliminating 
the complications of the reproductive phase. Rapid growth, 
characteristic of non-reproduetive fruit trees, could 
cause a dilution in the concentration of certain nutrient- 
elements in the ash, while che nitrogenous constituents 
might remain at a relatively high level. Another factor 
which might have contributed to variations in leaf analysis 
was the fact that 20 per cent of the trees were grown under 
conditions of a pronounced deficiency of nutrient-elements. 
The latter factor alone, however, is not enough to explain



some of the differences that occur between field and nu- 
trient-solution results because field leaf analysis 
averages for calcium and iron are almost equal to the 
maximum values observed in the controlled experiments. Also, 
the field average for phosphorus is higher than any found 
in this sand culture experiment. A third factor contri­
buting to differences in leaf analyses may be the time of 
sampling. In this experiment the leaf samples were taken 
in September, while the field samples were collected in 
July and August. A seasonal curve for leaf analysis values 
has not been worked out for the Montmorency cherry, but as 
the leaves approach senescence there is a migration of cer­
tain nutrient elements from the leaf in other deciduous 
trees (Boynton, Cain, and Compton, IQlpLj.; Murneek and 
Logan, 1932)

The results of these experiments reveal the existence 
of a somewhat more complex situation with respect to the 
effect of light upon leaf composition than has been indi­
cated by previous workers. The absorption of nitrogen was 
increased, in general, by increasing the available supply of 
nitrogen in the nutrient medium up to 4,000 ppm nutrient- 
solution concentration, above which further increases in 
leaf nitrogen were not obtained. Nitrogen was the only 
element that functioned in such a manner with any consistency 
This implies that nitrogen is the dominant factor in In­
organic nutrition of tree fruits (Eeuther, 19.31; Brown, 1943) 
a point which is emphasized further by the close relation
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between nitrogen content of the leaves and growth.
Figure o illustrates that growth is increased with increas­
ing nitrogen until a limiting point is reached beyond which 
further increases in nitrogen content are associated with 
a rapid decrease in growth. Both the rate and extent of 
increase in growth with increasing nitrogen and the point 
at which depression in growth appears are dependent upon 
the incidence of solar energy. Since other nutrient- 
elements in the leaf increased along with nitrogen, it 
cannot be said without reservation that nitrogen was the 
depressing factor on growth. However, Figure 6 shows that 
growth decreased rapidly when leaf nitrogen exceeded 3»25 
per cent in the 100^ 8.R. treatments and 2.9 per cent in 
either of the shaded treatments. No other nutrient- 
element showed this relationship.

The effect of solar radiation upon leaf analysis involves 
fundamental biochemical processes. The data may be classi­
fied into three major groups on the basis of the light in­
tensity to which the trees were first exposed following the 
original initiation of treatments. The nitrogen values 
within these major groups behaved similarly in response to 
subsequent changes in the intensity of solar radiation, 
this behavior being a tendency toward higher leaf nitrogen 
when total solar radiation was increased. The exception to



Figure 6. (Upper) Relationship Between Leaf Nitrogen 
and Dry Weight Increase of Montmorency 
Cherry Trees at Different Intensities of 
Solar Radiation, 1914-9.

(Lower) Relationship Eetween Potassium 
and Magnesium in the Leaves of 
Montmorency Cherry Trees. Average 
Values for the Various Solar Radiation 
Treatments were used (See Table 3).
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this is found in the £0$ S.R. group where those trees 
shifted to 3 0 S.R. had a greater leaf nitrogen content 
than those shifted to 100t S.R. However, leaf nitrogen 
within the two shaded groups may not differ significantly 
just as the dry weight values in the same groups showed 
no significant differences.

There are a number of factors in nitrogen metabolism 
that could affect the leaf composition and from these fac­
tors some conclusions may be drawn as to the cause of dif­
ferences observed in this data. An ample supply of labile 
carbohydrate is essential for normal functioning of pro­
tein metabolism since an active oxidative cycle, in which 
organic acids are formed, is necessary to provide the 
carbon skeleton for amination to form amino acids (Gregory 
and Sen, 1937; Chibnall, 1939). The condensation of amino 
acids to protein (assumed to be the path of protein 
synthesis) is an energy consuming process, and the level of 
carbohydrate supply has been advanced by several physiolo­
gists (Wood, 19ij.2; Paech, 1935) &s being of crime importance 
in regulating the protein level in plants. Prom this, it 
is possible to assume that there are different levels of 
energy requirement for the two processes; amino acid syn­
thesis and condensation of amino acids to protein. Also, 
previous work by Gast (1937)» Mitchell (193)|» 1936), and 
Blackman and Rutter (19̂ 4-9) has indicated that the absolute 
absorption of nitrogen is independent of light supply, al—



though modifications in such a statement must be made, 
especially in cases where growth is increased markedly by 
aoplied nitrogen and the nitrogen is utilized extensively. 
This appears to be true in that group of trees which was 
started in 1QO& S.R. in which protein synthesis apparently 
was taking place actively and the absorbed nitrogen was 
thus being utilized and held in the leaf. When these trees 
were moved to conditions of reduced light, the energy sup­
ply was reduced and some proteolysis may have occurred, 
resulting in the formation of amino acids and amides that 
may be translocated out of the leaf and result in lower 
analysis for leaf nitrogen. This response may occur in the 
fall when the leaves approach senescence, and may be ini­
tiated by the reduced light intensity and shorter days of 
the fall months. Such a response would explain the loss of 
nitrogen from fruit tree leaves as the summer progresses, 
(Boynton, Cain, and Compton, 19M+)« Also, this effect 
would be prematurely induced by lowering the light inten­
sity earlier in the season.

The trees initially at $0% S.R. were in a condition 
in which sufficient energy was available for amino acid 
synthesis, but not enough to maintain a high level of pro­
tein. Consequently, the inorganic nitrogen that was ab­
sorbed was utilized in the synthesis of amino acids and 
amides, the translocation forms of organic nitrogen. How­
ever, sufficient energy was not available for protein
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synthesis, and as a result there was a gradient out of 
the leaves resulting from translocation of the amino acids 
and amides; the final result being reflected in lower 
analysis for leaf nitrogen.

The solar energy received by the trees in 30^ S.R. was 
sufficiently low to impair amino acid and protein synthe­
sis seriously, leading to an accumulation of inorganic 
nitrogen. When solar radiation was increased after a 
period of exposure to 30% S.R and more energy was made 
available, there was an increase in leaf nitrogen which may 
have been due to an increase in the synthesis of organic 
nitrogen compounds.

Either an increase or a decrease in solar radiation 
from the 50% S.R. level would be expected to increase the 
leaf nitrogen, according to this hypothesis, and such was 
observed. An increase in solar radiation should increase 
the synthesis of protein, thus increasing leaf nitrogen, 
whereas, decreased solar radiation should decrease amino 
acid synthesis, thereby decreasing translocation of amino 
acids or amides out of the leaf, resulting in an increase of 
inorganic nitrogen.

The differences resulting from the effects of solar 
radiation are small compared to those due to concentration 
of the nutrient solution, consequently, the equilibrium 
between protein, amino acids and amides, and inorganic 
nitrogen shifts rather readily. Also it must be recognized
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that this experiment did not deal with a constant source 
of energy, because the trees were subjected to the com­
plete range of diurnal, as well as meteorological varia­
tions in solar radiation. Therefore, this experiment was 
a measurement of the resultant of many forces which gave 
the observed leaf analysis figure only because conditions 
were such that a certain portion of the overall series of 
reactions predominated during the period of growth.

The most striking feature of the phosphorus data was 
the increase in phosphorus in the 1 ,0 00 ppm level over that 
at the zero level, but at higher nutrient concentrations 
no definite effect was shown. It is probable that after 
the initial benefit gained from the presence of phosphorus 
in the nutrient medium, the effect of nitrogen (which was 
Increased proportionately in the external solution) pre­
vented the accumulation of phosphorus at higher concentra­
tions. This effect, believed primarily to be anion com­
petition (Boynton, and Compton, 19i|4) was strong enough to 
prevent the phosphorus level from approaching the average 
of values normally found in samples from commercial 
orchards.

Phosphorus was not affected markedly by solar radia­
tion, although there seemed to be a slight tendency towards 
an equilibrium which is well balanced at the S.R. level.
Shifting trees from $Q$> S.R. to 100^ S.R. or to 30'i S.R. 
had no effect upon leaf phosphorusj whereas, decreasing the
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solar radiation on the trees growing in 100& S.R. increased 
the leaf phosphorus, and increasing the solar radiation on 
the trees growing in 30i S.R. also increased the phosphorus 
level. This suggests that optimum conditions for phosphorus 
metabolism occurred at, or near, of full solar radia­
tion. Such an optimum would, most likely, be associated 
with a change in the nature of the earlier stable products 
of the post-photosynthetic reactions as compared with other 
solar radiation conditions. Any change in environment 
toward that condition which is associated with optimum 
would tend to cause an increase in phosphorus metabolized. 
There may have been no accumulation of inorganic phosphate 
at the sub-optimal environmental conditions because of che 
anion competition with nitrate ions.

With the exception of the magnesium present in chloro­
phyll and the association of calcium with pectin in cell 
walls, the three major cations: potassium, calcium, and
magnesium, are not combined in major organic compounds. The 
three cations may be classified together as translocation 
regulators, but their specific functions are only imperfect­
ly understood. In their functioning as translocation 
regulators they appear to be very closely related with 
each other and should therefore, be treated as a unit.

The complexities of the inter-relationships among the 
three elements (K, Mg, Ca) have never been fully understood. 
While certain relationships can be seen in an examination
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of the data, strxc b i^eIsb -to.risn.i'os cio not I - . “ £ hold, true.
In order to obtain more consistent relationships between 
these nutrient-elements an analysis for certain fractions 
of the total cation content, water soluble, for instance, 
would aprear to be more desirable because of their physio­
logical function.

One of the general relationships which may be pointed 
out as obviously being a result of cation balance was the 
trend towards decreasing magnesium with increasing nu­
trient concentration. This was not related specifically to 
any other trend among the cations, although potassium 
showed, in general, an increase with Increasing concentra­
tions of the nutx>ient solution. An exception to this was 
the consistently high potassium value observed at 1,000  

ppm external concentration, which may be, in turn, a re­
sponse to variations of other elements.

Within each of the three major solar radiation groups 
there was a strong tendency for calcium concentration to be 
inversely correlated with dry weight increase. Thus the 
minimum calcium content coincided with, or was close to, 
the nutrient concentration at which maximum dry weight in­
crease was obtained, within the group of treatments that 
started with the same initial solar radiation treatment.
This observation indicates that calcium absorption may have 
been relatively constant with respect to external concentra­
tion with the observed differences being due to dilution



by increased growth. Thus, although calcium was absorbed 
about equally in all nutrient concentrations, the nu­
trient level influenced calcium content in the leaf through 
an effect on growth.

Somewhat more orderly responses to variations in solar 
radiation were observed among these three cations. Calcium 
was not decidedly affected by shifting, but the intensity 
of solar radiation in the original exposure had the def­
inite effect of decreasing calcium content with decreasing 
light. Crystals of calcium oxalate are commonly observed 
in many plant species and tissues, and are located char­
acteristically in the palisade mesophv11 of fruit tree 
leaves. The function of calcium in such cases is considered 
to be that of removal of toxic products of metabolism. Con­
ceivably, in the 100% S.E., where metabolism would be the 
most active, toxic products would be most prevalent and 
more calcium would be required for their removal. If such 
a mechanism were in operation, the calcium content of the 
leaves measured spectrographically would be roughly pro­
portional to the metabolic activity of the leaves and dif­
ferences would be aue to the formation of crystals, the re­
mainder of the calcium being relatively constant with re­
spect to solar radiation. Such insoluble by-products would 
be affected only slightly by changes in intensity of solar 
radiation, and would prevent an silteration of the initial 
intensity of solar radiation from inducing a variation in
calcium content.
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The changes in magnesium content in relation to de­
creasing light intensity may be, in a large nart, asso­
ciated with the behavior of chlorophyll in reduced light.
In all three major groups of intensity of solar radiation 
shifting resulted in changes in the magnesium content which 
were qualitatively related directly to the light intensity. 
The same observations are true for the comparisons among 
the major light groups except that there was another fac­
tor affecting the magnesium content in the 30:.- S.R. group 
to result in the high values observed. Here, again, 
cation balance may be the effective factor because of the 
close relationship between potassium and magnesium shown in 
Figure 6 . The relationship shown in Figure 6 applies only 
to variations induced by solar radiation because effects of 
changes in the concentration of the nutrient solution are 
averaged. When potassium and magnesium are increased in 
external concentration, this balanced relationship does not 
hold as closely. This is evidence in favor of a physio­
logical balance being the causative factor in the relation­
ship between the two elements.

The characteristic feature of the response of potassium 
to solar radiation changes was the relatively large in­
crease in leaf potassium when the trees were shifted into 
30h S.R. from either 100$ S.R. or 50$ S.R. There was no 
change In leaf potassium when the trees were shilted Into
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higher intensities of solar radiation. The balanced re­
lationship with magnesium as conditioned by solar radia­
tion appears to be the determining factor.

Iron in the leaf showed no consistent response to in­
creased concentration of the nutrient solution, but did in­
crease with decreasing intensity of solar radiation. This 
increase may have been due to an increasing demand for iron 
in the synthesis of leaf pigments. There was no question 
but that changes in the pigmentation occurred rapidly in 
the shaded trees. Within seventy-two hours the color of the 
leaves on the trees,shifted from sun to shade, had changed 
from a bright green to a definite blue-green. Increased 
iron mobilization may have been associated with decreased 
solar radiation to compensate for a reduced capacity for 
pigment synthesis. This could have resulted in a change in 
the nature of the pigments as was observed in the change in 
leaf color.

Manganese proved to be a dominant ion with respect to 
nutrient-element balance in that it showed a general trend 
of Increasing in the leaf as the concentration of the nu­
trient solution was increased. Manganese may have exerted 
a suppressive effect on the absorption of iron comparable 
to that of nitrogen upon phosphorus. The effect of solar 
radiation upon manganese content was directly the inverse 
of the effect of solar radiation upon nitrogen. Becent 
work by Schroder, Blue and Albrecht (191+8) has shown
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manganese to be associated with nitrogen metabolism in 
some way, in that increased amino acid synthesis was asso­
ciated with increased manganese. Other work has shown the 
action of manganese in catalyzing the reduction of nitrates 
(Jones, Shepardson, and Peters, 191+9; Arnon, 1937). The 
higher manganese content in the leaf, where solar radia­
tion is lower, may act as partial compensation for a reduc­
tion in amino acid synthesis or in nitrate reduction.

Leaf Analysis--1950 
A study of the leaf composition values for the 1950 

results requires a different line of reasoning than the 
191+9 results. Two apparent reasons for this are: the rela­
tively short periods of exposure early in the season to sun 
or to shade which were used in 1950, as compared with con­
stant full sun in the early phases of the 191+9 experiment; 
and the extreme differences in temperature and growth be­
tween the two years. (See Appendix Table 3)

In 1950 the leaf nitrogen was nearly Identical for 
treatments involving shade or sun for the whole season. The 
depressing effect on nitrogen by an early season exposure 
to either sun or shade followed by constant conditions for 
the remainder of the season was also nearly identical in 
either case. This suggests that a mechanism for nitrogen 
metabolism is established early in the growth of the shoot 
and is in some manner determined by the light intensity.
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Any change in light intensity during the developmental 
period may disrupt the enzymatic system in seme way, caus­
ing a reduction in the ultimate level of leaf nitrogen. 
During the cool summer of 1950, the rate of metabolism was 
relatively low, as evidenced by the low dry weight accumu­
lation in the most productive treatment. Therefore, funda­
mental changes in the metabolic mechanism due to changes in 
light intensity would be expected to have a relatively 
rapid effect upon leaf composition.

The effect of increasing the concentration of the nu­
trient solution was very much the same, qualitatively, in 
1950 as in 191+9, although the 1950 averages were generally 
lower than the 19I4.9 averages. Generalizations concern­
ing the effect of solar radiation upon leaf composition 
for the rest of the 1950 data appear to be the same for one 
element as for another, with the exception of manganese 
which was unaffected by solar radiation.

Under the conditions of the cool summer of 1950 with 
normal solar radiation, it was possible to repeat the 
observations of the previous investigators who reported 
increases in percentage content of nutrient-elements due to 
shading; an effect which was generally agreed to be a matter 
of dilution, with absorption relatively unaffected. This 
appeared to be true where the environmental conditions 
were somewhat less than optimum for the plant species under 
investigation. Under conditions more favorable for rapid a
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metabolism the plant must have increased demands for cer­
tain nutrient-elements, and because of a more active 
metabolism the plant would be capable of increased absorp­
tion and cause the large and irregular responses noted in 
the 19ij-9 data.

There was considerable uniformity of response among the 
several nutrient elements to changes in the solar radia­
tions and the indices of nutritional intensity and deviation 
from balance showed some clear trends. The index of nutri­
tional intensity indicates that as short a period of ex­
posure to full sun as half a week after the initiation of 
terminal growth may be sufficient to cause a reduction in 
the intensity of nutrition in the leaf. This reduction in 
nutritional intensity tended to be continuously greater as 
the initial light exposure became longer. Apparently very 
little increase in intensity of nutrition was induced by 
the initial shading period, because no marked differences 
were observed until the shade period was longer than eight 
weeks. Two conclusions may be drawn from this observation: 
one, the effect on nutritional intensity is directly due to 
solar radiation rather than a negative effect due to a 
lack of solar radiation; and the other, dilution of nu- 
trient-elements by growth is not the complete explanation. 
The data suggest that solar radiation has a profound and 
lasting influence in the early phases of growth, upon the
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enzymatic constitution of the shoot or affects some other 
stable factor that influences nutrient absorption over a 
long oeriod of time.

The index of balance deviations showed no effect of so­
lar radiation. The balance of nutrient-elements in the 
leaves of trees grown in the shade for the full season was 
farthest removed from, the standard, while the balance of 
nutrient-elements closest to the standard was found in 
those treatments which were in shade half the season and in 
sun half the season. This indicates that at either ex­
treme, a full season of either sun or shade, the index of 
balance deviations is increased. This disturbance of bal­
ance, which is associated with a high positive index of 
nutritional intensity in the shaded treatments, and with a 
high negative index of nutritional intensity in the treat­
ments receiving full sun, is apparently reduced most at the 
mid-point between the two extremes where the opposing forces 
have a tendency to cancel each other.

Growth
Terminal Growth.

The first manifestation of growth in the deciduous 
trees is the spring flush of shoot growth. Because of the 
nerennial nature of the plant, the initial phase of ter­
minal growth is largely determined by the lood and nutrient- 
element reserves of the previous year (Harley, et. al., 19^9)



and the temperature of the current year. In 19lj.9, three 
weeks elapsed after planting before any treatments were 
initiated, yet, during this period very pronounced dif­
ferences, which were highly significant statistically, ap­
peared in the terminal growth. Since growing conditions 
were identical for all trees, the nature of the individual 
trees was responsible for the initial differences. Because 
of the differences in initial growth, the final terminal 
growth values were adjusted by covariance on the basis of 
the initial growth. The results still showed terminal 
growth of the full sun treatments to be higher than that of 
the shaded treatments. This was in direct contrast to 19^0 
when treatments began at planting time and shaded trees 
grew more than the non-shaded trees. This comparison sug­
gests that under the warmer conditions of 19̂ 4-9 (Appendix 
Table 3) the energy from the available stored food was the 
determining factor in the initial phases of growth, but 
that later the supply of newly elaborated food materials was 
the limiting factor. Interactions between temperature, 
especially night temperature, and light intensity have been 
demonstrated by Went (194^)» who felt that the effects of 
temperature on translocation were of primary importance.
The dry weight data in this paper indicates a linking of 
respiration with this effect of temperature. The organic 
compounds available for ready translocation may be con­
sidered, also, to be those which are readily available as



respiratory substrates. Wherever living cells are involved 
in the translocation process these compounds may be sub­
jected to the attack of the respiratory enzymes, and if 
conditions conducive to a high rate of respiration exist, 
then the net result would be, not only a decreased net trans 
location, but also a decrease in total dry weight. Blackman 
and Wilson (1950) have reported that half to two-thirds of 
the material translocated toward the roots is lost in res­
piration. This concept may be applied In reverse to the 
terminal growth data. Since the 191+9 season had an average 
mean daily temperature of six degrees higher than 1950* the 
respiration rate would be higher in 191+9 » and the ultimate 
limiting factor in 191+9 would be food supply. Associated 
with the rate of respiration was the final cessation of 
terminal growth which was preceded by a few hot days, indi­
cating that growth stopped when food supply became limited. 
The trees that received more light produced enough food to 
continue growing a little longer than trees that were shaded 
Hormonal control appeared to be of relatively little im­
portance because the trees were all started together under 
high light conditions, and were all depressed equally. The 
stimulation resulting from shifting into shade after growth 
had started was insufficient to over-balance the food 
deficiency. The 1950 data, where food supply was not a 
limiting factor and control of terminal growth appeared to 
be exerted by hormone inactivation, showed less effect due



to shifting trees from sun into shade than from shifting 
trees from shade into sun. following this observation, the 
effect of shading in 191+9 could not be expected to have 
much effect on terminal growth because of the long initial 
period of full sun.

In 1950 temperatures were warm enough for mobilization 
of stored products, yet cool enough to permit translocation 
to the growing regions without excessive losses due to res­
piration. Under these conditions a direct relationship was 
observed between length of shade period and amount of ter­
minal growth without the complicating effect of a uniform 
initial period of full sun. The photo-oxidation of growth 
regulators, or an effect of light on some other factor 
(G-alston, and Hand, I9I4.9 )» may provide an adequate explana­
tion of this relationship. An examination of Figure 5 shows 
that the trees which were started in the shade were re­
markably uniform in growth until they were transferred to 
full sun conditions. The rate of growth was retarded imme­
diately following the transfer to full sun.

The exposure of the trees to a short light period, or 
until the average shoot length was 2 -3 centimeters, appar­
ently caused a sufficient inactivation of the hormonal 
system, or perhaps of its precursors, to result in a highly 
significant depression of growth as compared to trees that 
were shaded throughout the period of shoot growth.



Applications of this concept to an explanation of 
known responses of trees growing in the field must be based 
on an assumption that different conditions are optimum at 
different stages of growth. Shoot growth of cherry trees 
takes place in the spring and early summer months when 
temperatures are relatively low, especially in the fruit- 
districts of Michigan, a condition which happened to prevail 
during the 1950 experiment, but which did not exist in 194-9 • 
Moderate temperatures, plus reduced light seem to be opti­
mum for shoot growth on the cherry. An examination of the 
average conditions with respect to these factors shows 
that the climate in Michigan provides a long period of cool 
weather and cloudy skies in the fruit belt during an aver­
age spring. The effect of Lake Michigan, which has not 
warmed up from the winter freeze by May, is to cool the air 
and simultaneously produce the cloud cover that causes the 
spring plateaus in the solar radiation curve for Michigan 
(Crabb, 1951). These conditions appear to be ideal for the 
production of a maximum leaf area by means of increased 
shoot growth. With the establishment of a large leaf area 
the tree would be more capable of maximum photosynthetic 
activity during the warmer months of midsummer.

Although the dominant factor may be that of climate, 
nutrition also has an effect that was expressed during both 
years by reduced growth when no nutrients were added.
Figure 5 shows that growth started normally on stored re-



serves regardless of nutrient level, but without the addi­
tion of nutrient-elements, one or more nutrients soon be­
came limiting, and the growth rate decreased and finally 
stonped earlier than did those trees supplied with nutrients. 
Obviously those trees in which nutrient supply became limit­
ing early enough in the season to limit shoot growth, would 
continue to suffer from nutrient deficiencies and reduced 
leaf area throughout the summer, if climatic conditions 
were not limiting.

Dry Weight.
In the final analysis the net production of dry weight 

is probably the best expression of the efficiency of a 
plant, especially in young, non-bearing trees, which make 
fruit yield records impossible. Dry weight production 
represents the net result of all the factors which con­
tribute to the growth of the plant, and, where the hazards 
of fruit setting are not present, is correlated with poten­
tial yield. Here, again, the fundamental difference be­
tween results of 191+9 and 1950 was that production in 191+9 
was twice that of 1950 for the full sun treatment. In 191+9 
there was a large beneficial effect from the addition of 
1,000 ppm and 2 ,000 ppm nutrient solutions in full sun but 
a depression by higher levels. On the other hand, at 50$
S.R. trees given 1,000 ppm produced only slightly more dry 
weight than where no nutrients were added, and at 30$ S.R.



the zero level produced the best growth, with decreased 
growth at all the higher levels.

Dry weight increase may be considered to measure the 
net result of the opoosing mechanisms of photosynthesis and 
respiration. Unquestionably the rate of photosynthesis 
would be decreased by heavy shading. There may be some 
question, however, as to whether or not there is a maximum 
light intensity, within the limits of solar radiation re­
ceived at the surface of the earth on a bright day, at which 
photosynthesis is a maximum for tree fruits. Maximum light 
intensities have been recorded for other plants, especial­
ly those ecologically adapted to shaded conditions under a 
forest cover. Eeinicke and Hoffman (1933) found that maxi­
mum carbon dioxide assimilation by apple leaves could not be 
expected at light intensities lower than 1200 foot candles. 
This implies that apple trees may be expected to increase 
production with increasing solar radiation throughout the 
range of values associated with full sun since a large por­
tion of the leaves of a mature tree do not receive direct 
sunlight for a full season. This point is amplified by the 
occurrence of higher yields in the orchards in Western 
United States which grow under higher light intensities than 
the orchards in hastern United States.

An examination of the data for the non-fertilized 
treatments, where no depressing effect of high nutrient 
level would be involved, shows that increasing the solar



radiation increased the net accumulation of dry weight until 
the trees received the full intensity of solar radiation. 
This indicates that under Michigan conditions photosynthesis 
does not progress at a maximum possible rate.

In opposition to photosynthesis there is a breakdown of 
products of respiration which is increased markedly by the 
two factors: salt concentration and temperature (Steward,
et. al., 19l+0j Woodford and Gregory, I9J4.8 ). The beneficial 
effects of added nutrients were observed only within cer­
tain limits which depended on the solar radiation. With 
nutrient concentrations above that particular optimum for 
the given solar radiation Intensity a very definite depres­
sion in growth was observed with increasing nutrient solu­
tion concentration. This may have been associated with the 
increase in respiration caused by the high salt concentra­
tion which consumed the elaborated food materials faster 
than they would be replaced by photosynthesis, and in cer­
tain cases, faster than could be tolerated by a living 
plant. Such a case was demonstrated in the 8,000 ppm treat­
ments in either shade condition. Most of these dropped all 
their leaves and died. Trees at the 8,000 ppm level which 
were in 100# S.E. grew well until moved into the shade 
where a sharp necrosis developed and the leaves dropped.

These data suggests a relationship in which the final 
controlling factor in determining the dry weight would be a 
balance between photosynthesis and respiration, with photo­



synthesis being dominant on the ascending portion of the 
growth curve, and respiration being dominant on the descend­
ing portion. In the full sun, increasing nutrient supply 
increased photosynthesis by means of increased leaf area and 
more efficient utilization of the leaf area available. Simul­
taneously, there was a rapidly Increasing effect of salt con­
centration in stimulating respiration. At some external 
concentration of the nutrient solution, above 2,000 ppm, the 
respiration rate was sufficiently high to prevent any fur­
ther benefits from increased photosynohetic efficiency due 
to increased nutrient supply. When the rate of photosyn­
thesis was reduced by shading, this compensation point, where 
no further benefit was realized by increasing soil fertility, 
was reached at a much lower concentration of nutrients.
This response was demonstrated by the peak of dry weight 
production at 1,000 ppm in the 50% S.P. treatments and at 
zero ppm in the 30% S.R. treatments.

Additional evidence in favor of this hypothesis is the 
shoot/root ratio. The data from the full sun treatments 
showed, very adequately, the relationship between the root 
portion and shoot portion under conditions of increased 
salt concentration. There w&s a steady increase of the 
shoot weight as compared to the root weight. On the ascend­
ing portion of the curve, there was a gain in root weight 
as well as In shoot weight, but the Increases were not as 
great for the root as for the shoots. Respiration is in­



creased by high salt concentrations (Steward et. al., 19l|_0), 
and since the root must depend upon translocated food 
materials for dry matter the increase in respiration asso­
ciated with high salt concentration would reduce root growth* 
Since the roots have a less direct source of new organic 
material than does the shoot, the effect of respiration 
would be relatively greater on the roots. This effect was 
most noticeable at the i).9000 ppm level where root growth 
suffered a very large decrease relative to the 2,000 ppm 
level, while shoot growth was affected only slightly.

The effect of shifting the trees from one light inten­
sity to another was significantly effective only in those 
treatments which were first in 100$ S.R. The trees in 100$ 
S.R. that were transferred to lower light intensities showed 
reductions in dry weight caused by reduced photosynthesis 
and leaf necrosis and defoliation at the higher salt con­
centration which were mentioned previously. On the other 
hand, moving trees from reduced solar radiation to full 
solar radiation did not result in any increase in dry weight. 
This implies that the photosynthetic mechanism was the 
limiting factor in the leaves that had developed under con­
ditions of reduced solar radiation. Perhaps the develop­
ment of chlorophyll was limited by the lack of sufficient 
solar energy. At the time of shifting to higher light in­
tensity the mechanism for the new synthesis of chlorophyll 
may have degenerated in the aging leaf and consequently there 
was no response to the benefits of additional solar radiation.
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The results of the 1950 experiment were in contrast to 
the above. In 1950 there were responses to both light in­
tensity and concentration of nutrient solution, but there 
was no interaction between light intensity and concentration 
of nutrient solution. The unadjusted values for dry weight 
followed the same pattern as the terminal growth, and were 
apparently heavily influenced by the terminal growth. The 
extent of this influence was brought out by the results of 
covariance which caused a reversal of order of dry weights 
with respect to the effect of solar radiation. The bene­
ficial effects from increased concentration of the nutrient 
solution were eliminated. By this adjustment solar radia­
tion was shown to have a slight effect in increasing the 
efficiency of photosynthesis. ^he relatively small dry 
weight increase in 1950 (the order of magnitude of the 30% 
S.R. series in 191+9 > and showing a similar response), indi­
cates that a relatively low rate of photosynthesis was asso­
ciated with the cooler temperatures that prevailed through­
out the summer of 1950. The difference between the 30% S.R. 
treatments in 191+9 and the 1950 treatments was that in 191+9 
the higher nutrient levels in combination with the higher 
temperatures caused a sharp reduction in the dry weight in­
crease, while in 1950 the reductions were relatively minor 
at the ij.,000 ppm nutrient level. The lower temperature in 
1950 resulted in a decreased rate of respiration for a
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given nutrient concentration, a result confirming the work 
of Magistad, et. al., (19i|3) on the relationship between 
salt concentration and temperature.

The whole growth picture demonstrates the highly in­
volved nature of the multiple-factor complex which governs 
the growth and well-being of the plant. These experiments 
illustrate that not only concentration of the nutrient solu­
tion, solar radiation, and temperature affect the life pro­
cesses of the plant, but that the requirements of the plant 
with respect to these factors is very different during dif­
ferent phases of growth. The question of the phase of 
growth being followed is so important that a set of condi­
tions highly favorable for one phase may actually be detri­
mental in some subsequent phase. These points were brought 
out in work with strictly vegetative plants, and it is to be 
assumed that when the reproductive cycle is brought into the 
equilibrium the situation will become even more complex. 
Also, some of the discrepancies that seem to appear in the 
literature may be satisfactorily resolved if these points 
are considered.

I



Summary

One-year-old Montmorency cherry trees were grown in sand 
culture under varying conditions of solar radiation and nu­
trient solution concentrations during two seasons: 19I49,
and 1950. Leaf analyses and growth records were collected 
and their relationships to each other and to the treatments 
were discussed.

Leaf analysis values for the individual elements did 
not increase proportionately with the concentration of the 
nutrient solution. Nitrogen and manganese values increased 
in proportion to the nutrient solution concentration, but 
the magnesium content decreased as the nutrient solution 
concentration was increased. Leaf phosphorus, potassium, 
calcium, and iron shewed an irregular relationship with 
nutrient solution concentration, indicating that the absorp­
tion of phosphorus, potassium, calcium, magnesium, and iron 
was more dependent upon the physiological relationships 
among the nutrients than upon the absolute concentration of 
the element in the external solution.

Marked differences in leaf analysis were induced by 
differences in solar radiation. These differences were of 
a complex nature and were influenced by other factors, such 
as temperature, so that the responses of one year could not 
be repeated in a succeeding year. On the basis of our 
present knowledge, prediction of the effect of solar radia­
tion upon leaf composition probably would not be successful.
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Leaf nitrogen showed a close relationship with growth 
responses. Very marked depression of growth was associated 
with leaf nitrogen greater than 3*5%, in the full sun in 
19i|9. At 30^ S.R. and 50'■ S.R. depressions in growth oc­
curred with leaf nitrogen contents higher than 2.9'̂ . There 
was no apparent relationship between the absorption of the 
other nutrient-elements and growth, as affected by solar 
radiation and nutrient solution intensity.

A close negative relationship was observed between the 
potassium and magnesium leaf analyses. This relationship 
was associated with changes in leaf composition caused by 
differences in solar radiation rather than with the changes 
caused by differences in the concentration of the nutrient 
solution.

The relationship between leaf analysis and the nutrient 
solution and solar radiation treatments was different in 
1949 from 1950. This difference appears to be associated 
with temperature more than solar radiation.

The conditions most favorable for the growth of 
Montmorency cherry trees vary in regard to the measurement 
of growth as follows:

a. Terminal growth is favored by moderate temperatures 
and low light conditions.
b. Increase in dry weight is the greatest with warm 
temperatures and full intensity of solar radiation.

1
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c. Reduced solar radiation failed to stimulate terminal 
growth when storage reserves had been used in shoot 
growth prior to reducing solar radiation.
d. Higher concentrations of nutrient solutions were more 
toxic at higher temperatures and reduced solar radiation. 
With normal solar radiation and warm temperatures (condi­
tions favoring dry weight increase) a total salt concen­
tration of 2,000 ppm resulted in maximum dry weight in­
crease. Reduction of the solar radiation to re­
sulted in maximum dry weight increase at a total salt 
concentration of 1,000 ppm, and at 30t S.R. the best 
growth was observed when no nutrients were added.
Trees growing in high solar radiation are more capable 

of utilizing higher intensities of nutrient elements than 
are trees growing in reduced solar radiation. However, in 
order to produce a given amount of dry matter it is more 
important that the trees have optimum conditions of nutri­
tion where solar radiation is relatively low than where 
solar radiation is high.
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Appendix Table 1. Sample Calculation of Index of Nutrient
Intensity and Index of Balance 

Deviations

Nutrient
element (1) (2) (3) (k)

N 2 .8 1 l.?8 -27 16
P .186 .16 -14 3
K l.k2 1.18 -17 6

Ca 1.35 1.30 - k 7
Mg .72 COCO• +22 33
Fe .020 .020 0 11
Mn .010 .007 -30 19

Explanation of Calculations:
Column 1— Values selected for standard or optimum.

Standard for all calculations is the average of 
all 1949 treatments.

Column 2--Leaf analysis for individual sample or treatment.
Column 3--Values obtained by dividing figures of Column 1 

into Column 2, determining algebraic deviations 
of the quotients from 1.00 and expressing as 
per cent.

Column i|.— Values obtained by determining deviations of
figures in Column 3 from the average value for 
all the figures in Column 3» Algebraic sign is 
not used.

Index of Nutrient Intensity— An average of the values in 
Column 3. Represents average deviation from 
standard or optimum. Values nearer zero represent 
conditions near optimum or standard.

Index of Nutrient-element Balance Deviation— Sum of values 
in Column I}.. Low values represent better balance 
of nutrient-elements.



Appendix Table 2. Weight of Root and Top Growth as Affected by Concentration of
Nutrient Solution and by Solar Radiation, 19 49

Solar Concentration of Nutrient Solution
radiation 0 1,000 2, 000 ill 000 8,000Initial Final Root Shoot Root Shoot Root Shoot Root Shoot Root Shoo
100#
100#
100#

100#
50#
30

58.ii
55.8
58.8

34-0 
33.935-6

66.3
5ii.i59.6

44*5
ii3.ii49.0

76.3 
58.ii
61.3

60.9
118.9 
59.1

56.0 
it-6.5
52.3

57.548.0
ll7.1

37.346.6
38.2

37.3
36.7
32.2

o 
o 
o 

u\ix\ir\

50#
30#
100#

50.5 38.8
45.6

32.8 
26.8 
29.0

ilO.l
38.3
37*7

29.733.0
2ii.9

27.732.2
33.1

23.9 2ii.0
20.9

33.6
30.8
36.ii

28.8
2ii.7
27.9

3ii.8
29.1
27.1

28.0 
16.6 
11.3

o 
o 
o

30#
100#

50#
39.ii36.2
32.0

25 .0
2k.O
22.2

35.6
il0.9
36.4

26.1
25.0
29.9

33.137.6
31.ii

26.0
31.1
25.i+

3ii.O
32.5
25.9

27.7
22.5
31.2

27.1
33.1
27.3

16.522,0
16.7



Appendix Table 3* Weekly Average of Daily Mean Tempera­
tures (Degrees Fahrenheit) and Solar 
Radiation (gm. cal./sq. cm./week)*

Week Ending Temperature 
19*4-9 1950

Solar
19*4.9

radiation
- “ 193s ’

June 2 59 60
9 61 65 568.6 573.0
16 70 67 279.1 *4-6*4-. 5
23 72 62 *4-57.1 U23-7
30 76 67 *4-17.9 52*|..6

July 7 78 62 383.9 533.lt
Ik 69 68 *4-15.3 572.9
21 70 67 ijll-O.O *4-03-*+
28 75 6$ *4-17.0 503.8

Aug. *+ 67 67 *4.10.5 *+28.5
11 7k 67 351.6 *1-93.8
18 70 65 *4.02.5 *+*+8.2
25 6*4 61). *4.08.9 i+28.1

Sept. 1 65 68 251.7 2*|.9. *+
8 60 59 291.1 *4.26.7


