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INTRODUCTION

The culture of $ung (Alevrites fordii Hemsl.) in the United States ip
restricted by climatic requirernent to the Coastal Plain of the South-
eastern Btates. Much of this region is characterized by sandy, water-
deposited solls of low base-exchange capacity that are subjected to
extensive leaching by heavy rainfall.  Consequently, many of these soils
are low in plast nutrients, especially certain of the leavy metals, or the
so-called minor elements. Because of these comditions and because the
tung tree bas u high mineral-nutrient requirement, it was expected that
nutritional problems would be a major fsctor in tung production.
Experience has borne cut this expectation,

1t was realiszed that any research program which was to serve ade-
quately the developing tung industey must include studies to determine
efficient and reliable means ol diagnosing and correching unbalanced
nutritional gonditions.  Though knowledge of nutritional reqguirements
1s to be applied to plants grown in soil, it i believed that the funda-
mental inlprmation cun be obtained most readily by solution oy sund
cultures whercin careful control of the plant nutrients can be maintained,
Sand-culture studies, therefore, were included among the first projects
started when the Department of Agriculture inaugurated research on
bung in 1938, As facilities were not available al tung laboratorics estab-
lished ip the South, this work was carred out in a greenhouse at the
Plant Indusiry Station, Beltsville, Md.

The principal objectives of these studies have boeen:

1. To determine the effects of varving levels of supply of individual
nutrient loss and varring combinations of levels of a number of
foms on plant growth and the symptoms of nutritional disorder
expressed.

2. To determine the relations between nutrient supply and inineral
eomposition of leaves.

3, To attemopt 1o correlate plant growth or the symptoms of unbal-
anced nutrition with leal composition,

This bulletin presents the resulls of a sand-culture experiment car-
ried out during the growing season o[ 1945, The experiment was designed
to determine the efiects of varying ratios of calcium, magnesium, and
potassium in the nutrient supply on plant growth and ieal composition.

The interactions that oceur belween the eations——cxicium, magnesium,
and potassiun—uwith respect to their eficets on the growth of plants and
on the absorption and accumulation of each by the plant have received
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the attention of numerous Investigators. There is still, however, much
apparent disagreement among the various workers in the field of both
plant physiology and soil chemistry regarding the behavior of these
elements. In order to establish fundamental principles and to clarify the
widely accepted use of follar analysis as a means of determining the
vufritional status and fertilizer requirements of crops, it is important
that a better understanding of the relationships between these, as well
as the other nutrient elements, be gained.

MATERTALS AND METHODS
SOURCE 0¥ PLANT MATERIAL

In these experiments seedling plants were used that were grown from
the seeds of a single, open-pollinated tree designated as Florida 551. Tn
the absence of established clonal varisties of tung at the time this experi-
ment was undertaken, such a procedure was considered the most satis-
factory means of obtaining relatively uniform trees.

The seeds were soaked in u 1-pereent solution of Morpholine for 48
hours, in order to aitain {aster and more uniform germi-atien (25)3
and planted in quartz sand covercd with sphagnum moss in a greenbouse
bed at Beltsville, Md., Mareh 2, 1945,

Tung seedlings, after producing four or five leaves, go into a period of
apparent inactivity resembling rest, which lasts about 6 weeks. During
this period theve is practically no growth. The scedlings were allowed to
go through this period before being transplanted into erocks containing
sand preparatery to beginning differential nutritional treatment.

Sanp-Crrture Mersons

The sand-culture technique was emploved in these experiments, he-
causce the eonditions provided by such 2 medium more nearly approxi-
mate those of the =01l than do those presented by the solution-culture
methods. The requirements of the tung tree for physieal support also
made solution culture impracticable.

Many of the variations of the sand-culture mechod used and deseribed
have been concerned primarily with different means of supplyving the
nutrient solution. Bach variation ix credited with cortain meprits that
recommentd it for use with a particular plant or for the soludion of certain
types of nutritional problems. A study of the literature, however, shows
that insufficient consideration has been given to the physical eharac-
teristies of the sand used.  This is partieularly unfortunate, as the ajr-
holding capacity and permeability of the sand used are often limiting
factors in the absorption of nutrients and in the growth of many plants
that are particularly semsitive to conditions of poor aeration in the
substrate,

Preliminary experiments with tung trees in rand culture using Berkeley
Springs No. 1 glass sand produced trees showing severe syraptoms of
paor aeration.  Therefore, it scemed advisable to eompare the physical
propertics of three of the grades of eand available from a commercial
company in an altempt to find a gndtable mediura Tor use in Nuture work,

*Halic pumbers in parenlheses vefer {0 Titerture Cited, i 50,
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TaBLE 1.—-Percentage of sand of various particle sizes in 8 commercial
grades of Berkeley Springs glass sand

Percentape of sand retained on sicve of—
Natiopal Buresu
of Standards

sieve No. 8-miesh F Ne, 1
grade grade grade

Pereent Fervent Percent
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The data in table 1 show the differences in the pereentages of the dif-
ferent particle sizes in the three sands exanined. Data on the perme-
ability of the same sands uader a number of diffierent conditions of
moisture (table 2}, the percentage of moisture at saturation, and the
volume of air held in 33 pounds of each sand at saturation in 3-gatlon
glazed crocks (table 3) were obtained.

From these data it seemed probable that the No. 1 sand has an air-
holding capacity and permeability too low to provide an adequate oxy-
gen supply and an exchange of atmosphere rapid enough to support

TasLe 2—Permeability of 3 grades of Berkeley Springs glass send’
under different moisture conditions

Permeability of sandt

Condition of saund !
E-mesh Ir ! No. ]
grade pratle grade

. 2,450 402 | 163
d-percent moisture. ... .. L, 2,456 1,060 i 358
Saturated 38 0 0
Saturated and then drained —
For § minutes e Ta
For 10 minwles. .. ... ..., 12
Fosr 15 minutes 142
For 20 minutes. . ... .. e 193
For 30 minutes., ..., ... ... .. 219

[
)
[
!
i
i
',
t
1

* Expressed ng cuble conlimelers of nir passing pee wiinute through a specimen of
1 ce. in volume under a pressure of 1 g, por square cenlimeter.
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TasLe 3.~—Percentage of moisture at saturation’ and volume of air in

saturated sand in 3-gallon glazed crocke conlaining the indicated

' 0 guantities and grodes of sand and with drainage holes covered with
the indicated materials .

Volume of aic
per crock ol
saturated sand

Grade of sand Material covering Moisture
and quantity drainage hole at saturation

Percent Ce.

No. 1, 33 Ib Mineral wool 26.7 100
Na. 1,25 1b Screen® + 10 lb. pes 21.1 100
gravel.
F, 31 b Screen? 4 2 I, 8 13.3 1,600
niesh sand.
8-mesh, 33 Ib i Seruen? 9.4 2,675

*The moisture content of the sand was brought fo saturation by adding water
while stirring; expressed as grams (percent) of water per ¥ pro. of dry sand.

?16-mesh bromze wive sereen, couted with one coat of +ed lend paint and two
coats ol asphalt varnish.

normal plant growth, especially for pilants having a high rate of root
respiration.

The 8-mesh sand provided the oppoesite conditions of air-holding
capacity and permeability, having sueh a high air-holding capacity and
permeability as to preclude the maintenance of an adequate moisture
supply for normal plant growth. The characterizties of the F-grade sand
were found to be intermediate hetween those of the Wo. 1 and 8-mesh
zands.

In addition to the study of the physical properties of these sands, an
experiment was also carvied out to defermine the response of tung seed-
lings under identical nutritional conditions to the three grades of sand in
crocks provided with different means of covering the drainage holes.
The results were such as would be expected on the hasis of the pre-
viously obtained information, No. 1 sand provided inadequate aeration,
regardless of the aftempted improvements in drainage, and the 8-mesh
sand was ineapable of holding sufficient moisture to provide for the re-
quirements of the trees without too frequent application of solutions.
The F-grade sand, though having only a 13.3-percent moisture-holding
capacity at saturation as compared tn 26.7-percent for the No. 1 sand,
permitted the retention of 1,600 ve. of air per 31 pounds of F sand and
2 pounds of 8-mesh sand at saturation as compared with only 100 cc.
per 33 pounds for the Xo. 1 sand. Nevertheless, the moisture-bolding
capacity of the F sand was adequate to supply moisture to even large
tung trees (4 fo 6 feet tall) when supplied with 1,800 ml. of nutrient
solution every other day. At the same time, however, its air-holding
capacity and permeability were sufficient to afford adequate initial
acration and rapid enough atmospheric exchange to produce normal root
development and prevent the appearance of svmptoms of poor aeration
on the leaves or routs.

{On the basis of this informatinn the following procedure was used in
the experiments herein reported.
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The plants were grown in 3-gallon glazed crocks, each equipped with
a side drainage hole three-quarters of an ineh in diameter. The drainage
hole was covered with 16-miesh bronze wire sereen coated with one coat
of red lead paint and two coats of asphalt varnish. In subsequent experi-
ments, plastic screen has been used. {Yver this sereen was plared 2 pounds
of Berkeley Springs 8-mesh glass sand, Seedlings were carefullly selected
for uniformity, removed from the sand in which the seed had been ger-
minated, and, after rinsing the roots with tapwater, were held in place
in the crocks while 31 pounds of Berkeley Springs F-grade sand was
poured around the roots. The =and was immediately saturated with tap-
water. The date ol transplanting was April 16, 1845. The (ransplanted
plants were supplied with {apwater unil their roots became rcestab-
lished, and then differential solution applications were given.

Nutrient solutions were apphed by hand at the rate of 1,800 ml. per
application. Applications were made twice a week while the plants were
small {from May 1 fo July 3. 19451, and three times a week fram July 3
to September 7. From Neptember 7 until the plants were harvesteed
{September 17 to 24} tapwaler was applied as needed (o prevent wilting.

Sovurrmion Composiviox

The Tormulation of outrient =olutions having a aumber of combina-
tions of levels of the jone to be studied is complicated by varintions in
the concentralions of other lons that it would be desirable to hold con-
stant.  The use of base-exchange malerials as carviers of the various jons
is the only miethod sa Tar devised to overcome this difficulty.  The cost
of sueh materials i+ prohibitive, however, in g study of the scope of the
one reported.

After eareful ennsideration, it was deeided thal the mest feasible
means was to allow the sadium, ehlorine, and sulfate jong (o vary within
limits shown by previous experiments Lo be below the roxie level for
tung.  Subsequent expertiments were earvied oud to determine the effeet of
these {hree inns on growth and leal eomposition. The resulls showed that
no significant differenees in growth responses of (nne resulted from varia-
tinns in sodium, chlovine, or solfur content in the solution when sullur
was adeqguately supplicd and eblorine was kept below the taxice level
Previons experiments by {he anthors hued shown that the ehlorine content
of the Jeal tissue of (ung wax diveetly earrelated with the eblorine vontont
of the nufricot solution.  Wide variations in available sodivm in the
solution was not eorvelafed with the sodinm content of (he leaves,  e-
‘ause 1t has heen shown (107 that chlorine and sulfate exert a competi-
tive effeet on one anather, the ratio of these Two fons was kepl as neaely
ronstant as possible,

The eoncentrations of the nutrient jons in the solutions used in the
experiment ({able 41 were Dased on the results of preliminary experi-
ments with tuny that had indicated the approximaie lovels for deficieney,
apthnum growth, mxd ey consumption.” o all carlior experiments
it war found that when mitrogen was =upplicd entively us (he nitrate ion,
control of the pH of the enliures hetween solution applications was -
possible.  Neither was il possible to grow plante entirely free from gvp-
toms of iron defieieney, In arder 1o overcane Uiese difficultios, pne-fourth
of the nitrogen was derived fram the ammonivm ion and three-fourths
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TasLe 4—Concentration of ions? in the nutrient solutions for the
vartous treatments

Components Milliequivalents per liter of ions in solution

KiMg|Ca] K [ Mg | C | XN= 1 PO, |808] Na | ¢

0.20 11.56 1 1.74
201 .20 11.56 ©1.74
20 { .20 | 11,56 © 1.74

LTd
.74
e
74

.74
T4

[ ]
b
[3=]

0.30
.38 .30
71 1,72

.53 .30
.56 .80
7 .72

i -30
. .91 .30
A1 77 .80

.22 | 6.36 .30
.22 .32 .30
.86 . 7T .16

22 1534 .30
221235 .30
7t 77| 241

221290 .30
09 7T .30
a4 771 315

.40 1 4.09 .30
L25 0 .30
.62 77 .96

22 12,880 .30
611 771 8O
8411771 206

08!1.97 | .98
.88 .86 ! 1.57
.27 . .77 3.78

I
'
'
1

[N ]
=1 b3

2001.221 .60 11.56
80 | 1.22 11.56
20 | 1.22 11.56

.20 67 i0 | 11.56
.20 Nirg 11.56
.20 .67 11.56

LIS gt
IS
=y

OGSt ™MLY

b
i
v S

L2200 .20 11,56 ¢
J220F .20 11.56
L2200 20 11.56

.22 .22 11.56
.22 .22 11,56
.22 .22 11.56

.74
.74
.74

74
.74
.74

L8 b bt O3 o Tad T b = ] O b =
ke el
e el R e e

[Ry R

.74
s
T4

221 3.67 1 .60 %1150
.22 ] 3.67 © 11,56 |
.22 13.67 P 11,56

671 .20 .60 | 11.56 |
67| .20 3.60 | 11.56
67! 20| 10.80 | 11.56 !

67 , 1 |
67 11221 3.601 11.56 f
67 | 1.22 | 10, 11.56 : g
67 13.671 601 11.56 | 1.74 ]
67 V307! 3. 11.56 .?4E

|

IO bIbhI B

G b =
et
—

—

L4
i
.74

i
|
|
i

—
A b =
fu—

220 60 11.568 ) 1.72
73
T4

(=R

b
D TR RO SISk GNBRORD e BRI D

CEDI0? BRI BD
TULEdd ol oo

L3 D —

f
]
t
|
i
i
!

; .67 | 3.67 ! 10.80 ; 11.56 | 1.74

"Henvy metuls were supplied at rates of Te== 16, Mn =8 %o =025 and
Cu = 0.075 parts per million. One-tenth p.p.m. (part per million) of horon was sup-
plied from HyBOy. Al was supplied as Impurities i sand, water, 20d chemieals used.

*N is expressed as NOjy nilrogen, aithough one-fourth of the N was supplied as
ammoenin,

*Includes 804 Irom sulfates in which heavy meluls were supplied.

from the nitrate ion.  Under these conditions shifts in pH were imuch less
pronounced and ne symptorns of iron deficiency uppeared.

ExrERIMENTAL DESICN AND PLANTING PLAN

The 27 treatments in the experiment were made up from the 3 by 3
by 3 factorial arrangement of the 3 levels of potassium (K-1, K-2, K-3),
magnesium (Mg-1, Mg—2, Mg-3), and caleium (Ca~1, Ca-2, Ca-3)}, as
shown in table 4. The experimental unit consisted of 2 crocks, each con-
taining 1 plant. -The experimental design used was a randomized block
with 4 replications, so arranged that each replication oecurred in eaeh
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quarter of the greenhouse from east to west and from north to south.
Thus, each treatment was reprogented by 8 plants, grouped in 4 pairs,
1 pair for each replication.

The frames on which the erocks were arranged werce 14 feet long and
6 feet wide and were placed on edch gide of the center walk of the green-
house with 2-foot aisles between frames to allow acoess to the plants
{rom the walk. The crocks were arranged on the frames in three vows of
four erocks each. The crocks were spaced 43 inches apart on genter in the
rows. The crocks in the center row were stagrered so av to be 33 inches
on center from the crocks in the adjacent outside rows.

GRrROWTH MEASUREMENTS AND HARVESTING METHODS

The characteristics of growth that may be most important to the per-
petuation ol the species under natural conditions are often not the most
Impertans from the standpoint of the economic use for which the plant
is intended when put under cultivation, Rince the various eriteria of
growth may be affected differently by the same environmental changes,
it 35 well, in a study of the kind hereln reported, to record as many
growth measurements as practicable. By so doing. it is not only possible
to detect effects that might otherwise be overlovked, but information
may be obtained on the speeific lunections of thie putrient elements
under study.

Duwring the growing season observations were made on the type of
growth made by the trees in the different treatments and the time of
appearance and rale of development of any svmptoms of abnormal nu-
trition. In addition, the following quantitative measurenents were
made:

1. The height, in centimeters, of each plant was recorded at weekly
intervals.  Measurement was made from the cotyledonary node to
the tip of the terminal bud.  As only an oceasional plant produced
laterals, it was not considered advisable to allow them to develop
and complicate growth measurements, Thercfore, they were re-
moved as soon as they appeared and a record was kept of the
numper removed and the dates of removal.

The diameter of the trunlk, in centimetery, at a point approximately

1 em. below the mtvlvdnnm\ nndc was recorded for each plant

at the time of harvest,

3. The areas, in square centimeters, of the two moedian leaves on each
plant were determined just prior to harvest. Leafl area was deter-
mined by multiplying the length of the leal from point of attach-
ment of the petiole to the leaf tip by the width as measured
between the tips of the tobes of the leal.  Actual leal-area deter-
mination showed this method to be very aceurate. These leaves
composed the samples for chemical analysis,

4. During the course of the experiment, all leaves that dropped were
collected daily and their dry weights were recerded.  This gave
a record of rate of leaf fall,

5. At harvest the leaves remaining on the plant were removed, their
numnber recorded. and green and dry weights determined. This
permitted the determination of total weight of leaves and per-
centage of total leal weight that dropped prior to harvest,

3
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8. The number of nodes per plant was determined from the total
number of leaves produced.
The average length of internodes was determined by dividing the
height of the plant by the number of nodes.
The plants were removed {rom the crocks by washing with water
under pressure. After removal their rood system was [reed from
sand by furtber washing. The roots were then spread out on
papers and allowed to dry until free of all suwrface moisture. The
succulent feeding roots were separated from the woody storage
roots, the storage roots and stems separated at the transition
zone, and green weights of feeding roots, storage roots, and stems
were recorded,
All plant parts were dried in a forced draft oven at approximately
80° C., and dry weights were recorded. This permitted calcula-
tion of total green and dry weights of each plant. -
Those leaves on which area determinations had been made were
dried separately and stored for subsequent nitrogen and mineral
analyses,
Specifie-gravity determinations were made on wood samples con-
sisting of the 10- to 15-cm. portion of the stem immediately
above the root-stem transitional zone.
From the total weight of leaves produced and the dry welght of
the stems and routs, an estimate of the weight of stems and voots
produced per unit weight of leaf was made.

The plants were harvested at random after growth ip height had
stopped and the terminal buds had formed. The harvesting was done
between September 17 and 24, 10945,

ANALYTICAL METHOLS

LEAF SAMPLES

The 2 median leaves from each plant taken for leal arca measurements
were used as samples for chemieal analysis. The 4 leaves from the
2 plants in each treatment plot were combined, but cach replieation was
kept separate and analyzed individually for a total of 12 elements.  Ten
of these elements were determined by the spectrographie method. Only
the leaf blade was ineluded in the sample, the petiole being cut off at the
point of attachment to the blade and discarded. The leaf samples were
died in a forced dralt oven at approximately 80° C. untit dry and then
stored in kralt paper bags,

Total nitrogen was determined by the Kjeldah)-Gunning method, to
include nitrates and nitrites (61, Zine was determined exsentially ax
outlived by Cowling and Miller 17).

SPECTROCRAPHIC METHOQD

A large Littrow spectyograph with quartz optical parts was used with
a slit width of 40 and length of 1w, to analyze and separate 1¢ of
these clements.

The dried leaf ramples were ground to 40-mesh in an intermediate
Wiley mill (Plant Industry model}, dricd again at 100° €., and stored
in a desiceator, Ten milligram aliquots were weighed on a torsion bal-
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ance for determining magnesium, caleium, manganese, aluminum, iron,
and copper, while 20 mg. were used for the boron, phosphorus, sodium,
and potassium determinativns.  All determinations were made in tripli-
cate. Each allquot was transferred quantitatively to maehine-drilled
craters of graphite electrodes (spectroscopic carbons 5716 nel in diam-
eter (17)). Inanalyses for the boron aud phosphorus, special high-purity
graphite electrodes were used.  Far all the otlier determinations, regular
spectroscopic carbons lextracted with HCD were uzed. The crater
depth was 3.5 mm.; the internal diameter, 3.5 mm.; and the wall thick-
ness, (b3 mm. 1f was necessary w machine a crater with a flat bottom
having little or no depression. The clectrodes containing the weighed
samples were placed in holes drilied in a transite block and ashed by
bringing the temperature up to 500° in a muffle lurnace. The electrodes
were allowed to cool immediately to roon temperature. A few drops of
triple-distilletl kerosene containing 8- to 10-percent paraffin were added
around the rim of each electrade cavity. The samples were then treated
cautiously with a few drops of a dilute (1:71 solution of HCI, and evap-
orated to dryvnesz at 1107 in an electrie pven.

Htandards were prepared for cach plate by appropriate dilution of a
stack solution containing known quantities of the elements Jisted below,

Concentration?

Iilement : (etwrogram { g} por A0 al )
K . . 116680
Ca o . ... . T730
P . S . - .. 2800
Mg _ . T 108
Na . . . o 354
Fe A . . . 20.1
Al . . 1.5
Mn o . . o - 104
Cu S : : o 2.4
13 i, S . . . 2.5

Urioek solwivan were dihaied wali D210 HOU sulibups 1o yield dhe followiig fravtotud coneen-
tretions: 0.8, 0.6, 0.4, 0.3, 6.2, 0.1, 0.05, 0.025, 1015

One-tenth-milliliter quantities of the correctly diluted standard solutions
were transferred by means of a precision pipette to the eraters of clee-
trodes, pretreated with the kerosene paraffin mixture, and then evapo-
rated to dryness.

The eleetrode craters with saunple residue (and standard) served as
anodes in a direct-current are; the upper. or cathode, electrode was a
tapered 1/§-ineh ecarbon rod. The are was rotated magnetically by
means of an glnico magnet approximately 3 inches away, mounted on a
small induction moetor 719). A 2-mim. interclectrode distance was
maintained during the arcing perind by continuous adjustment of the
electrodes, using as guides electrode himages focused in juxtaposition to
fiducial marks on the laboratory wall. The are image was focused on
the coliimating lens inside the spectrograph, where a mask eliminated
the glowing electrodes. The cwrrent war eontrolled by a rheostat at
24 to 22 amperes. The applied voltage was 140 to 130 volts from a moter
generator reserved for the purpose. A ballast resistance of 20 ohms
eonsisted of 1/8- by 1/32-inch Niervine ribbon wound on a transite board.
An arc starter (4) was used.  An exporure time of 60 to 70 seconds was
sufficient for complete volatilization of each sample. A sharter exposure
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time (30 to 35 seconds) was chosen (after moving plate studies) for the
sodium and potassium determinafions. After exposure, the plates
{Eastman II1-0} were developed for 5 minutes in sclution D-19 ai
18° C., then fixed, washed, and dried.

Data are based on measurement of the following lines:

Element : Wave tength | Blement : HWeve length

30822
2496.8
29973

The perceniage of transmission of light through the lines was deter-
mined by the use of an Applied Research Lahoratories nonrecording
densitometer. The measured transmissions of selected lines in the stand-
ards permitted the construction of working curves of log coneentration
vs. log percent transmission, With percest transmissions of known
lines for the clements in the test sample, the logarithms of the concen-
trations of these elemenis could be read directly from the standard
curves. The method used external standards on every piate where stand-
ard solutions containing all the elements were burned off in the arc under
the controiling influence of a buffer {NaCl 4+ H,Si0y, 9:1) added o
hoth saroples and standards. The buffer was added by volume (intro-
duced into the clectrode quickly from a hole in the end of a plastie rod).
The amount of buffer used on top of all the standards and samples
ranged from 4.1 fo 4.5 mg. Thus, the method was fast and vet the
reproducibility of adding the buffer was adequate.

STATISTICAL METHOBS

All data on growth responses and leaf composition as affected by
individual clements and combination of elements were studied by means
of analysis of variance (11). The data for main effects and interactions
are presented in the form of graphs. In general, only the data that have
statistical significance have been presented in the graphs or have been
stated in the text. Anp effort has been made to weigh the evidence
carefully, both from a statistical and from a physiological point of view.

GROWTH RESPONSES IN RELATION TO NUTRIENT SUPPLY

The wide differences in the three levels of ealcium, magnesium, and
potassium supplied during the 434 months of the experiment produced
bighly significant differences in the growth responses and normality
of the plants. The major cffeets on the growth responses were caused
by the levels of magnesium and potassium supplied. The effects of
the various levels of ealcium, though generally of lesser magnitude, were
of high statistical significance in certain instances; as, for example,
in affeeting the heights of the plants. The highest level of caleium
supplied was three times that of potassium or magnesium; therefore,
comparisons between responses to potassium or magnesium and those of
calcium cannot be made on an equal-milliequivalent basis. Where the
nutrients supplied were in proper balance, large, excellent plants, normal
in all respects, were produced that would compare favorably with those
grown in the field in fertile soil under similar conditions of light and
temperatures {fig. 1).
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Dry WEIGHT oF PLANT

The total dry weight of plants produced was dependent largely and
about equally on the levels of potassium and magnesium in the supply,
and the responses to these two elements were interrelated. The average
over-all effects for the low, medium, and high levels of potassium were
65.5, 123.2, and 130.5 grams, respectively; for magnesium 65.7, 125.5,
and 127.9 grams, respectively (vable 5; fig. 2).

At the Jow level of magnesium, the greatest increase in dry weight of
plaut resulted from the first inerement, of potassium, but the second in-
crement of potassium produced plants having dry weights intermediate
between those at the K-1 and K-2 levels (fig. 2, A).

At the second and third levels of magnesium, hoth first and second
increments of potassium affected increases in dry weight, but the greater
increase resulted from the first increment. At all levels of potassium,
the first increment of magnesium increased dry weight, but the second
imerement produeed a further inerease only at the low level of potassium,

At all levels of potassium and magnesium, the first increment, of cal-
cium tended to increase, and the second to decrease plent drv weight.
The average weights per plant were 107.2, 111.4, and 100.6 grams for the
low, medium, and high levels of ealeium, respectively.

Dry WEIcHT oF STEM

The eflects of the treatments on the dry weight of stems (4able 5)
differed in no important respects from those on the total dry weight of
plants {fig. 2, 4).

Dry WeIeHT or STorAcE RooTs

The effects of treatments on dry weight of storage roots (table 5;
fig. 2, € and F) were determined largely by the level of magnesium
supply, but they also were affected by that of potassium, and the re-
sponse to these two elements were inierrelated. Whereas stem weight
was not increased by the second increment of magnesium, storage-root
weight was increased by this magnesium inerement at all levels of cal-
cium and potassium. The over-all averages per plant were 3.78, 225,
and 284 gm. for the low, medium, and high levels of magnesium,
respectively.

The response to potassium was affected by the level of calcium. Af
the low and medium levels of ealcium, the first increment of potassitim
increased and the second decreased slightly the storage-root weight. At
high caleium, both increments of potassivm inereased storage-root
weight (fig. 2, 7).

Dry Weicur or Feeming Roots

The dry weights of the feeding roots were determined largelv by the
level of magnesium supply, but they were also affected by the levels of
potassium and caleium. Furthermore, the effects of magnesium and
. potassium were interrelated. In general, these effects were similar to
those on the total plant weight (table 5; §g. 2, 4 and B}. The potassium
efects differed only slightly from its effects on total plant weight and
this only at the low magnesium level, where both increments of potassium
tended to reduce feeding-root weight (table 5; fig. 2, B).
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TaBLE 5—Effects of various levels of potassium, magnesiumn, and. calcium in the nutrient solution on growth respbnses
of tung trees 1 sand cultures

[All data given are averages of four two-plant replications]

Treatment ! Leaves
. . Total Stem . ) dropped | Average S5
Components ’ll;l‘:\t:g Storage- | Feeding- weight plus Plant | Nodes | Average | g0 Leaves | percent | area two | Leaf effi- sf,:ﬂf;‘

" root root . per length of | s Y e
o1 - o of leaves roots height i diameter | dropped total median | cieney 12
weight weight weight produced | weight " plant {internodes feaf feaves! of wood

weight!

Stem
weight

K } Mg 4 Ca

Cm. 3 Cm.
0.878 . 75.28 | 259.0

.876 . 70.31 | 279.2

.805 75.82 | 265.0

.001 34.95 | 238.2
.046 13.44 | 268.0
.991 12.77 | 267.8

.062 15.08 | 269.0
.108 12.14 | 283.8
.084 11.81 }.285.2

978 81.30 | 345.5
.025 79.50 | 340.8
.866 88.20 | 218.5

311 4.37 | 414.0
.396 3.68 ' 438.5
.300 6.18 | 412.8

.420 4.03 | 100.5
.388 4.40 | 401.8
.329 4.91 | 414.8

.811 89.81 | 209.8
.821 89.08

Gm,
18.25
16.69
11.35

33.35
38.75
32.03

42.83
47,41
40.34

45
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10.83

77.56
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88.28
79.40
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2., ] 55.9 1 3.70 | 1.68 .58 | 40,92 . 32.6 ¢ ,923 | .775 :3(.88.70 | 180.8{ .120

2. 3 170.6 | 37.58 | 25.65 | 31.92 | 76.10 20.6 | 3.030 | 1.378 | 4.8 | 6.25 | 438.8 | 1.242
23 .. . 167.6 | 34.02 | 28.45 | 30.05 | 75.10 | 92. 3129.512.726 | 1.854 | 7.1| 9.36|428.5 | 1.232
2. .. 160.2 | 30,65 | 20.62 | 27.42 | 72.45 | 87. 27.1{2.622 | 1.364 | 7.0 | 9.83 | 440.2 | 1.208

25.. .0 i 11.160.1-:-32,10 | 82,02 | 28.68 | 67.25 27.4 | 2.811 .355 3 4.04 | 413.2 | 1.382
26...] 169.9 1 34,15 | 35.08 | 27.62 | 73.00 28.8 : 2.635 | 1.425 R 3.93 | 418.0 | 1.328
27... 159.3 § 30.32 {36.32 | 26.42 | 66.22 20.8 | 2,523 | 1.390 . 4.36 | 410.5 | 1.405

L.8.D. at 5-percent X
level 119 3.97 | 400 2.90 | 6.43 .23 . .91 .28 076 | 4.7 5.37 | 56.0{ .154 L0325
~LS.D. at 1-percent ‘
level 15.8 5.29 5.33.1 3.87 ) 8.57 ] 10.96| 11.1 2.5 . 380 .100 6.3 7.15 74.6 .210

* The figures in any column of measurements that involve ratios eannot be obfained by performing the appropriate caleulation with the
figures in -this table which are involved in that ratio, because thesc ratios are averages of replications and arve nof ealeulated from the
averages of the measurements involved:

*Leaf efficiency caleulated as dry weight of stem plus roots divided by dry weight of leaves produced.
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action of potassium and ealehmn on dry weight of (F) storage roots,
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Dey WrieHT oF LEAVES PrRODUCED

The total dry weight of leaves pruduced (table 5; fig. 2, D) was af-
fected largely Ly the level of potassinm supply and In a msuner similar
to that of total plant weight (fig. 2, 4), excepting that the effcct of mag-
nesium was nwucli less pronounced. Inereasing (he amount of mag-
nesium produced small but significant inercases mn leaf weight per plant
only ub the high level of potassivm. At the bigh potassium level the
second level of magnesium produced much more dry weight of leaves
than did the high level of agnesium, At the second level of potassium
increasing the levels of magaesium significantly reduced total dry weight
of leaves produced, which were 653.6, 2.0, and 55.2 gm. for the low,
medium, and bigh levels of magnesium, respectively, Increasing the
amount of caleium tended to produce an inerease in dry weight with the
first increment, but the sccond one resulted in a highly significant de-
erease as compared to the first.

Dry WeicHr or SrEn PLus Roors

The total dry welght ot stem plus roots table 3; fig. 2. £ was deter-
mined largely by the supply of magnesium and potassium. but calcium
had bighly significant effects. These effects differed from thnse Cor total
dry weight of plant (fig. 2, 4) largely in that at the low level of magne-
siu there was no significant effect on the dry weight of stem plus roots
from the fist inerement uf potassium, whereas the second inerement of
potassium egused a1 marked reduction,

Prant Heicnur

Tlie level of potassium supply was the major factor that aileeted plunt
height ttable 5; fig. 3, A and F1. The wuvernge effeer at ol levels of
caletum and magnesium were 315, 50.6, and $2.9 cm. for the low, me-
dinm, and bigh levels of potasstun, respeetively,  The potussium effect
was wodified by the level ol musmesium and to o lesser extont by that of
calebum. At all devels of caleium, both inerements of potassivw in-
ereased plant height at (be medium aud high lesvels of magnesiun. At
the low magnesiun level, however, enly the Brst fnerement of potassium
mcreased plant height, the height at the bigh poutassium level being sig-
nificantly less than that at the mtermediate level.  Ar all levels of mag-
nesium and the intenmediate and high levels of potassivi, inercasing the
caleiium =upply resulted in redueed height of the plants (e 3, #).

NUMBER oF Noues Per Pranr

The supply of potassium had the major effeet on pumber of nodes
produced table 5: Mg, 3. £, which invreased significantly with caelr in-
crement.  Ou the other band, inereasing the level of magnesiom supply
reduced signifieanty the number of nodes produced 1 fig. 3, £, while the
addition of caleimn bl Tittle and no eonsistent effect.

Lenery aoF IxrERNODES

Inercasing vither or both potassiun wed magnesion supply temded to
inerease internode length ttable 50 fig 3, 815 the offeet of cach heing
greater, the higher the Jevel of the other. However, ul the high level of
potassium, the mtermediate level of magnesium resulted in longer inter-
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nodes than did the high level of magnesiwm. Furthermore, at the low
level of magnesium, the second increment of potassivm reduced internode
length as corspared with the first. Increasing caleium had the effect of
reducing internode length at all levels of magnesium and potassium; the
average readings were 2.061, 1.972, and 1.791 cm. for Ca-1, Ca-2, and
Ca-3 levels, respectively,

DiameTER oF TRUNK

Trunk diameter (table 51 was affected in a similar way as was total
dry weight of plant ifig. 2, A), excepting that at the second and third
levels of magnesium, the second increment of potassium did not effect
so large an inerease in truuk diameter as it did in plant weight. Fur-
thermore, the average cffects at all levels of potassium and magnesium
was for the first inerement of caleium to increase and the second incre-
ment to reduce the dimweter uf the trunks. The averages for the low,
medium, and high levels of ealeium were 1,133, 1.160, and 1.100 cm.,
respectively, a difference of 0.023 Leing required for significance at the
5-percent level.

LEAvES DrOPPED

Leal drop, considered either on the basis of total dry weight dropped
or as the pereentage of the total leal welght produced which dropped,
was caused mainly hy magnesium deficieney {table 5, fig. 3, C and D).
At all levels of caleium and the low level of magnesium, the percentage
of leaves that dropped inercased markediy witls the first increment of
potassium and slightly with the seeond.  Minoy variations oceurved at
the second and third levels of magnesium, whicl. when eonsidered on a
pereentupe basis, were considerably higher in the E-1 than in the K-2
and K-3 treatments. Though ealvium did not significantly affect either
actnal weight or percentage of total leaf weipht dropped, at the low level
of potassium and magnessum leal fall commenced in the (‘a-3 treatment
37 daxs before and in the Ca=2 treatment 21 days before it did in the
Ca=] treatment. At the low level of magnesium and at the two higher
levels of potassivm, there was no significant difference in time of onset
of leal fall cavsed by level of caleium supply.

AVERACE AREA OF Two MEDIAN LEAVES

Leaf size was controfled mainly by the supply of potassium and mag-
nesium, while the level of ealeitim hiad no significant effect (table §:
fig. 4, 41, The largest leaves were produced with the second and third
levels of magnesium combined with the seeond and third levels of potas-
giwm, At the firet level of potassium there war no cousistent effect of
magnesium. At the low level of magnesium the first increment of potas-
sitwin increased Jeal size slipghtly, hut the seeond inerement decroased it
to a marked degree,

Lrar Erviciency
The major factor affecting leaf efficicney {dry weight of stom plus
roots per gram of Jeal dry weight} was the magnesium supply (table 5:
fig. 4, B, but there were important interactions with potassium. The
greatest efficiency was obtained al (he high level of magnesium com-
bined with either the seeond or thivd level of potassium.  Effiviency was
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significantly less when the second and third levels of potassin were
combined with the seeond level of magnesium, At low magnesium, in-
ercasing potassium deercased Jeaf efficiencey, the lowest efficiency being at
low magnesium, high potassiom levels. Leaf efficiency was sigaificantly
affected by the level of caleium supply, being lower at the Ca-3 level
than at the Ca-1 or Ca-2 lovels.

SpECiFiC GRAVITY OF Woon

Specific gravity of the wood was affeeted most by the magnesium
supply, although it was significantly affected by the level of potassium,
and there were important interactions between potassium and mag-
nesium (table 5; fig, 4, ). The firet increment of magnesium produced
highly significant increases in specific gravify of the wood, but the sec-
ond inererent resulted in nonsignificant decreases. The over-all effect
of potassium was to reduce specifie gravity, the averages being 0.788,
0.729, and 0.710, respectively, for the K-1, K-2, and K-3 levels. At ali
levels of caleium, the lowest specific gravity, 0.575, vesulted at low nag-
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nesium, high potassium levels, and the highest, 0.801, at the low potas-
sium and intermediate magnesium levels, Caleium significantly affected
specifie gravity only at the low level of magnesium, where it brought
zbout a highly significant reduction,

CHEMICAL COMPOSITION OF LEAVES IN RELATION TO
NUTRIENT SUPPLY

The composition of the leaves as regards each of the 12 elements deter-
mined were significantly affected by the differences in caleium, magne-
sium, and potassium supplied in the solutions.

NiTROGEN

Although the nutritive solutions supplied contained 11.56 milliequiva-
lents per liter {m.e./1.} of nifrogen, its content in the leaves ranged from
970 to 713 m.e, per 100 gm. dry matter (table 6).

The nitrogen in the leaves was inversely proportional to the level of
magnesium supply, the level of potassium supply, and the leve! of cal-
cium supply (fig. 51. The effect of calcium was most pronounced at the
low level of magnesium, and the effect of magnesiun was greatest at the
low level of raleium, whereas the offect of potassium was greatest at the
low levels of either magnesium or caleium or of both. The departures
from the expected levels of nitrogen were of a miner importance.
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6.—Effects of various levels of potasstum, magnesium, and calctum in the nutrient solution on the mineral
composition of leaves from tung trees grown in sand cultures
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40,3 ] L7035, 0148 2,400 .19 ,61] 2.07) 153.5! 70.1} 110.4] 196.5 6562
'15.5‘ 5. .27 .35 .0028| 417 .08 .15 751 13.7 6.7 12.8 12.5 ~141
20.5 . . 4. 860 470 - ,0038 .55 .11} .19] 1.00] 18.11 8.9 16.9] 16.6/ 1.510

These totals do not equal the totals of the heavy melals plus boron ds listed in this table, since the figures for individual ions are the
averages of the {otal of 4 replications, whereas the figures for the total of the heavy metals plus boron are the averages of the totals of the
4 replications each of which is itself the total of the 6 individual jons as determined in Lhat replication,
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3
3
LS.D. at 5-percent level..
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Frours T—The over-all effects of potassium, magnesivm, and caleium in the nu-
trient solution on the potassium content (milfiequivalents per 100 gm. of dry
matter} of the leaves.

PHOSPHORUS

Phosphorus was supplied in the nutrient solutions at the constant
level of 1.74 m.e. per liter of POy, but its content in the leaves in milli-
equivalents per 100 gm. of dry matter ranged from 133.8 to 37.3 (table 6:
fig. 6). It was reduced to a very marked extent by the first increment of
potassium, but the second increment produced little or no further change
in phosphorus content {fig. 6, D to F}. Tn plants receivin g the low level
of potassium and also of calcium, there was o moderate reduction in
phosphorus, owing to both the first and second increments of magnesium
{fig. 6, 4).

The interaction of magnesium with calelum on phosphorus content
differed with level of potassium (fig. 6, A to C). At low potassium
levels, both increments of magnesium tended to reduce phosphorus at
the Ca—1 level, but had little effect at Ca-2. At the Ca-3 level the sig-
nifieant effects were an increase in phosphorus caused by the first incre-
ment of magnesium and 2 decrease caused by the second increment of
magnesium. Af infermediate potassium there was no significant differ-
ence in the effect of magnesium on phosphorus ab different levels of cal-
cium. At high potassium the only significant effect was a decrease in
Jeaf phosphorus effected by the first inerement of magnesivim combined
with the second or third level of calcium,

The mteraction of potassium with caleium differed with levels of mag-
nesium (fig. 6, G to I). At the low magnesium level hoth the second
and third levels of calcium deecreased phosphorus in the K—1 treatment ;
at the K-2 level there was no significant effect of ealeium, but at the
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K-3 level an increase resulted Irom the first increment of calcium fol-
lowed by a decrease with the second increment. At the second magne-
sium level In the K1 treatments there was a consistent upward trend in
leaf phosphorus with increasing euleium, whereas in the K—2 treatments
the first increment of caleium had no effect but the second increment
increased the leal phosphorus content. In the K-3 treatments, increas-
ing calcium had no effect. At the high level of magnesium, leaf phos-
phorus in K-1 treatments was highest at the second level of caleium, and
caletum was without effect in the X—2 and K-3 treatments.

PoTAssioM

Lea{ potassium ranged from 85.7 to 12.5 m.e. per 100 g, dry weight
and was affected primarily by the level of supply, but there were highly
important interactions with magnesiumn and ealeium (table 6). It in-
creased with potassium in solution, the averages being 19.9, 41.6, and
65.0 m.e. per 100 gm., respectively, for the K1, ¥-2, and K-3 treat-
ments (figs. 7 and 8}).

Increasing magnesiun in the substrate reduced leal potassium, the
averages being 56.8, 38.8, and 30.9 m.c. per 160 g, for the low, inter-
mediate, and high levels of magnesium, respectively (figs. 7 and 9). The
effect of caleium was slight although significant, the over-all effects for
the leal potassium were lower at the intermediate level than at low and
high levels of caleium (fig. 7) and were 45.4, 39.5, and 41.5 m.c. per
108 gm. for the low, intermediute, and high levels, respectively.

Cavrcium

Caleium in the leaves {table 63 ranged from 135.0 to 19.3 m.e. per
100 gm. dry matter. The major factor affecting leaf calcium was the
level of calclum in solution (fig. 101, the averages being 28.8, 67.2, and
99.9, respectively, for the low, intermediate. and high levels of caleium.
Potasgium reduced leaf caleium (fig, 8), the extent of the reduetion in-
creasing with increasing level of potassium supply. At all levels of
peotassium and ealcjum the highest teal caleium tended to oceur at the
intermediate level of magnesiwm {fig. 9}, this magnesinm effeet tending
to inercase with the level of caleium supply. The effeet of magnesium
was modified somewhat by level of potassium ifig. 10), the greatest
relative difference in leal caleium resulting from levels of magnesium
being in the K-2 treatments,

Macnesion

Magnesium in leaves, expressed as millicyuivalents per 100 gm. of dry
tissue, ranged from 62.2 to 3.9 (table 6). The wajor effect was that of
the level of magnesium, the averages being 5.7, 24.2, and 38.1, respee-
tively, for the Mg-1, Mg-2, and Mg-3 treabnents. Tncreasing the
polassium level exerted a strong depressing effeet on magnesium (figs. 7
and 10}, the average readings being 33.7,19.4, and 14.9 at the K-1, K-2,
and K-3 treatments, respectively. At the low level of potassium. the
magnesium content of the leaves was dircetly proportional o the level
of the caleium in the solution (fig. 310, A to (). At the second level of
potassium (fig. 10, D to F), where the average magnesium contents were
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lower thap at the low level uf potassium, the first inerement of ealcium
was without effect but the second increment caused u decrease in leaf
magnesiumn. At the low level of magnesium, the wend was [or inereas-
ing calecip to decrense the magpesium eontent of the leaves i{fig. 10,
4, D, and ¢} ; at the second level of magoesium, the mwagnesium content
was highest at the intermediate level of calcium {fig, 10, B, £, and H);
at the third level of magnesium, the Arst increment of caleium tended to
increase leaf magnesium but the second inerement produced no further
inerease (fig. 10, C, I, and I},

The Interaction of putassinm with caleium vn magnesium aceumula-
tion differed with different levels of magoesium, At the high level of
magnesiimn, the depressing effect of potassium inereased with increasing
caleium (fig. 8, & to J). This teadeney was less pronounced at the see-
ond level of magnesium (fig. 8, D o 1 and praciically disnppesved at
the low level (fig. 8, A to L),

Sovium

Sodium was one of the eloments in the nutrient supply thut was per-
mifted to vary within lhnits (p. 6} of 0.77 Lo 7.38 me. per liter {table 4.
The ¢oncentration of sodium in the leaves was controlled largely by the
putassiom supply, regardiess of the coneentration of the sodiun in the
nutritive solution, and rapged frow (.33 to 099 wee per 100 gm,
{table 6. The average conceutrations of sodivm in the leaves for the
K1, B-2, and -3 levels were 045, 0.74, and .84 wee per 160 gm.,
respectively.  The relation hetween the coneentrativn of potassium in
the leaves and that of potassiun, magnesium, and caleium in the sulu-
tlon was similar to that of sedium, exeepting in the case of magnesium
thg. 7. The first increment of magnesium tended 1o inerease the ab-
sorplion of sodhnm and the seeond to deercase i, the main effects were
0.70, U753, and Q.54 wee. per 100 gm. for the Mg, Me-2, and Mg-3
tevels, respeetively. O the other hand, the fivst inerement of caleivm
caused a1 decrease and the seeond inerement produced no further change
in the accumutation of sodivm in the leaves,

Boron

Boron in the leaves in willicquivaients per 100 gm. ranged from 3.70
to 1.01 ftable 61, The major factor affecting boron in the Jenves was
level of polassion tfig. 117, the averages being 3.13, 1.52. and 1.19, re-
speetively, for =1, K=-2, and K-8 {reatments. Al low polassium the
first tncrement of caleium decereased lead boron, but the second inerement
effecled no Turther deerease. Muagnesinm had a tendency o depress
boron content of the leaves, whieh was most pronounced in the Ca-1
treatments,

At the low level of potassium the interaction of magnesium with polas-
stum on boran content of the leaves varied according Lo the level of eal-
cium 10 solution.  Tn the Ca—t trealment leaf boron was stgaificantly
lower at the third level of magnesium than at the second.  In the Ca-2
and Ca~3 treatmenty leal boron did not differ significantly at the fivst
and third levels of magnesium, bot was low at the second level of mag-
nesium.  The fivst Ineremoent of caleium effected am exeeptionally large
drop in eal boren in the Mp-2, K1 :-caiment.
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CorrER

Leaf copper ranged from 0.0282 to 0.0126 m.c. per 100 gm. (table 6).
It was strikingly reduced by the level of potassium supply (fig. 11}, the
averages being 0.0258, 0.0176. and 0.0148, respectively, for the K-1, K-2,
and E-3 treatments. Caleium tended to rveduce copper in the leaves
only at the low level of magnesium.

Leal conper in the Ca=3 treatinents was significantly higher at the
intermediate level of magnesium (han at the low andd high magnesium
levels. At the third level of magnesium, leafl eopper was intermediate
between that at the frst and the seeend mapgnesiu levels.

MANCANESE

Leaf muanganese ranged from <427 to 1.58 m.e. per 100 g, dry matter
{table G}. The prineipal factor affecting leaf manganese was the potas-
sium level in the solution (g 113, the averages being 3.55, 3.02, and
2.56. respeetively, for the K=1, K~2, and E=3 treatments. The effect of
potassium was most pronounced at the low level of magnesium and the
least pronounced at the high level.  Caleium very significantly veduced
leal manganese. the over-all averages were 3.42, 3.16, and 2.54 m.c. per
100 gm. dry matter, respeetively, for the Ca-1. Ca~2. and Ca-3 treat-
ments, Leal manganese was e highest at the seeond level of magne-
glum, the averages heing 2,76, 337, and 3.00 m.e. per 10¢ gm. dry matter.
respectively, Tor the Bg=1, Meg=2, and Mg=3 treatments.  In the Ca-1.
T$=2 treatments, haowever, magnesium level did not significaidly affect
leaf mangavese.

Zinc

Leaf zine ranged Trom 70 fo 018 wmee. per 100 gm. dry tissue
ttable 61, The first inerement of potassium greatly redueed zine in the
leaves (g 111, No Turther reduetion was effeeted by the seeond inere-
ment. The averages were 0444, 027, and 1.26 mue. per 100 gm. dry tissue,
respeetively, for the K=1, -2, and K=3 treatments. The effect of
potas<um was practieally nullified hy the ecombination of high ealeium
and magnesium Az 11,73, Calelum redueed leaf zine at all levels of
potassium, and magnesium fenshed o have o similar effieet at all levels
af potassium and ealeinn,

Iron

Ivon in the leaves ranged from 1.08 {o 043 mee. per 100 gm. dry tissue
itable 61, Potassium redueed iron in the leaves at all levels of ealeium
antl magnesinm (fig. 111, the averages being 0.81, 0.60, and 0.55, respee-
tively, for the K=1, K=2, and K=3 treatmenis.  Magnesium at the inter-
mediate level inereased leaf iron, but al the high level it caused a
reduction in iron.  There was o general {endenex for ealeium to inerease
leal iron, bul differenves attained stalistieal significance only in the
Mpg-2 freatments,

AruvsiNum

Aluminum in the leaves ranged from 2.84 to 1.22 m.c. per 100 gm. drv
tissue (table B1. Tl was significantly affected By caleium, magnestumn,
and potasgium, The first increment of magnesium inereased aluminum
[rom 140 (o 2.24, but the second inerement had no further elfect.  Cal- -
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cium exerted a similar but somewhat less pronounced effect. The over-
all effect of potassium was to decrease aluminum in the leaves (fig. 11).
The averages were 2,13, 1.90, and 1.67 mn.e. per 100 gm. dry tissue, re-
spectively, lor the -1, K—2, and K-3 treatments.

CavLareal Prus Maenesivm Prus PoTassioM

The total caleium plus magnesium plus potassium in the leaves
(table 6} was cantroled Jargely by the level of caleium supply. but it
wag also significantly affected by the magnesium supply, the range being
1914 to 83.1 m.ce. per 100 g dry leal tissue. The main factor, ealeium
in solution, had an over-all effeet of 96.0, 130.6, and 164.0 m.e. per 100
gm. for the Ca-1, Ca-2, and (‘a=3 levels, respectively. The over-all
eficets of magnesium at all levels of potassium and caleium were 120.6,
139.9, and 130.3 nue. per 100 gm., respectively, for the Mg-1, Mg-2,
ane Mg-3 treatments.

At low levels of caleium there wasg an upward trend in total major
bases with inereasing potasstum tfig. 8, A, D, and €71, hut at the second
level of ealeium (fig. 8, B, E, and I} pofassium had no effect and the
trend in the Ca-3 treatments (fig. 8, (', F, and 1) was thoe reverse of that
in the C'a-1 treatments,

Total accumulation of all the major hases was highest at the second
level of magnesiom 1z 811 al the third level it was intermediate be-
tween the first and second.  This relationship was wost pronaunced in
the Ca~3 treatments tfig. 9. ¢/ to 1 and disappeared in the Ca=] treat-
ments (g 9, 4 tar"y,

Porassiua Priss MagNusioar

The total concentration of potassium plus magnesium in the leaves
ranged {rom 34.6 to 90.8 mue. per 100 gm. tlable 63, Tt was eontrolled
largely by the potassium supply. The averages were 53.6, 60.9. and
9.9 me, per 100 gm, Tor e K=1, K20 and K=3 Tevols, respectively.
Magnesium supply alse had a lighly signifieant effoct in increasing the
total concentration of potas=iunm plus magnesium present, The Feneral
over-all effeet of ealeinny was for the first inerement to reduce potassium
plus magnesiwn (fig, 100, Thix effeet was most pronounced in the K-3
treatments (g, 10, 7 {6 71 and dizappeared in the =1 treatments,
where the trend wias npward with inereasing levels of ealeium wilh
the seeond and third levels of magnesinm (fig, 10, A, B. and ).

Carcivar PLus MacNesicm

The total caleinm plus magnesium in the leaves ranged from 244 (o
1754 e, per 100 gm, and was eontralled by the supply of eateium ane
magnesinm but was greatly affected by the potassium supply (table 61.
The over-all effect of ealeium wis (o inevease the ealeium plug magne-
stum 1o the leaves, which was 50.2. 910, and 1226 m.c. per 100 g, for
the Ca~1, ("a=2. and Ca-3 levels, respectively, The average offeet of the
first ineremnent inercasc in magnesium supply was to inerease greatly
calcium plus magmesiom in the leaves, but the seeond inerement of nig-
nesium producerd na fuprther change,  Potassium in solution strikingly
reduced the folal calebum plus magnesium in the leaves (tahle 6; fig. 8),
the over-all efferis being 11,5, 85.8, and 65.6 m.o, per 100 gm., respec-
tively, for the K<l, K-2, aml K=3 levels,
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Cavcium Prus Porassiom

At the low level of caleium the first and second increments of magne-
sium reduced the accumulation of caleium plus potassium (fig. 9,
A to C). This effect [rom the first inerement of magnesium practically
disappeared at the second level of caleium (fig. 9, D to #) and was re-
versed at the third level (fig. 9, ¢ to I). The second inerement of mag-
nesium reduced caleium plus potassium at all levels of calcium.

ToraL HEavy MsTaLs Prus Boron

Total heavy metals (Cu, Ma, Zn, Fe, Al} plus boron in the leaves in
wmilliequivalents per 100 gm. ranged from 11.23 to 4.63 m.e. per 100 gm.
dry matter {table 6). The major factor affecting the accumulation of
these ione in the leaves was the level of potassium supply (fg. 11}, the
readings being 10.08. 7.32, and 6.35, respectively, for the K-1, K2, and
K-3 treatments. At the low level of magnesium, the second inercment
of potassium had a greater depressing effect on the heavy metals plus
boron than at the two higher levels of magnesium supply.

Magnesium supply also affected the leal content of total heavy wetals
plus boron, the highest content of these ions cecurred at the medium
level of magnesivn supply, while at the high level of magnesium it was
intermediate hetween that in the Mg—1 and Me—2 treatments.

Caleium had an aver-all tendeney to reduee the total heavy metal
plug boron content in the leaves, the second inerement of calcium being
the more effective.

INTERPRETATION AND DISCUSSION OF RESULTS

ComrposiTion 1N ReELarion 7o GrRowTH Axnn LEaF SyMPTOMS

The data presented in thix bulletin constitute only & small part of the
evidence accumulated by the authors (o support the concept of the
mutrien{-clement balance that should be maintained in the eulture of
tung. Data obtained by other investigutors give additional support.
At the same time. the apparent disagreement between mueh of the evi-
dence reported and this hulletin tends to emphasize the complexity of
the interactions that necur between the essential nutrient clements hoth
in respeet to their absorption and aceumulafion and their effecls on
orowth and vield.

A number of fzctors are respunsible Tor the lack of agreement between
the results of the various investigatars,  Principal among these is the
lack of consisteney in the part of the plant used for analvsis, Tt i= ab-
viously impossible to compare vesults ol whole-plant analvses with those
of leaves or petioles. It is true that the nature of the plant under study
ancl the objeetive of the investigation influenee the selection of the plant
part used for analygis. This, however, docs not alter the faet thal com-
parisons befween analyses of different plant paris are invalid. The vari-
ability in mineral content of different plant parts and of leaves from
differcat locations on the shoot has been demonstrated with tung hy
Myers and Brunstetier {181, wha showed that there are large gracients
in the mineral content of leaves from different locations on the shoot,
and by Drosdoff and Nearpass (81, who showed wide differences to
exist belween the content of nuirient clements in bottom, middle, and
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top portivns of the petiole as well as differences between ull these petiole
analyses and those of the loaf blade,

Differences ol a similar nature have been shown for other plants, The
wineral analyses reported in this bulletin are from leaves collected [rom
the midportion of the growing shoot, and the data presented are not to
be construed as indicating abserption phenomena except as such phenom-
ena may be reflected in leal compositivn.

Anvther factor responsible for mueh apparent disagreement between
results of different workers is the range of nutrient levels emploved.
Une outstanding feature of results veported herein is the differential ro-
sponse to the sawe inerements of one element when supplied at different
levels of once or mure of the other elements, The effeets of varying Jevels
of caleiuns supply on the accumulation of magnesium o the leaves iilus-
trate this pomt well tfig. 10).  When magnesivi supply was Jow, in-
creasing caleium deercased magnesivm in the leaves al 2]l levels of
potassium supply.  With potassivin supply low and magnesium supply
intermediate or high, magoesium in (ke leaves inereased with increasing
calcium. At the second Jevel of potassium and the internediate and
high levels of magnesium, the first increment of caleivm did not affect
leaf magnesium while the second Inerement brought about u reduction.
At the third Jevel uf potasstum and the intermediate Jevel of magnesiwn,
the caleium effect was the same as in the intermediate potassium plus
intermediate magnesiun treatments, but at the high fevels of potassium
and magnesium combined, ealeium supply did not affect aceumulation of
magnestun in the leaves,

[nterpretation of complex interactions such as those just mentioned
cannot be madde un the basix of cation cumpetition alone. [t is obvious
that elher factors are involved.  Identification of these factors will re-
quire more knowledge of the Tunetion of cach cation in metabolisu,
which can only be obtained by detailed stuidies of the bivehemieal
thanges avesmpanyving these ealion interactions,

An ilusirativn of how biochemical studies might contribute to the
interpretation of sueh dala may be drawn from the data on the offect of
magnesium supply on calelmn acenmulation (fig. 4) eoupled with infor-
mation obtained from another experiment on the offects of Torm of
nityogen and amount of hase =upply on the organie acids of tung feaves
1121,

The first inerement of magnesium produced an average increase in
leaf magnesium of 156 mue, per 100 g. While this invrease in nagne-
sium was accompanied by a veduction of 15.0 nne. of pofassiwm, caleium
inereased by 19.2 mee or a net inerease of 198 m.e. in the totul potas-
siuny, caleimn, and magnesium. This inerease waz also aceompanied by
aslight inerease in total heavy metals plus boron ttable 1. Obviously,
an cquivalent inerease must have taken place in anion accumulation,  fn
the absenee of analyses for all the mineral anions there s the possibility
that they may have contributed o this anion inerease.

The mast pleosible explanation Tor this cation inerease as a result of
the first inerement of magnesium, however, would scem to lie in the
orgunie actd metaboliam.  Planis reeeiving the low level of magnesiun
wade very lite growth ttable 51 beeause uf severe magnesium defi-
vieney, The frst inerement of magnesim maore than quadrapled leal
efficieney, whereas the second inerement produced only a «light further
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inerease {fig. 4, 8). If oxalie acid is an end product of carbohydrate oxi-
dation, ag has been suggested {12), it is very probable that at the low level
of photosynthetic activity resulting from the extreme mageesium de-
ficiency at the low magnesium level, very little oxalic acid was produced.
Under such conditions ealeivm aceumulation would be Limited. With the
greatly increased leaf efficiency resulting {rom the first increment of
magnesiwm, ecalcium aeccumulation would be expected to inerease be-
cause of the inactivation of the ealeium as oxalate. The second incre-
ment of magnesium that resulted in a decrease in beth potassium and
caleium effeeted such a slight increase in photosyothetic aetivity, how-
ever, that the increased magnesium accumplation was able to exert a
competitive eflect on the ionizable calelum that was not removed from
the system as oxalate.

Tarte 7.—Efects of supply at 3 levels ench of potassinm. mugnesium,
ur 1 calcium in the nutrient soluiion on the aeennndailon m the leaves
o f aluminiem, boron, copper, ron, manganese. and zine

Levels of Millieguivalents per 100 grams of—

potassium, .

magnesiu,

and ealeinm Al B C'u Fe Mn “n Total®
K-t Lo 2,13 3.3 0.6258 {1.8) 3.55 0.4 19).08
K--2 1.40 1.5 176 it 3.02 .27 7.32
K3 1.8 108 D140 Y] 2,80 26 G.35
Myg-1... 1.48 2.4 LOIRT i 2.76 .38 7.30
My 2, 2.25 .86 L0203 LTh 3. 37 .32 s.61
Mg 3.0 2.05 .93 Rt iH 3. 00 o7 7.3
Ca 1. j.61 2.0 N R} 3.42 i1y 8.20
C'a 2. 2,08 1.5 LG Lo 3. 16 .3 §.19
Ca 3.. 2,04 .02 LDERT LB 2.0 L2206 7.4

[ at
J-pereent
level .25 12 L0004 L0 U .03 38
fus D at
l-pereent
leved. .. .33 G L0013 06 IR M Lal

*The qwie of the § indivdua! elements i egusl 1o the value hsted, except for
difforences caused by rounding erors,

The pronounced effeet of the first increment of magnesium in increas-
ing leaf efficieney is an indication of the severity of magnesium deficiency
at the low level of magnesium supply and offers 2 possible elue to a
nuraber of phenomena that have been observed with respeet to magne-
sium sutrition both in thix experiment and under field conditions, This
nereased Jeal efficiency was the result of the combined eficet of the Grst
inerement of magnesiom in increasing the weighl of stems plur roots
while ab the same time it produced an inerease in total dey weight of
leaves anly at the high level of potassium =upply (table 51, The ineffi-
cieney of the feaver of the plants reeciving the low level of magnesium
may be accounted for by (he short perind for which each leal vemained
i the tree alfter develuping fully, as well as by the low magnesium
content of the leaves.
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This short period of leal activity, accompanied by the continuous
development of new leaves, depleted the meager foodereserves available
for [eeding-root development tn such an extent that feeding-root growth
not only practically ceased, but the roots that were present deteriorated
rapidly. At time of ]_laucst_ almoest no live feeding roots remained on
the plants receiving low magnesium. This reduction in feeding roots
further decreased the absorption of magnesdum as well as caleium and
most of the minor elements. The cffects of the three bases on [ceding-
root development are better illustrated by the ratios of stem-plus-storage-
root weight to feeding-root weight than by feeding-root w eights alone.
The main Iar:tm oontmllmu the ratio was the level of magnesiuny sup-

ply ttable 81, but both l‘d|(ll.ll]1 and potassium altered the magnesium
effect.

TasLe 8 —Main effects of 3 levels each of potassium, magnesivmn, and
cafcivm and their interactions in yrams per plant on the ratio of dry
weight of stems plus storage rools to dry weight of feeding vools

Level of - -
e Over-ll
cffecl of --
K-3

2 Co-d Ca-l Ca 2 Ca-3 Ca-1 Ca-2 Ca3. K My Ca

G, Gt | G 1 Gm i G'm 1 Gm, G G G, G,
. 87 2,13 2.7 4. 3')} G.32: 5.30- 9. 98‘ 2.0u 4‘Ub| .30
Mg 2 oo 1.73] 2029 2000 Tou5] 20130 2000 508 0B 2.20r 2.83 2.05 2.65
Med., .. i 25 2,106 2.45 2.18] L3224 2,61 2,52 3.54 2.31‘3{ D

b F

The first inerewent of magnesium redueed the rativ and the second
inerement increased it. The averages were 106, 2.05 and 2.38 at the
Alg-1, Mg-2, and Mg-3 levels, JLspecmel\ The effects of potassium
and caleivm levels were nearly equal and both produced an inerease in
the ratio. This wus mercly a reflection of their effecls on magnesium
accumulation and function. The slight inerease in the stem and storage
root to feeding root ratio resulting fl om the second inerement of mag-
nesium (compare fig, 2, B, with ﬁlr 2, ¢ was the result of an increase
mn storage-root weight in excess of the jner ease in feeding-root weight.
This is & reflection of an increased efficiency of the feeding roots as well
as of the leaves of the high nmg.,ne-qunl plants, which per m]ltod a greater
accumulation of food reserves in the storage roots.

The increased production of feeding-roots resulting from the first in-
crement of my agnesium was undoubtedly responsible to a large extent
for the accompany’ ing inerease in leaf content of culeium and g number
of the minor elements.

Under field condifions, magnesivm-deficiency symptoms on tung have
not developed until late in the growing season. The data leom this ex-
periment would indieate (iat this may be caused by the production of
feeding roots early in the spring from the little reserves present in the
storage roots of magnesium-deficient. trees,  These feeding roots appar-
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enbly are able to supply sufficient magnesivn to maintain the foliage
produced during the early part of the season, but as soon as the magne-
sium is depleted in the restricted feeding zone o!f the new roots
magnesium-deficieney symptoms develop. On the other hand, this de-
velopment of magnesinmn-deficiency svinptoms may be the result of a
change in the balance between the eoncentrations of potassium, maghie-
stum, and caleium in the leaves.  For, under normal conditions, there is
a marked increase in calcium and a decrease in potassium, whereas the
concentration of magnesium remains very much the same from early to
late in the growing season.

The correction of magneshun deficiency in tung orehiards, even with
heavy and continued apphcations of magnesivn sulfate, requires a pum-
ber of seasons. The extremely poor feeding-root development aceom-
panying magnesium  delicieney 1z undoubtedly responsible for the
difficulty in its eorrection.

Another vutstanding and significant Teature of the results of this ex-
periment has been the effects of supply of potassium, magiesiug, or
culcivm on the nitrogen content of the leaves, although there was no
difference in nitrogen supply ttables 4 and 6. Increasing the magne-
shum supply in the =ubstrate deereased the content of nitrogen in the
leaves, the averages being 834, 767, and 745 e per 100 gm. for the
AMg-1, Mg-2, and Mg-3 levels, respectively (fig. 5), Potassium had a
siwilar effect in that the average levels of nitrogen was 844, 762, and
160 mee. per 100 g, respeetively, for the K-1, K-2, and K-3 levels.
The effect of calcium was less provounced, the over-ull level of nitrogen
being 825, 784, and 758 m.c. per 100 g, for the Ca=), Ca-2, and {28
levels, respectively, even though the range of caleium in the supply was
much greater than that of potassivin or magnesinm,  Effects simitar 1o
those on nitrogen were obtained with respeet to the phosphorus content
of the leaves as a result of the different levels of potassium, magnesiun
and caleium in the supply (tables 4 and 6; fig. 61.

These and other similar results of interactions make it obvious that
stulies of Uhe effects of levels ol vne or more elements on growth and the
accumulation of other elesnents condueted in factorial arrangenents and
r randomized complete block experiments are essential for maximum
significant results,

As stated earlier, no one growth measurement can be arbitrarily se-
lected ag representative of the total response of the plant o environ-
imental changes.  From the numerous aspects of growth that were
measured In the experiment hereln reported, it is possible to evalunte
the relative merits of the different measurcments as valid criferin of ve-
gponse to nolritional changes.

All the growth measurements recorded were nob affected to the same
extent, and, in some cases, not even in the same manner by different
treatments. There were, however, certain effects that were rather con-
sistent. The most consistent and onounced effeet resulted from an
increased supply of potassium, especially the first increment, whieh pro-
duced a large increase in every aspect of growth. The Bret inerement of
magnesium was also very effeetive in increasing most of the srowth
measurements, with the exception of leal weight and number of nodes.
These responses to the first increment of potassium and magnesinm werp
o be expected, since the Tevel of these elements in the leaves in the

¥
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K-1 and Mg-1 treatments were so low {12.5 to 30.9 m.c. per 100 gm.
for potassium and 3.9 {0 10.4 mi.c. per 100 gm. for magnesium) that they
produced plants extremely deficient in either potassium or magnesium or
both, The low levels of these elements were reflected not only by the
reduced growth of the plants, as compared with those receiving higher
levels of potassium and magnesium, but alse by leaf symptoms, partieu-
larly those of magnesium deficiency.

An accurate quantitative evaluation of both magnesium- and potas-
sium-deficieney symptoms on the leaves was impossibie, because of the
rapid leaf [all resulting from these deficiencies, particularly that of mag-
nesium {fig. 1; table 5). For this reason, the hest evaluation of the
severity of magnesiuin deficiency is the percentage of total leaf weight
dropped. This criterion of magnesium deficiency cannot be absolutely
applied, however, since the plants receiving the Jow level of potassium
combined with the medium and high levels of magnesium {table 3, treat-
ments 4 to 9, inclusive} dropped higher percentages of their total leaf
weight than did plants receiving the same amounts of magnesium and
the higher levels of potassium. Rince these plants showerd no magnesium-
deficieney leal pattern but did show mild symptoms indicative af potas-
sium deficieney, it iz reasonable to assume thai leaf fall from these
plants was caused by potassium defieiency. The only plants receiving
the intermediate level of magnrestium that showed any svmptoms of
magnesium deficieney were those receiving the high level of potassium
{table 5, treatments 22 to 241 and those receiving the intermediate level
of potassium and the high level of caletum (treatinent 131, which showed
only mild symptoms. The data in table 6 show that the magnesivm con-
tent of the leaves from the plants that showed magnesium deficiency
ranged from 3.9 to 17.0 m.e. per 100 gm. while plants that did not exhibit
magnesium-deficieney symptoms had from 21.1 (6 62.2 nie. per 180 gm.
of magnesium in the leaves.

The E}--:!-d-(i-d- anel B ratios in the leaves were caleulated from the
My Mg
leaf camposttion data, and, although not presented in detail, it is of
interest that thoe K+ Ca

Mg

deficieney symptoms ranged from 3431 to 6586, and in those showing

ratio in the planis showing magnesium-

. K .
no symploms= from 5.08 to 08N, The i\'i\g ratior ranged from 1964 to

223 and Trom 231 (o 022, respectively, for the plants showing visi-
ble svmptoms of magnesium deficieney and for those showing none.
From these data it would appear that for magnestum the actual
leal content of the clement was as good an indication of the defivieney
- . K+ Ca
level indicated by leal symptoms as either the ~———§}-~-‘-
18

ratio. As nol all possible ratios between {he three bases were

or the

K
Mg
tested in this experiment, this does not mean that, under ali cunditions,
the actual level of magnesiuin will be a betler index of the magnesium
status of the planl than the ratio of magnesium fo one or both of the
other major bases,
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A correlation of potassium defieiency with leaf composition is not so
readily made, since the predominant effect of potassium deficiency was
in limiting growth. Therelore, it is necessary to use the leaf composition
as the basis for determining the cause of the Jimited growth. Plants
receiving the low level of potassium and the intermediate or high level
of magnesium made significantly less growth, judged by every measure-
ment taken, than did plants receiving the same levels of magnesium and
the higher levels of potassium (table 5). The leaves of plants receiving
low potassium but adequate magnesium (treatments 4 to 9) were low in
potassium only, the potassium contents ranging from 125 to 189 m.e,
per 100 gm. (table 68). That the plants in the low-potassium, low-
magnesium freatments {1 to 31 were not potassium-deficient iz evidenced
I a potassium content of their leaves, which ranged from 285 to 30.9
m.e. per 100 gm.

If these data are compared with those for potassium in intermediate-
potassium. high-magnesinm treatments (16 to 183, which ranged from
26.0 to 31.7 m.e. per 100 gm. and which produced plants having total
plant weights averaging almost three times those in treatments 1, 2,
antt 3, it i= evident that this content of leaf potassium is adequate for
cood growth. provided all otlier nutrients are also in adequate supply.
When low-potagsium, low-magnesium plants (table 6, treatments 1 to 3)
are eompared with the intermediate-potassium, low-magnesium plants
ttable 6, treatments 10 to 121, it will be noted that the potassium con-
tent was approximately doubled, whereas the magnesium content was
reduced to approximately one-hall.  When magnesium supply was in-
creaser] fo the intermediate lovel and polassium supply was at the see-
ind level {table 6, freatments 13 to 15). the leaf magnesium was
inereased four- or fivefold over that of treatments 10 to 12, but patassium
in the leaves dropped to approximately the same level as that in the
plant= from the low-potassium, low-magnesin treatments.  Growth,
measwred Inany maoner, was greatly inereased in treatinent= 13 to 13, as
compare! with treatments 1 to 3 or with treatments 4 to 6, the low-
potassium, intermediate-magnestm Jevels. This is the result of main-
taining a proper balance belween potassium and magnesium while, at
the =ame time, inereasing the infensity of baoth,

Intensity of normal nutrition cannot be measured on the basis of the
content of an element or o all clements per unit weight of the tissue,
sinre plants receiving a properly balanced but inadequate level of nutri-
tion will make only that amount of growth permitted by the limited level
of supply. Tissue from sueh plants has approximately the s=ame wineral
content as that from plants reeeiving a higher level of properly balaneed
nutrients, even though the latter make muoeh greater growth, TFor this
reagon, intensity of nutrition cannot be cvaluated [rom leal analvsis
alene but should he evaluated from the whole plant, where it is possible
to measure total nutrient uptake, or by correlation of leaf analyvsis with
total plant production.

The relatively minor effects on growth of a wide runge in levels aof
caleium in this experiment are undoubtedly caused by a low ealeium re-
quirement — result of supplving one-fourth of the nitrogen in the
ammonia form.  Tn other experiments by the writers, data from which
lave not heen published, it has been demonstratod that when one-fourth
of the nitrogen is supplied as ammonia, tung trecs, apparentiy normal

-
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in every respect, can be grown with as liftle as 12 m.e. of calcium per
100 gm. of dry leaf tissue.

Since, in this experiment, one-fourth of the nitrogen was supplied as
the more readily assimilated ammonium ion, the nitrogen content was
considerably higher than is usually found under field conditions or in
sand culture receiving all nitrate niirogen. Thus, though the freatments
effected a wide range in leafl nitrogen, the nitrogen levels are not cor-
related with growth except indirectly, as they are related to levels of
the bases that were correlated with growth. The effect of the bases in
reducing leaf nitrogen (fig. 5) is undoubtedly caused by their competi-
tion with the ammonium ion for entrance into the plant (26). This ex-
planation is emphasized by the effectiveness of potassiun and magnesium
in reducing leaf nitrogen. Though the reduetion of caleium accumula-
tion by the ammonium lon probably is accounted for chicfly by the
effect of the ammonia on organic acid metabolism, as is pointed out on
page 35 and page 42. the action of calcium on nitrogen aecumulation is
similar to that of potassinm and magnesium,

The outstanding feature of the data on phosphorus content of the
leaves (table 6; fig. 6, D to ¥ i= the pronounced depressing effect of
inereaging levels of potassium. The effects of magnesium and caleium on
phosphorus accumulation were different at different levels of one another
and of potassium. No explanation {or these effects is apparent, but that
the inverse relationship between leaf content of potassium and phos-
phorus is a consistent phenomenon in tung seems well established on the
basis of all of the data =0 far obtained by the writers. The same relation-
ship has been found in numerous other experiments involving various
levels and ratios of nitrogen. phesphorus, magnesiom, and potassium,
both under eonditions of all-nitrate and under part-ammonia and part-
nitrate nutrition. Data from these other experiments {(unpublished)
lead to the conelusion that the high phosphorus in the leaves of the
plants in the study reported here is the result of supplving one-fourth of
the nitrogen as the ammonium ion.  Leaves of planis grown on all-nitrate
nitrogen and receiving a level of phospharus equivalent to that supplied
in this experiment have analyzed consistently lower in phosphorns. This
ammonia-nitrate nitrogen relationship to phospherus  aceunulation
would indicate that the effeet of the bases on phosphorus aceumulation
lies in the organic acid metabolism of the plant as affected by the
ammonia-nilrate nXrogen ratio.  Data from another experiment now in
process of mterpretation appear to support sueh an explanation.

The depressing effeet of potassium on phesphorus aceumnlation has
heen reported for tung on field-prown material by Drosdoff and Painter
{9) and on other speeies by Jobnston and Hoagland (18) and by
Colby {5},

Rerarvion Brrween rue Porassivm-Macnesium-Carcioy RATio ANB
Torai Aceunmvrarion or Porasstum, Macnesionr, anp Circium
in THE I.gaves

There ix considerable evidence in the Jiterature to support the general
prineiple of antagonism between the bases. There is no doubt that,
within certain limits, an inerease in the supply of anv ane of the threc
major rations will eause an inereased leafl content of that ion and a de-
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crease in the leaf content of one or both of the twe other cations. Feor
this to be a consistent phenomenon, however, it would be necessary to
have a constant milliequivalent accumulation of cations in the leaves
under ail nutritional conditions (14)}. Since the cation : anien ratio
within the leaf must be a constant, the above conditions coukl only
exist within a range of nutritional variations that would not materially
affect the anion accumulation in the leaf. Further, since a considerable
proportion of the anions present in the leaf are the products of organie
synthesis, such as organic acid radicles, and since it has been shown by
Pucher, Vickery, and Wakeman (21} and Pierce and Appleman {20) for
other plants and by Gilbert, Shear, and Gropp (12) for tung that varying
ratios of ammonia to nitrate nitrogen as well as varying ratios of potas-
sium, magoesium, and caleium alter the organic acid econtent of the
leaves, it ie logical that the total cation demand would also vary.
Furthermore, as a high percentage of the absorbed caleium is inactivated
in many plants by preeipitation as the oxalate and is, therefore, no
longer able to affect materially the entrance of other cations, it might be
expected that an nereased eaieium accuwmulation in sueh plants wonld
affect an increase in the total cation aceumulation in the leaf.

That calcium does exert such an effeet on total eation accumulation is
well illustrated by the fotal accumulation of caletum, magnesium, and
potassium in the leaves of the plants in this experiment (table 8). The
average cifect of increasing caleium supply was to increase the total of
the three bases, the data being 95.7, 1304, and 164.3 m.c. per 100 gm. of
dry leaf tissue for the Ca-1, Ca-2, and Ca-3 levels, respectively.

The interactions that occur between the three bases in their effect oo
total eation accumulation can be more readily visualized from an inspee-
tion of figure 12, that presents simultancously the data for cation pro-
portions in the leaves and total eation accumulation for cach of the 27
treatinents. This figure was constructed in the loliowing manner: The
caleium-magnesium-potassiumn units in the leaves caleulated for each
treatment are plotted on the plane surface by the wethod of trilinear
coordinates described by Thomas (29) and Thowmas and Mack (30},
At the point on the friangle vepresenting the calcium-mapnesivm-
potassium unit for cach treatment the total of the milliequivalents of the
three bases in the leaves is plotted in the third dimension, or perpendicu-
lar to the plane of the triangle. By thiz method it is possible to con-
struet a solid figure having an upper surface, from the coutour of which
one is able to ubserve the effects of changes in the relative proportions in
whiclh the three clements accumulated on the total accumulation of
the three.

The outstanding effect, as shown by the inereased height in the ealeium
corner of figure 12, indicates that the greater the proportian of the total
contributed by the caleium 1on, the greater was the total aceumulation.
As the proportion of calelum to potassium and magnesivm was reduced
by the aceumulation of either or both of the jatter 1ons, the total eation
aceumulation was also veduced. The reduetion in total cation accumula-
tion, however, was not affected equally by potassium and magnesium.
When magnesium was low and caleium was depressed by increased po-
tassium aecumulation, fotal eation accumulation was not reduced so
markedly as when potassium was low and calelum was depressed by in-
creased magnesivm accumulation.  Poiots representing all 27 treatinents
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Figrne 12—4A solid figure, showing the relationship between the eomposition of (he
Cn-Mp-K units {plotled vn the plane surface of the trinngle) and (he total milli-
eguivalent concentration of (he (heee componentls of ihoge units tplotiod per-
pendicular (o the plane 2urfnee of the trianged, o found in the divy matier of the
lewves from tung trees grown In sund culture receiving nutrieni solutions confuain-
ing different vatios of culeiun, magnesium, and potassiuw,
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are not visible in figure 12, because, at the extremely low levels of leaf
magnesium in proportion to caleium and potassium {freatments 2, 3,
10 to 12}, the total aceumulation dropped precipitously, probably as a
result of the very poor rout development ol these severely magnesium-
deficient plants. The points representing these treatments oceur at the
rear of the figure as viewed, and, though not visible, follow exactly the
slope of the shghtly higher magnesinm frcatments with inercased pobas-
sium accuraulation.

The increased lea! magnesium whieh resulted Irom incressed caleium
supply at the medivm and high levels of magnestum combined with low
potassimne shows that this caleium effect in increasing Lotal eation aceu-
mulation was partly the result of increased magnesium aceumulation.
The fact that this combined increase of ealeium and magnesivm did not
materially affect potassiom accumulation in the leaves indicates that
the increased calctum and magnesivin was 13 8 nonionizable form,
probably oxalate, which would not inlibit the aceumulation of potas-
st in the leaves,

Data from other less extensive experhuents indicate that the reduction
of calcium accumulation by increased manganese {28) results in a simi-
far reduction in total cation accunmulation.

This effect of caleium in increasing total eation aeccumulation is in
agresment with the results of Mehlich and Reed (J8) on cotton and of
Albrecht and Schroeder (71 on spinach, Otber investigators working
with grass (37) and legumes (21 have not found this effect. It appears
that eation equivalent eonstaney will vecur only in those species produe-
ng no significant guantitics of oxalic acid, whercas the relationship
herein reported on tung wonkl occor o oxalate-producing species.

RevaTion BETWEEN THE SUPPLY oF PoTassiUm, MAGNESIUM. AND
CALCIUA AND THE AccUnicLatiox oF HeEavy
MEeTALS PLUS Bokon

Numerous investigators have noted relationships hetween the supply
and accumuiation of one vr more ol the bases on the secumulation in
different plant part= of boron and eertain of the livavy metals.  Caleium-
boron relatiomships have been reported by Brenebley and Warington (31,
Marsh and Shive 1730, and Wolf 341, Potassium-boron relationships
have been reported by White-Stevens (331, Purvis and Hanna 122),
Reeve and Shive 1231, and others. A magnesium-horon relationship in
the nutrition of fung has previously been veporied (271,

The depressing effects of potassium on manganese and copper aceu-
mulation 1n the leaves has previously been reported by the writers (28).
Wallaee 132) alvo found a @milar potassimn-manganese relationship,
Reuther und Smith (241 have noted a similar relationship between potas-
sium and zine in eitrus,

Because of the marked effect of one ar more of the bases on the aceu-
madation of the heavy wetals, it seems worth while 1o make a rather
carcful analysis of this phenomenon as revealed in the data presenied.
Potasgivm supply was the deminaat factor, affeeting not onlv the aceu-
mulation of potassiun in the leaves but also that of baron and all of the
heavy metals. I every ease the potassinm depressed the aecumulation
of the heavy metalks amd boron tlable 71, It was also the major {aetor
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Ficree 13 —Relationship between potussinin accumulation and the accumulution of
the tolal of alumivum, boron, copper, iron, munganese, and zine in the leaves.

influencing the accumulation of the total of ali of these elements. In
order to emphasize this relationship further the data for the potassium
content in the leaves have been plotted against the leal content of the
total of the heavy metals and boron (fig. 13}. A curvilinear relationship
exists between the concentration of potassium in the leaves and the total
concentration of heavy metals?  Considering that therve are nine differ-
ent ratios of calcium to magnesium represented at each level of potassium
and that both caleium and magnestum in the solution have been shown
to influence the aceumulation in the lea? .f eaeh of the minor elements,
this close relationship takes on inereased significance, Although potas-
sium influevos the amount of each of the heavy metals and boron that
accumulates in the leaves in a slightly difierent manner and although
calelum and magnesivm also affect the leaf content of these minor ele-

* Linear regression :
Coefiicient of corvelation = —0.7632
Coeflivient of detorminaiion = 583 pereent
Hegression equation 17 = 16.802 — 00667\
Sy.z = 1.262 m.e. /100 gmn. dry matier of tolal heavy metnls plus boroa.
Curvilinear vegression
Caeflicient of eorrelaiion == —0.8081
Coeflicient of delermination = 65.3 percent
Regression equation ¥ = 12729 — D.1699SX 4 80111512
Sy. z = 1.156 m.e./ 100 gm. dry mutter of totsd heavy metals plus boran.
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ments, it appears from these dawa that there are eomnpensafory inter-
relations between all of these ions which bring sbout this eonsistent
relationship between potassiwin and the total of the heavy metals plus
boron in the leaves.

The relationships between the supply of ealcium or magnesium and
leaf content uf the heavy metals and boron de nut appear at first glance
to be consistent. Restated briefly, euch of the fwo inerevents of mag-
nesium produced a significant decrease in zine, a significant decrease
followed by a nonsignificant increase in boron, and an increase followed
by a decrease in lron, mangancse, copper, aluminum, and total heavy
metals plus boron {table 7). The two inerements of calclum resulted
in a decrease in wangapese. zine, copper, and total heavy metals plus
boron, an inerease in ron, an Increase in aluminum the frst increment
being followed by o novsignificant decrcase, and a decrease iy horon
followed by a slight increase (lable 7).

The magnesiv effeet was consistent for all the heavy metals with the
exception of zine, There are fwo possible explanations fur the inereased
content of ron, mangunesce, copper, aAlimtouy, and total minor clements
in the leaf, us well as of caleium, that resulted from the first inerement
of magnesium. Plants reeciviog the lowest level of magnesiun lad
very poor root systems; the dry weight of leeding rovis ranged frow
058 to 632 gm. per plant. The few [eeding roots produced nn these
plants deterlorated rapidiy and probably Tupetioned for only a short
period. This poor root doevelopment may have been partially responsible
for the low level of maost of the cations in thie leaves of these plants.
Root: development was greatly improved by the first inerement of mag-
nesium and may bave been respunsible for the inereased leal econtent of
the cations at e Mg=2 fevel, The deercased leal content of the cations
at the Mg-3 as compuwred with the Me—2 level may have been caused
by cation competition That was able to funetion when normal root ah-
sorption was taking place.

The causes of the depressing effeet of magnesium on zine and the
marked effeet of the first inerement of wagnesiuvin in reduecing leaf boron
ave nol readily apparent. 1t way be that the competitive effect of mag-
nesium on these clements was ol =ueh o magnitude that it redueed the
absorption of zine with both inerements and of boron with the Arst
increment; however, the second increment of magnesiom resulted in no
significant change, notwithstanding the beneficial offeets of the inereased
feeding-root efficiency.

The other possible explanation is that the ercatest deerease in leal
potasgitn resulted Tromn the first increment of magnesium,  Rinee it has
already heen shown that leal potassium was iaversely eorrelated with
eontent of the heavy metals and boron in the leaf, it would be expected
that the redueed polassinm content resulting from the inereased magne-
stium would hring ahout an inereased aecamulation of these elements.

Although {he seeond inerement of magnesimm produced a large n-
evease in leafl magnesinm, it was not accompanicd by an eguivalent de-
erease in potassium e 91, Thus, twe elfoel of the seeond inerement of
magnesiom on the beavy metals and boron would be predominantly the
competitive effecl of inerensed magnesium rather than that of deereased
potassitm and would result in (he observed veduelion of the heavy
metals and no further deerease in boron,  This second explanation seems
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the more logieal. particularly in view of the effects of calcium on the
minor elements.

With the exception of iron and aluminum, the heavy metal and boron
content of the leaves was reduced by calelum.  As caleivm aecumulation
only slightly affected potassinm content of the leaves (fig. 103 and either
produced only a slight effect or a marked increase in magnesium content.
it would be expected. on the hagis of cation competition, that the increase
in leaf caleium and magnesinm In response to increased caleium supply
would resudt in a decreased aceumulation of the heavy metals and boron.

The increase in content of ron and aluminwm in the leaves resuliing
from inereased ealeium may have been caused by the inactivation in
nonjonizable form of these two metals as a result of an inereased oxida-
tion potential hrought about by the increased ealcinm aceumulation,
Data indicating such a response to inereased caleium have been oblained
by coworkers on tung (12).

Tt thus appears that when the supply of any ene or all of the heavy
metals and boren 1= beld eonstant, the controlling factor affecting their
accrtmnlation in the leaves i= the level of potassium supply and conse-
quent level of leal potassium.  Thiz potaseinm offect dominates the
offects of caleium and magnesium to such an extent that only when leaf
potassium = just slightly affeeted by vather large variations in leaf
ealeium and magnesiun ean these latter cations exert their individual or
enmbined ecompetitive efferts on the aecwmnlation of the heavy metals
and boron.

REeeaTion BEFWEEN THE ACCOMULATION OF POTASSIUAL MacNESIUM.
AND CALGIUN AND THE ACCUMIULATION OF SO8IUA 1N THE LEAVES

Tl ¢ ety of the plant w absarb or reject the sodivm ion varics
with differout <peeies.  Tn the species that veadily absorb sodium, the in-
teractions between sadbmy and the other eations wre very similar to those
already deseribed Jor potasshun 3. In sueh plants. codinm. though
nat an essenidal wntrient eloment, may act a: an important factor in
nutrition throngh it effcets oy the aecimulution of the nntrient eations,
e<pecially potassinm, and the balanee between then,

Athonely the tung tree tends to rejeet <odium and the sadinm aeeu-
mtlation in the feaves in this experiment bove no relation to the level of
supply. the effects of ather major eations on lead sudium were significant.
Sodium aeenmulation was preatly inereaserd by nereasing potassium 2=
plys bur ealeium and nwgoesimn also had impostant efeets. The first
inerement of magnesiumn inereuased soditm acenmulation, bui (he seeond
merement greatly reduced i, On the other hand, the figst inerement of
aleinnn deeregsed sodimn secumulation but the seeond ineroment re-
sulted inono forther chenge. Notwithatanding these effeets. the lovol
of potusstm sapply had the oulstanding efeet of inereasing bath potas-
stum and sedinm accunndation in the leaves, the very lighly senifieant
linewr coeflicient or correlition being 073041, The regression eguation
was 37 ow= T227TN - 10234, and Syox - 322 me, of polaseigm pey
HIO g of dry watier, The coellicient of defermination of 5418 pereent
i= quite remarkable, as 3t hdicatos that most of the sodiam aceumulation
in the leaves was determined by the acenmulation of potassium in them.
Thix relationship iz oppoxite Lo that of the ollier cations with polassium,
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which indicates thai the effect of potassium on sodium is not one of
competition.

Since sodium absorption is evidently selectively inhibited by the roots
of the tung tree, one would not expeet ity uptake to be aflected in a
competitive manner by other cations. However, any alterations in root
permeability resulting from variations in the compasition of the nutri-
ent solution would he expeeted to be refleeted in altered sodium uptake.
The direction of the effects of potasdum, magnesium, and ealcium supply
on sodivm aceumulation in this study fits such av hypothesis, It is
gencrally recognized that the moenovalent cations, especially potassium,
inerease protoplasmie permicability, whereas the bivalent cations de-
crease permeability.  Thus, the inereascd zodiun uptake that aceom-
panied Inercared potassium supply and deercased magnesium  and
caleium =upply could very poweibly be eaused by allered protoplasmic
permeability,

Varmovs GROWTH MEASUREMENTS A5 CriTERIS oF RESPONSE To
Nurgir1onaL TREATMENTS

Of the numerous growth measurements recorded on the plants in this
study, no ovne alone gave a complete pieture of respobse to nutritional
treatment. Total plant weight by itsclf. for example, gave a lalse pieture
of the effect of polassium in increasing imagnesium deficiency. A com-
parison of the totai plant weight in the K=1 plus Me=1 treatmoents with
those in the B2 plus Mg=1 and K-3 plus Mg—1 treatments ftable 31
indicated that the greatest weighl wus at the second level of potassinm.

The weight at the third level of potasshun waz intermediale between
that at the first and seeond levels,  Inspeetion of the data for total
welght of leaves produeed, however, shows that west of the inereased
plant weight resubting from the jnereased potassiinn was eauged by in-
eveased leal weighit,  Sinee the inercased magoesinm deficieney resulting
from the higher levels of potassium caused an inereased leaf drop, the
greater leal weight was nov aceampanied by Increasod <lem and oot
weight, hul, espeetatly at the high ievel of potassiun, produeed g large
deerease in stewrs plus rooks. This was owing to (he greally lowered leafl
efficioncy untder conditions of high potas<ium and low magnesium,

Even though leal fall was not significantdy diffeeent af the Mg=2
and Mg=3 levels within a given level of potassium, loaf ellicieney was,
nevertheless, higher at the third than at the seeond Jevel of magnesium
at all levels of potassium supply. This would indieate that phote-
=vithesis was niproved by the Tither dnerease in maanesivm, although
visnal magnesinm-defieioney symploms were nat usaatly present at the
Me-2 level.

The muxie of action of each one of the major bases in affecting plant
beight is shown by the Lo growth phenomena, the nuther of nodes and
the length of internodes.  Inereases of bolh porassiun and magnesium
resulied in inereased plant height (g 3, 4 and P Taereasing ealeim,
however, decreased plant height.  Although petassiom and wmacnesim
haotl inereased plant beight, their effeels on numher of nodes were di-
rectly oppositte (fig. 3, i, Both inerements of potassium greatly in-
ereased number of nodes, whereus both inerements of magnesium reduced
anumber of nodes; the effeet of the first inerement being the greater
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With the exeeption of the second inerement at the low level of magne-
sium, potassium incrcased the length of internodes (fig. 3, Bl. From
this it can be seen that increased height resulting from the higher levels
of potassium was caused by the inereased number of nodes. Al increase
in height resulting from magnesium increments, however, was eaused by
the greater length of internodes. The reduced height brought about hy
caleium was entirely the result of decreased length of internodes.

As far as the writers are aware, there are no other data on the effects
of nutrition on the specific gravity of wood. From the results pre-
sented, it can be assumed that the magnesium nutrition of the fung trecs
was a dominant factor affecting the speeifie gravity of the wood.  Histo-
logical studies are under way on stem samples from the irees produeet
in this experiment and should make possible an explanation of these
diffierences in speeific gravity on a morphological basis.

In any tree erop structural strength of the wood is important. In
tung, which bears heavy erops of fruit and is grown in an area subject
to severe windstorms, this factor ha= added importance.  Any informa-
tion that may contribute to our knowledge of the faclors aflecting strue-
tural strength of the trees has great practieal application.

UsE oF LEAF ANALYSIS IN THE INTERPRETATION OF NUTRITIONAL STATUS
Axp GrRowTH REsronse

Numerous attemptx have been made at mathematical expression to
represent the relationships betwoeen the supply of various clements and
their accumulation in ifferent plant parts and belween the ratios of

certain elements in the plant and various aspeets of growth and fruiting.
So far, these mathematical expressions have not found wide applieation.
In the results of the experiment herein reported may be Tound the ex-
planation for the lack of sucress in sueh attempts as well a= an indieation
of some of the factors that must he considered in attempting to formmnlate
such mathematieal relationshipe.

The data reparted in this balletin have demonstrated that the coneen-
fration of any given clement in the Teaves is a Tunction, not alone of the
concentration of that element in the =upply but alsa of the coneentration
of that clement in relation to that of every other element in the supply
and the consequent aecumutation of all other elements in the leaves
and their resultant effveis on metaboli=m and growtl,  The aspeets of
these relationships have already boen stated by the writers in their eon-
cept of nutrient-elenient halanee (273,

Were it necessary to inlegrate only the effvets of varving ratios of
supply of cadeium, magnesiom, and potasiunt on the seeunudation of one
another in the teaves and oy interpret growth responses in ferms= of {hese
three elements alone, the problent would he complex. But when the
effects of the aceumulation of these clements on the weeumulation of all
of the other elements are recognised, the problem is even more complex.

The effects of the hases on the heavy metals and boron aecumulation
illustrate well the difficulties of interpretations of foliar analysiz, cven
when analvses Inelude all of (he knuwn essential elements, and should
incheate the impoessbility of interpretation on the bast< of only (he so-
ealled major elements.

In this experiment the clements vther than (he three major cations
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were gupplied in coneentrations sufficient to prevent their concentrations
in the leaves from dropping to levels that would materially reduce
growth, even under the conditions most unfavorable for thelr uptake.
Had the heavy metals and boron, for example, been so low in the supply
as {0 become evitically deficient under conditions of high pofassium ae-
cumulation, any interpretation of the effects of potassium on growth
would have necessarily become impossible, sinee the effects contributed
by the resulting change in the accwnulation of each of the heavy metals
and boron could not have heen evaluated.

These observations do not mean that leal analvses eannat be profit-
ably used to interpret the nutritional status of plants,  On the contrary,
Ieal analyseg, in eonjunetion with a fuirly complete evalualion of soil and
other environmental eonditions and with fairly full infornation on tree
growth and [ruiting performanee. are being widely used (o sreat wibvan-
tage by tung growers and others,

Supeh mndications of complex nulbritional refabionships as have leen
tlustraled in the study serve to make the investigalor aware of the
factors that must be considered and o prompt Tuether investigation in
an atterpt to clarify the relalionships so Tar recognized and 1o uneaver
further relationships that may exist.

SUMMARY

The effects of varving levels and ratios of caleiun, magnestum, and
potassium on the growth and mineral esmposition of the leaves of
seedling fung trees grown in <ansd eudbtvre were sfudied in an experiment
having a eamplete bloek design of Tour veplications and invelving a
3 by 3 by 3 Tactorial arrangement of the above-nmmed ealions,

The vesubts show that each of these 3 clements have a highly shmifieand
primary effeet gy well as nteraetions on all eriteria of tree growth and
an the acenmmulation of the 12 clement+ sludied,

The bearing of the results of thiz experivwen! on the interbreintion of
fead analvses wre distussed, To 12 emplasized that the primary offeets
and eomplex internetions between the Jevel of supplye of the various
clements amd their effects on eal conpostion and growih do not mvali-
date the uge of leaf analvses a2 o means of defermining nufritional siatus
of plante, but rather demonstrate the impartance of & more eomplele
unslerstamnding of these phenomenn in order 1o inerease the value of
folinr analvsis,
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