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INTRODUCTION 

The culture uf tung (Aleurites fordii Hemsl.) in the United States iii' 
restricted by climatic requirement tu the Coastal Plain uf the South­
eastern States. ),1uch of this region is characterized by sandy, water­
deposited soils of low base-exchange capacity that are subjected to 
extensive leaching by heavy rainfall. Consequently, many uf these suils 
are low in plant nutrients, especially ceLtain of t,he heavy metals, or the 
so-called minor elements. Because uf these conditions and because the 
tung tree has a high mineral-nutrient l'equirement, it was expected that 
nutritional problem::; would be a ma.jor hctor in tung production. 
Experience has bume out this expec:tation. 

It was realized that any rC::5earch program which was to serve ade­
quately the den;loping tung illllu:;try must include studied to determine 
efficient and reliable means 0 f diagnosing and correcting unbalanced 
nutritional conditions. TllOugll kno,,"kdgc of nutritional requirements 
is to be applied to plant::; grown in :;oil, it if< believed that the funda­
mental inturmation ean be obtained mO:5t re.tdily by solution or sand 
cultures wherein careful contrul of the plant nutrients can be maintained. 
Sand-culture studies, therefore, wcre induded among the first project::: 
started when the Depm-tment of Agriculture inaugurated research on 
tung in J93t). As facilities were not nynilabll' at tung lnboralOl'il':O etitab­
lisbed in the South,. this work was carried out in a greenhollse at the 
Plant Industry Station, Beltsville, rdcl. 

The prineipal objeetives of these ;;tudie;; ha\'(~ bPen: 

1. 	 To detel"lnine the eff(>ct::: of varying lc\'els of supply or individual 
nutrient iom; anti var:'ing cOlldlinations of levels of a number nf 
.~ons on plant gl'o\i-th and tilt, ;;Yll!Jlt(lm~ of llutritional disord(:r 
expressed. 

2. 	 To detel"mine the n>lations betWl'l'n nutri('l1t supply and mineml 
eOIDposition of leaves. 

3. 	 To attempt to eorrelate plant growth 01' the symptoms (If unbitl­
anced nu tl"itiol1 with leaf compusition. 

This bulletin presents the results of a sanel-culture experiment car­
ried out during thc> growing senHol1'lf] 901f>. The ('xpeI"ill1ent \Va,: de;;ign~d 
to determine the effects of val'ying ratiol::' of calcium, magnesium, and 
potassium ill tlw nutrient supply on plant growth and leaf c01l1positiO!l. 

The interaction;; that OCCUI" between thE' cationl::'--cflleiull1, mHgnesiu!l1. 
and potnssiulll-with resped to their effects on the growth of plnnts and 
on the absorption and accumulation of each by the phwt have received 
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the attention of numerous lnvestigators. There is still, however, much 
apparent disagreement among the various workers in thefielc1 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 foliar analysis as a means of determining the 
,nutritional status and ferHlizer requirements of crops, it is important 
that a better understanding of the relationships between these, as well 
as the other nutrient elements, be gained. 

MATERIALS AND METHODS 

SOURCE 'OF PLAN)' MATERIAL 

In these experiments seedling plants were used that were grown from 
the seeds of 3. single, open-pollinated tree designated as Florida 551. In 
the absence of established clonal vari!'ties of tung at the time this experi­
lllent was undertaken, such a procedure was co.nsidered the most satis­
factory means of obtaining relatively uniform trees. 

The seeds were soaked in a I-percent solution of Morpholine for 48 
hours, in order to. attain faster and more uniform germ) -J,tion (25) ,3 

and planted in quartz sand covered with i"phagnum moss in a greenhouse 
bed at Beltsyille, Md., March 2, 1945. 

• 
Tung seedlings, after producing four or five leaves, go into a period of 

apparent inactivity resembli.tig rest, which lusts about 6 weeks. Dming 
this period there is practically no gro\\-th. The seedlings were allQwed to 
go thl"Ough this period before being transplanted into (Tocks containing 

sand preparatory to begillllinf! differential nutritional treatment. 


SAND-Cl'LTUR'£ METHODS 


The sand-culture technique \\"as employed in these experiments, be­
cause the conditions provided by such a medium more neady approxi­
mate thm;e of the soil than do those presented by the solution-cultme 
methods. The requirem'?llts of the tung tree for physical support also 
made solution C'ulture impracticable. 

Many of the variations of the sand-culture mechod used and desC'ribed 
luwe been concerned primarily \\'ith different means of supplying the 
nutrient. solution. EaC'h "ariatioJl is cl'edited with C'ertain merits that 
l't'coll1ll1end it f()r usc with a partiC'ular plant or for the solution of certain 
types of nutritional probll'llls. A study of the litenLtllre, lw",ever, shows 
that insuffiC'ient consideration has been gi,'en to the physical charac­
teristics of the sand lIsE'd. This is partietllariy unfortunate, as the air ­
holding capacity and pcrnwability of the sand used are often limiting 
faetors in the absorption of Illltril'nts and in the growth of man)' plants 
that are particuln.rly sensitive to ('onditions of poor aeration in the 
substrate. 

• Preliminary eXlwl'iments with tung trees in Fand cultme using Berkelev 
Springs No. 1 glass sUJ1(l JlJ'odurecl treE's showing severe symptoms of 
poor aeration. Th('refore, it seemed [tcl\-isable to compal'e the physical 
properties of three of the grades of sand available from a commercial 
company in all attrmpt to find n suitabi(' medium for use in future work. 

3 Italic ntlIIlbcl"R.in lJal"Pllthpsp,", I"('fel' 10 T.itNlll\ll"(, Citpci, p, 50. 

http:ntlIIlbcl"R.in
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TABLE 1.--Percentage of sand of vari01lS particle sizes in,S commercial 

gmdes of Berkeley Springs glass sand 

Percentage of sand retained on sieve of-
National Bureau 

of Standards 
sieve No. 8-mesh F No.1 

grade grade grade 

Percent Percent Percent
6....................... 0 0 0 


12..... . . .. . . . .. . . . ... . . . .4 0 0 

20.... .. ... .. .. .. .. .. . .. 75.4 6.0 0 

30...................... 22.0 37.2 .4 

40................ .... .. 1.6 30.6 9.2 

50........ ...... .... .4 15.8 40.4 

70...... 00......... ....2 5.2 32.2 


100.... .. .. .. ............ 0 2.4 12.4 

140.......... ......... 0 1.2 4.0 

200....... ... 0 .6 I 1.0 

270............ . ..... 0 1.4 .2 

6 2Pan......... '" ... "! 0 1---.-.-.-----.- ­

.. _ ..~ot.a~~.·.~~____·_l=_ 100.0-- .._._1_0_0_.0 ..._1_00_._0_____-'--1__ 

The data in table 1 show the differences in the percentages of the dif­
ferent particle sizes in the three sands examined. Data on the perme­
ability of the same sands under a number of different conditions of 
moisture (table 2), the percentage of moistme at saturation, and the 
volume of air held in 33 pounds of eaC'b sand at saturation in 3-gallon 
glazed crocks (table 3) were obtained. 

From these data it seemed probable that the Xo. 1 sand has an mr­
holding capacity and permeability too low to provide an adequate oxy­
gen supply and an exC'hange of atmosphere rapid enough to support 

TABLE 2..-Pe1"lneab£Wy of 3 urades of Be1'keley Sprinus ulass sand} 
WI. del' different 'III.oisfilre conditions 

Permeability of sand I 

Condition of sand 
8-mesh No. l 
grade grade 

-------- ·~·-·-------I-~..-----·:--·----
Dry.............. , ... . ... , .. . . . . 2,450 492 163
4-pCJ'cent moisture ...... . . ... , . .. . . . 2,450 ] ,060 358
Saturated. . . . . . . . . . . .. . .. . ....... 38 0 0
Saturated and then draincd-

For: 5 minutcs. . . . . . . .. .. , .... , 75 0 0
l?or 10 minutes .......... .. . 112 0 0
Fo)' 15 minutes ... .... " ""'" . 142 0 0
For 20 minutes .. •• <, .. . . . . . 193 2 0

For 30 minutes ... .. . .. . ..... . 2U) 2 2 


• 


• 


• 

. 
- -...'"--~----."....~~ ...,.. -_. 

1 Expressed IlS !'ubi{' epntime't('l'$ of n.ll' passin~ pel' minut.e' throu!\'h It specimen of 
1 cc. in volume under It JlI'p$sur(' of 1 gtn. PPI' sC[ull.l'e ccntimetel'. 
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NUTRIENT ELEMENT BALANCE IN TUNG TREES 

TABLE .3.--Percentage of 1nOist1we at satumtion1 and vo~ume of air in 
sat1~rated sand in 3-gallon glazed cl'ocks containing the indicated 
quantities and grades of sand and with dminage ho~es covered with 
the indicated matm-ials 

Volume Q.f airGrade of sand Material covedng Moisf;ure per crock of and quantity drainage hole at saturation saturated sand 

Percent Ge. 
No.1, 33 Ib........... ' Mineral wooL ...... . 26.7 100 
No.1, 25 Ib......... .. Screen' + 10 lb. pea 21.1 100 

graveL 
F, 31 lb.. . . . . . . .. .,. Screen' + 2 lb. 8- 13.3 1,600 

mesh sand. 
8-mesh, 33 Ib........ '1 Screen·............. : HA 2,675 

1 The moisture content; of the sand was brought to stti;l'xation by adding water 
while stitTing; expressed as grams (percent) of water per l,)O gm. of dry sand. 

o 16-mesh bronze wire scrccn, cOlLted with one coat of ''-'ed lead paint and two 
coats of asphal t ,'amish. 

normal plant growth, especially for plants having a high rate of root 
respimtion. 

The 8-mesh sand provided the opposite conditions of air-holding 
capacity and permeability, having such a high air-holding capacity and 
permeability as to pl'eclude the maintenance of an adequate moisture 
supply for normal plant growth. The characteristics of the F -grade sand 
were found to be intermediate between those of the No. 1 and 8-mesh 
sands. 

In addition to the study of the pbysical properties of these sands, an 
experimc'lt was also carried out to determine the response of tung seed­
lings under identical nutritional C'onc1itions to the three grades of sand in 
crocks provided with different meanf: of covering the drainage holes. 
The resultg were such as would be expected on the basis of the pre­
viously obtained information. No.1 sand provided inadequate aeration, 
regarcllef:f' of the attempted improycments in drainage, and the 8-mesh 
sand was inrapable of holding sufficient moif'ture to provide for the re­
quirements of the trees without. tno frequent, application of solutions. 
The F -grade sand, though having only a 13.3-percent moisture-holding 
capacity at saturation a~ C'ompal'cd to 26.7-percent for the No.1 sand, 
permitted th(' retenti(Jn of ] ,GOO CC'. of ail' pel' 31 pounds of F sand and 
2 pounds of 8-me::;h sand at l';aturation as C'ompared with only 100 cc. 
per 33 pounds fot' the No.1 sand. Neverthdess, the ll1oisture ..holding 
capacjty of the F sand was adequatc to supply moisture to even large 
tung trees (4 to 6 feet tall) when f:uppliec1 with 1,800 mL of nutrient 
solution eycry other day. At th(' same time, however, its air-holding 
capacity and permeability were sufficient to afford adequate initial 
aeration and rapid ('Dough atmospheric exchange to produce normal root 
development and prev('nt tl1(' appcmance of symptoms of poor aeration 
on the leaves or roots. 

On the basis of this information th(' following procedure was used in 
the experjments herein reportecl. 
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The plants were grown in 3-gallon glazed crocks, each equipped with 
a side dra.inage hole three-quarters of an ineh in diameter. The drainage 
hole was covered ·with 16-D1('sh bronze wire scr('en coated with one coat 
of red lead paint. and t\Yo coats of asphalt varnish. In subsequent experi­
ments, plastic SCTeen has becllused. Over this se1'een was plarNl 2 pounds 
of Berkeley Bprings 8-mesh glass sand. Scedlings were eal'efulll~' selected 
for uniformity, removecl from the sand in ",hieh the seeel had been ger­
minated, and, after rinsing the roots with tapwater, were held in plaec 
in the crocks whilc 31 pounds of Berkeley Springs F -grade sa.nd was 
poured around the roots. The sand was immediately saturatc'd with tap­
water. The date of tmnsplanting was April 16, 1945. The tral1f'plantecl 
plants were supplied with tapwuter until their roots bc('umc reeslab­
lished, and then cliffel'ential solution applieations were given. 

Nutrient solntions were appliC'd by }u'lncl at tIl(' rnte of ] ,800 ml. pC'1' 
application. Applications wpre made twice a weC'k while the plants were 
smaU (from IVlay 1 to .Tuly:1. 194ii). and three' tin1('f; a \\'eek from ,JulY 3 
to September i Fl'om ~c'pt('1l11)l'rl until tht' plants \\. C' 1'(' hal'\'c'stc'c\ 
(September 17 to 24) tapwatC'r \nUl appli('d as neC'ckd to PI'C'Y(,I1( \\'iltill~. 

SOLFTJO!\' COMPOSITIO!\' 

The formulation of 1l1ltriC'llt l'olutionl' hayin~ a lluml)('r (If ('olllbina­
tiom: oJ lewIs of thC' jOIl~ to be :-:.tucli(,r[ it-: cmnplicntt'd by Yal'iationf; in 
the cOlH'entratiom: of other iOllS thnt it would he dC't-:irable to hold ('O!1­

stant. ThC' 1If'(' of bat-:('-C'xehangl' mntc'rial:: at-: ('H.l'l'iC'l'l' of the Ytll'iollt-: ions 
if' thC' only me-thor! so far (lc-',if:('c1 to oV('l'('ome- thi::; diffirulh'. Th(, eOf:t 
of surh m'atC'rials if' [ll'Ohibiiiy(', hO\\'c'\'('l', in tl study of tlw 'St'OIl(' of the 
one reported. 

After carpful (,()llsicl!'ratiot1, it was deridcll[.hat til(' lll!l:'t ft'llsible 
means was to aU()\\, tIll' sodium. ('hlOl'inc' , and sulfalc' ions (ll ntl'y within 
limit& f'hown b~' ]ll'("'jou:; c'X[WrilllC'ntF to 1)(' hC'low tite' toxic Ic'\'('1 for 
tung. Subsequl'nt. ('xl)('l'inH'llts wc're eHlTiec\ out to t\etC'l'lIlin(' the l'ffC'('t of 
these IhrC'e ions on growth and h'af cllIlI]lot-:ition. Thc' I'('sult:, t-:how('(J that 
no f:i~nifi('ant ditfc'I'('l1('c':, in gl'owth l'C'sponst':' of tllng I'(,t-:ultrd fl'Ol1l varia­
tions in sodiull1, cltlorim', or sulfur C'onil'nt in the solution ",hC'1l sulful' 
was adcquat('ly supplied anrl chlorin(' wa,: k('pt belo\\, the (oxi(' I('wl. 
Prcviouf) C'xlwrilllents by tIl(' [tulhol's had shown that the chlorinC' ('Ol1tr:l1t 

of the h'uftis:::.uc' of [ling \\'u;: dil'('ctly ('oIT('lntc'r1 with til(' ('ltlOI'inC' ('Ol1t('nt 
of tltc ntltri('nt ;:olll[iol1. Widc' I':triation;; ill HI'ailah\(' l'oC\iu11l i!l tIl(' 
f'olution was not ('orl'C'lal('c\ witll [II(' sodiul1l ('ontl'nt of til(' Ie'av(·:,. 13('­
eatlsC' it has hc'c'n ;:llOW!1 (UI) [hat C'ltI()l'i!1C' and slt1l'ate C'x(,l't a ('ol11pc'li­
tive cffC'c't. on 011(' al1ot1IC'I', the ratio of tltl';:(' {\I'O ions wa;: hpt a;: l]('arl~' 
constant as jlo,::-:ible. 

The ('onc'C'ntrati(lllf' oj' the nutl'i(']lt ions in til(' t-:ollliiom: lIS('<1 ill (II(' 
C'x]1C'riment ([ablP ·11 \\'C'I'C' hased on till' l'C'slIll:: of pl'C'limillal'~' ('x.jJNi­
ments with tllng (It:t! had indi('at('d tIl(' appl'oxiIllH[(' 1('\'(·11' for r1C'fiei('IH'Y, 
()ptimum growth, and "lllX1II'~' ('Onslllllptioll," In all ('al'li('1' ('xIH'l'inlt'llf;; 
it, was found (hat ",1I('11 nitmgC'n \\'a;: sllpplit'<1 ('ntil'ely as Iltc' nitl'ut(' ion, 
('ontrol of the pH of til(' ('uJ[lII'C's \)['(\\'(,('11 soluti()n applica[iont-: wus im­
possiblC'. Neillll'J' was it possible til gl'()W plan!s ('ntil'('I~' 1'1'('(' froJt) S~'I1IJl-
tom>; of iron rJdiei('IH'V. :In or<i('1' [0 ll\,(,I'('OIlIl' th('s(' difli('lIlti('s, OI1(.-rOlll'tit 

of thC' nitl'OgC'n was ~I(lri\'('d fl'(J1Il (he tlllllllUniulIl ion tlL](1 t111'('l'-r()lIrth~ 

• 


• 

• 

http:h'uftis:::.uc


NUTRIENT ELEMENT BALANCE IN TUNG TREES 7 


TABLE 4.-Concentmt?:on of ions 1 in the nutrient soiutions for the 
V07io1ls treatments 

Treat- Components I ~~illiequivalents per liter of ions in solution 
ment 

No. K !Mg[ ca.~IIIVIg ~. 1_ 1'041 S043 
Na ~N" ._ 

1...... 1 1 I 1 0.200.20, 0.60 11.56 l 1. 74 2.22 7.38 I 0.30 

2 ...... 1 1 2 .20 .20' 3.60 11.561 ].74 2.22 4.38 .30 

3...... 1 1 3 .20 .20 10.80 11.56 11. 74 4.37 .77 1.72 


4...... 1 2 1 ..20 1.22 .60 11.56 11.74 2.42 6.53 .30 

5...... 1 2 2 .20 1.22 3.60 11.56 I 1.74 2.42 3.56 .30 

6...... 1 2 3 .20 1.22 10.80 11.56! 1.74 5.40 .77 ],72 


7...... 1 3 1 .20 3.67 I .GO /11.56 1.74 2.42 3.91 II .30 

8...... 1 3 2 .20 3.67 3.60 11.56 1.7412.42 .91 .30 


19...... 1 3 3 .20 3.67 10.80 11.56! 1.74 6.61 .77 2.80 

10...... 2 1 1 1.22 .20 .60 11.56 1.74 2.22 6.36 .30 

11. .....12 1 2 1.22 .20 3.60 11.56 1.74 2.22 3.32 .30 

12...... 2 1 31.22 .20 ]0.80 ]1.56 1.744.96 .77 2.]6 


13 
1
 

.... ! 22 2 1 1.22 11.22 3 .. 66'00 11.56 11.74 2.22 5.34 .30 


• 

]4...... 1 2 2 1.2211.22 11.56 11.74 2.22 2.35 .30 

15... . .. 2 2 3 1.22 1.22 ]0.80 11.56 1.74 5.74 .77 2.41
I 

16..... 1 2 3 1 1.22 I 3.67 .60 11.56! 1.74 2.22 2.90 .30 

17...... 2 3 23 1.2213.67 3.60 11.56 11.74 3.09 .77 3 .. 31~ 
18...... 2 3 l.22 3.67 i 10.80 11.56/1.74 7.44.77 u 

IH...... 3 ] 3.67 .20 I .60 111.56 . 1. 74 2.40 4.09 .30 

20... 3 2 3.67 .20. 3.60 I]1.56 1 1 . 74 2.25 .94 .30 

21.',. 3 I 3 3.67 .20: 10.80 11.56 i 1.74 6.62 .77 2.96 


22.. 
23,.

3 2 1 j 3.67 1.22 Ii .60 111.56 I 1. 74 2.22 2.88 .
. I 3 2 2 3.67 1.22 3.60 ]1.56 i 1.74 2.61 .77 .

30 

80 


24... ::, 3 2 313.67 1.221110.80111.5611.74 7.&11 .77. 2.H6 


25.... ; 3 3 1 13.~~ 3.67. .60 11.56 1.74 3.08 j 1.9~ i .98 

26..... i 3 3 2 I 3.61 i 3.67 3.60 11.56 1.74 4.38; .86 I 1.57


1 11 56~~~~.~~:_:_3_~ I 3.67 1 3.67 ! JO.80 1 . 1.74 9.27] .77 3.78 
1 1 


1 Heavy metals were supplied at rates of Fe = 16, Mn = 8, Zn = 025, and 

eu = 0.075 p!lrts per million. One-tenth p.p.m. (part per million) of boron was sup­

plied from HaBOn. Al was supplied as impurities in sand, water, and chemicals used. 


"N is expressed as NOa nitrogen, although one-fourth of the N was supplied liS 

ammonia. 


• Includes 804 from sulfates in which heayy metals were supplied. 

from the nitrate iOll. Under tbeseconditions shifts ill pH were much less 
pronounced and no symptoms of D'on deficiency appeared. 

EXPEIUMENTAL DESIGN 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-I, K-2, K-3), 

magnesium (Mg-l, Mg-2, Mg-3), and calcium (Ca-I, Ca-2,Ca-3), as 

shown in table 4. The experimental unit consisted of 2 crocks, each con­

taining 1 plant. Theexperiment.al design used was a randomized block 

with 4 replications, 80 an'angecl that eaeh replication ()('curred ineae11 


http:Theexperiment.al
http:1.221110.80111.5611.74
http:11.56/1.74
http:1.2213.67
http:1.2211.22
http:1.744.96
http:1.7412.42
http:0.200.20
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quarter of the greenhouse from eal:t to west and from north to south. 
Thus, each treatment was l'epn~sented by 8 plants, grouped in 4 pairs, 
1 pair for each replication. • 

TIle frames on which the erocks were ananged werc 14 feet long and 
6 feet wide and werc placed on eaeh side of the center walk of the green­
house with 2-foot aisles between hames to allow access to the plants 
from the walk. The eroeks were arranged on the frames in three rows of 
four crocks each. The e1'oek15 were spaced 43 inches apart on center in the 
ruws. The croeks in the eenter row \Yere staggered so a" to be 33 inches 
on center from the crocks in the adjueent outside rows. 

GROWTH MEASUREMENTS AND HARVESTING METHODS 

The characteristies 01' growth that may be most important to the per­
petuation of the species under natmal conditions are often not tbe most 
important from the standpoint of the economic use for which the plant 
is intended when put uncleI' eultiyution. Sinee the YUl'ious criteria of 
growth may be affeetecl differently by the same environmental changes, 
it is well, in a study of the kind herein reported, to record as many 
growth measurements a;,; praetieable, By so doing, it is not only possible 
to detect efl'p.cts that mi!!bt otberwise be m'erlooked, but information 
may be obtained on the speeific funetjons of the nutrientelcments 
under study. 

During the growing ;,;eason obsen'atioll;'; wC're made on the type of • 
growth made by the trees in thp different trC'atmcnt;,; and the time of . 
appearance and rate of c1C'YE'lopnll'nt of an~' symptoms of abnormal nu­
trition. In addition, till" following quantitatin' ll1t'n$llI'ements were 
made: 

L 	 The height, in rentimeteJ"s, of e[teh plant was l"eeorcled at weekly 
inteJ"vals. r.Jea;,;urement WlU'i made from the coh'leclonary node to 
the tip of the terminal bud, As only all o('eHsiou'al plant lJl'odlleC'd 
laterals, it ,vas not ('ollsiclerecl ad \'ii'able to allow them to develop 
and eomplieute gruwth meu:-:urement:-:. Therefore, they were re­
mm'eel as soon as they appeared and a l'ct'orcl was kept of the 
number removed and the dates of l"('lUO\'al. 

2. 	 The climneter of tIl(' trunk, in centimet('J"s, at a point approximately 
1 em. below the t'otyleclonary node was reeorclecl 1'01' eneh plant 
at the time of IWJ"\'est. 

3, 	 The areas, in square centimeteri', of the' two median lea yeS on each 
plant were determined .i Ui't prior to hHJ"Yei't, Lpaf area was deter­
mined by multipl~'illg the length of the Iraf from point of attach­
ment of the petiole to the leaf tip by the width as measured 
between the tips of tit(' lobe", of the leal'. Aetual leaf-area deter­
mination ::howed this method to be \'en' aC<'llrate, These lea\'es 
eomposecl the HampleH for ehemieal amilysis. 

4, 	 During the ('Olll'se of the E'xperiment, all Ieavps that dropped were 
coJleetecl daily and their dry \\,pight~ w('re J"('eordecl. This gave • 
a record of rate of leaf fall. 

5. 	 At harvest the lean's remaining OJ) thl' plant were removed, their 
111llllbel' recorded. and green Ilod dry weights determined, This 
permitted the determinntion of total weight of leaves and per­
centage of total leaf weight that dropped prior to harvest. 
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6. The number of nodes per plant was determined from the total 

• 


• 


• 


number of leaves produced. 
7 . 	The ayerage length of internodes was determined by dividing the 

height of the plant by the number of nodes. 
S. 	 The plants were removed from the crocks by washing with water 

under pressure. After remuval their root system was freed from 
sand by further washing. The rooto were then spread out on 
papers and allowed to dry until free of all surface 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 uf feeding roots} storage roots} and stems 
were recorded. 

9. 	 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. . 

10. 	 Those leaves on which area determinations had been made were 
dried separately and stored fo.r subsequent nitrogen and mineral 
analyses. 

11. 	 Specific-gravity determinations "oere made on wood samples con­
sisting of the 10- to 15-cm. portion of the stem immediately 
above the root-stem transitional zone. 

12. 	 From the total weight of leaves produced and the dry weight of 
the stems and roots} an estimate of the weight oi' stems and roots 
produced per unit weight of leaf was made. 

The plants were harvested at nllldom after growth in height had 
~tol1ped and the terminal buds had formed. The harvesting was done 
between September 17 and 24, 1945. 

ANALYTICAL METHODS 

LEAF SAMPLES 

The2 median leaYes from each plant taken for leaf area measurements 
were used as samples for chemical analysis. The 4 leaves from the 
2 plants in eaC'h treatment plot were C'ombinecl, but each replication was 
kept separate and analyzed indi,oidually for a total of 12 elE'ments. Ten 
of these elements WE're ciE'tel'mil1eci by the speetrogl'aphic method. Only 
the leaf bladE' wus included in the sample, the petiole being C'ut off at the 
point of attachment to thE' hlade and (/i:-;C'ardcdo The leaf samples were 
clriecl in a forC'ecl draft own at apJlroximately 80° C. until dry and then 
stored in kraft paper bagf. 

Total nitrogpn "'aH (\eiE'rmirwd by tht' K,ieldahl-Gul1l1ing method, to 
ineludE' l1itrateH and nitrite:: W). ZirH' wn" c1t'tt'l'lnincd E'HHentiallv a~ 
outlillec1 by ('owling and 1\11i11er (7). . 

SPECTROGHAPHIC ,METHOD 

A large Littro\\' Hlwet]'ograplJ \Vith quartz optical palis was used with 
a slit width of 40p. and length o\, ] mill. to annJyzp and separnte 10 of 
thesE' clpments. 

The dried leaf ~al1lpleH wert' gl'Ound to 40-me13h in an intermediate 
\Viley mill (Plant Indlll'itry model), clrkd again at 100'" C., and stored 
in a desiecator. T('ll milligram aJiquotf; I\"(')'e wt'igh('d on a to),sion bal­



10 TECHNICAL BULLETIN 1085, U, S. DEPT. OF AGRICULTURE 

ance for determiuing magneshlm, calcium, manganese, ahuninum, iron, 
and copper, while 20 mg. were used for the boron, phosphorus, sodium, 
and potassium cletermillatiul1~. All determinations were made in tripli­
cate, Each aliquot was transfel'l'ed quantitati\'ely to marhine-drilled 
('raters of graphite elec'trodes (spectJ'osro]Jic rarbons 5/16 inrl! in diam­
eter (17), In analyses for the boron and phosphorus, special high-purity 
graphite e}ectroues were used. For aJJ the other determinations, regular 
spectroscopic carbons (extracted with Bel) wen' used. The crater 
depth was 3,5 11lJll.; the intel'l1al diameter, 3.5 mill.; and the wall thick­
ness, 0.3 111111. It was necessary to ma('hil1e a crater with a fiat bottom 
haying little or no depres,~ioll, The electrodes containing the weighed 
samples were pla('ed in holt'S drilled in a transite block and ashed by 
bringing the temperature up to 500 0 in a muffle furnace, The electrodes 
were allowed to roo] immediately to room temperature. A few drops of 
triple-distillet! kc'rosl'ne ('ontaining 8- to 10-pereent paraffin were added 
around the rim of each elN,tl'ode cavity. The samples were then treated 
cautiously with it few drop>' of a dilute (l: 7) solution of Hel, and evap­
orated to dn'ness at 110: in an ele('tl'ic o\'en. 

Btandarcls' were prepared for e!leh plate by apj)roj)riate dilution of a 
sto('k solutioll eOlltaining known qU£lntitie,.: of the element.s listed bela\\'. 

Concentration 1
Element: (llaerogram ( fl.) IIl'r 0.11111,) 

K 1,100.0
Cll 773.0 
P 280.n 
Mg 198.v 
Ka 3,5.4 
Fe 20.1 
Al 19.5 
110 lOA 
Cu 2.1 
B 2,5 

t ::5tock solutuU\;:o, \\'('n~ ·dilut.\~l wah 1 ~10 llCi ~·.Jl\1tH)us tit yu~1t.l the fullowing fnu:tlunul t·utw\·n~ 
trotiOllS: 0.8, 0.6. 004. 0,3, 0.2, 0.1. 0.05, 0.025. 0.015. 

One-tenth-milliliter quantities of the cOlTectly diluted standard solution" 
were transferred by me,l11S of a pr('('j':1011 pipette to the craters of elcr­
trodei:', pretreated ",ith the kero:wlll' paraffin mixture, and then evapo­
rated to dryness. 

The electrode ('ratt'rs with r-;ample residue (ancl standard) selTed as 
anodes in a. din'('t-C'lIlTl'nt are; the upper, 01' eathode, ele('tl'ocle was a 
tapered 1!8-ineh rarbon rod. The arc was rotated magnetically by 
means of an alnic'() magnet approximately 3 inl'hes away, mounted 011 a 
small induction motor (J 9). A 2-111111. interclectl'Ode distance wal' 
ma.intained during the areing period by eontinllOllS adjustment of the 
electrodes, using ar-; guidl's ('Ieetroell' irnages foeused in .i llxtaposition to 
fiducial marks on the laboratory wall. The arC' image was focused on 
the ('o11imating lens inside the ~peetrograjlh) where a mask eliminated 
the glowingeledroder-;. Tile eurrent "'aft rontrolleci by a rheo:::tat at 
24 to 22 amperes. The applied voltage war-; 140 to ]30 volts from a motor 
generator l'e;;erwd for the Pl1l'POS(" A ballast resir-;tanee of 20 ohm;; 
consisted of 1/8- by] 132-ineh ~jrrl,)J1)e ribbon wound 011 a tran::ite board. 
An arc starter 14) was used. An expo:,<ure time of 60 to 70 seconds was 
suffident for ('ompiete volatilization of earh sample. A sholter exposure 

• 

•. 

• 
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time (30 to 35 seconds) ,vas chosen (after moving plate studies) for the 
sodium and potassium det~rminations. After exposure, the plates 
(Eastman III-O) were developed for 5 minutes in solution D-19 at 
18° C., then fixed, washed, and dried. 

Data are based on measurement of the following lines: 

• 

Element: Wave length IElement: Wave length 

Al ....................... 3082.2 ~ ....................... 3446.7 
B ....................... 2496.8 N a ...................... 3302.9 
Ca ...................... 2997.3 I Mg ...................... 2781.4 
Cu ...................... 3247.5 i Mn..................... 2801.1 
Fe ...................... 3020.6 I P. . . . . . . . . . . . . . . . . . . . . . . 2553.3 

The percen:age of transmission of light through the lines was deter­
mined by the use of an Applied Research Laboratories nonrecording 
densitometer. The measured transmissions of selected Jines in the stand­
ards permitted the construction of working curves of log concentration 
ys. log percent tram:mission. With percent transmissions of known 
lines for the elements in the test sample, the logarithms of the concen­
trations of these elements could be read directly from the standard 
curves. The method used external standards on eY~ry plate where stand­
ard solutions containing all the elements were burned off in the arc under 
the controlling influence of a buffer (NaCI + H2 SiO:{, 9: 1) added to 
both samples and standards. The buffer was added by volume (intro­
duced into the electrode quirkly from a hole in the end of a plastic rod) . 
The amount of buffer used on top of all the standards and samples 
ranged from 4.1 to 4.5 mg. Thus, the method was fast and yet the 
reproducibility of adding the buffer was adequate. 

STATISTICAL METHODS 

All data on growth responses and leaf composition as affected by 
individual elements and combination of elements were studied by means 
of analysis of variance (11). The data for main effects and inte'ractions 
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. An 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 calcium, magnesium, and 
potassium supplied during the 41J2 months of the experiment produced 
highly signifirant differences in the growth responses and normality 
of the plants. The major efferts on the growth responses were caused 
by the levels of magnesium and potassium supplied. The effects of 
the YaJ'ious levels of calcium, though generally of lesser magnitude, were 
of high statistical significance in certain instances; as, for example, 
in affecting the heights of the plants. The highest level of calcium 
supplied was three times that of potassium or magnesium; therefore, 
comparisons behyeen responses to potassium or magnesium and those of 
calcium cannot he made on an equal-milliequivalent basis. Where the 
nutrients suppJled were in proper ba:]ance, large, excellent planh', 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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A K-' Mg-J B K-r Mg-2 c K-J Mg-3 • 

K-2 Mg-J K-2 Mg-2 F K-2 Mg-3 

• 

K'3 Mg-J H K-3 Mg-2 / K-3 Mg-3 

• 

FIG!'I!" J. Rpl'l'!,,;pnlaiiH' phlllt.-; frolll ('lIt-h Jp\'(>J of I'OIUH"iulIl and Illa)!;n{'~illm al 

thp inlf'l'lI1('tiial(' It'l"l'l of (·aleilllll. 
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DRY WEIGHT OF PLANT 

The total dry weight of plants produced was dependent largely and 
about .equally on the levels 9f 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 gra:n.:ls, respectively ("able 5 i fig. 2). 

At the low level of magnesium, the greatest increase in dry weight of 
pla~Jt resulted from the .fir15t increment 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, both first and second 
increments of potas.;ium 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 
increment produced a further increase only at the low level of potassium. 

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

• 
DRY WEIGHT OF STEM 

The effects of the treatments on the dry weight of stems (table 5) 
differed in no important respects from those on the total dry weight of 
plants (fig. 2, A). 

DRY WEIGHT OF STORAGE ROOTS 

The effects of treatments on dry weight of storage roots (table 5; 
fig. 2, C 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 interrelated. Whereas stem weight 
was not increased by the second increment of magnesium, storage-root 
weight was increased by this magnesium increment at all levels of cal­
cium and potassium. The over-all averages per plant were 3.78, 22.5, 
and 28.4 gm. for the low, medium, and high levels of magnesium, 
respectively. 

'The response to potassium was affected by the level of calcium. At 
the low and medium levels of calcium, the first increment of potassium 
increased and the second decreased slightly the storage-root weight. At 
high calcium, both increments of potassium increased storage-root 
weight (fig. 2, F). 

DRY WEIGHT OF FEEDING ROOTS 

The dry weights of the feeding roots were determined lar!1;el:v by the 
level of magnesium supply, but they were also affected by the levels of 
potassium and calcium. Furthermore, the effects of magnesium and 
potassium W(:ire interrelated. In general, these effects were similar to 
those on 1he total plant weight (table 5; fig. 2, A and B). The potassium 
effects differed only slightly from its effects on total plant weight and 
this only at the low magnesium level, where both increments of potassium 
t.ended to reduce feeding-root wei~ht (table 5; fig. 2, B). 
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cl'ABLE 5.-Effects of various levels of potassium, magnesium, and calcium in the nut1ient solution on growth respbnses .tr:: 
of tung l1'ees in sand cultures 

[AU dutn. given ure u.verngrs of fon1" two-plunt replicatioilsJ, ~ 
~ 
I-<I I~------fu~ T I " 1'otal Stem dropped Average SpecificCom onent t~ Stem SIMage· Feedmg· weight plus Plant Nodes Average Trunk Leaves percent area two Leaiefli· gravity'I p s \~cig~t I weight ,:e~~~t \\~i~l,t of leaves ropts height P\'~I~t i~~I~\~ts diameter dropped total I mcd;ian leieneyl' of wood ~ 

No. 1 I - produced weIght e I e I~af Icaves I 


K I Mg en weIght! 

fl, '_1______-----------------------,-- ~ 

Om. Om. I Gm. Gm. Gm. Gm. em. No. em. em. Gm. em. ~ 
1. .. J 6.78 5.15 6.32 35.48 18.25 30.3 22.5 1.347 0.878 26.7 75.28 259',0 0.515 0.788 >-31(1 \1 \ 53.7 
2"'11 1 2 53.8 6.22 4.65 5.82 37.15 16.69 28.2 23.5 1.205 .876 26.1 70.31 279.2 .448 775 I-< 


3 ... 1 1 3 47.1 4.781 2.95 3.62 35.72 11.35 26.8 25.2 1.065 .805 27.0 75.82 265.0 .318 741 ~ 

~ 


4 ... 1 2 1 65.7 9.52 11.68 12.15 32.30 33.35 32.7 21.4 1.534 1.001 11.0 34.25 238.2 1.032 784 ~ 

5... 1 2 2 71.9 10.95 15.75 12.05 33.18 38.75 32.6 21.6 1.509 1.046 4.5 13.44 268.0 1.180 815 "q

6 .. . 1 2 3 66.1 10.10 11.28 10.65 34.08 32.03 32.8 21. 9 1.503 .991 4.4 12.77 267.8 .940 803 . 


rn 

7.. . 1 3 1 74.5 11. 70 18.n5 12.18 34.3 20.2 1.710 1.062 4.9 15.08 26!l.0 1.378 786 tJ
31.68142.83
8... 1 3 2 82.9 13.48 19.35 14.58 35.50 47.41 35.8 21.8 1.662 1.108 4.2 12.14 283.8 1.332 .807 t:rJ 

9... 1 3 3 73.7 10.78 16.78 12.78 33.40 40.34 32.8 21.B 1.498 1.084 3.9 11.81 285.2 1.208 • 790 ~ 


10 ... 2 1 1 86.2 8.88 5.32 5.25 66.78 1!l.45 MJ.3 2!l.4 1.678 .978 54.4 81.30 345.5 .2!l8 683 0 

11. .. 2 1 2 91.6 10.75 6.42 5.12 69.30 22.29 50.8 29.6 1.717 1.025 55.1 7~1. 50 340.8 .320 692 '::j 

12.. . 2 .1 3 71. 7 6.30 3.05 1.48 60.85 10.83 38.6 31.6 1.220 .866 53.6 88.20 218.5 .172 642 p.. 


13 .. . 2 :2 1 139.1 27.00 24.28 26.28 61.32 77.56 71.8 28.0 2.564 1.311 2.6 4.3'7 , 414.0 1.268 764 ~ 

14 .. . 2 2 2 152.1 28.98 29.85 27.50 65.80 86.33 6!l.6 26.5 2.635 1.396 ~.4 3.68 I ·talL5 1.320 752 (3

15 .. . 2 2 3 136.5 26.10 26.35 25 . .10 58.!l8 77.55 5!J.4 25.4 2.343 1.300 3.6 6.18 . 412.8 1.320 771 
 8 

16 .. . :2 3 1 150.7 29.72 33.40 25.75 61.78 88.87 70.6 26.5 2.660 1.420 2.5 4.03 ·lOO.5 1.442 '743 

17 ... 2 3 2 145.1 27.72 32.78 27.78 56.82 88.28 67.6 26.4 2.561 1.388 2.5 4.40 401.8 1.570 736 ~ 

18... 2 3 3 135.4 25.00 30.40 24.00 56.00 79.40 5!l.0 24.4 2.426 1.329 2.8 4.m 414.8 1.412 .. 777 t=:l 


:. 
608
l!l ... , 31 1 1 1 I 64.21 4.551 2:25\ 1.82155.621 8.62137.9\31.611.190 .811 \40.8\89.81 \20!l.8 .lG2 I 


20... 3 1 2 67.5 5.02 2.50 1.42 58.58 8.!l4 35.6 32.4 1.096 .82] 52.2 89.08 203.2 .152 570 


• • 
I 
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21 ... 31 I I 3 55.9j 3.70 1.68 .58 4!l. U2 5.06 30.1 32.6 ' .!l23 I .775 44.3 88.70 180.8 . 120 .547 
22 ... 3 2 1 170.6 37.58 25.65 31.22 ~76.10 \)4.45 80.7 20.6 3.030 ] .378 4.8 6.25 4,38,8 1.242 .70123... 3 2 2 167.6 34.02 28.45 30.05 75.10 \)2.52 80.3 20.5 2.726 1.354 7.1 U.36 428.5 1.232 .',.7842·L. 3 2 3 ]60.2 30.65 2!L62 27.42 72.45 87.60 71.2 27.] 2.622 .1.364 7.0 0.83 440.2 .1.208 .787 

r 225 ... HlO.I 32.10 32.02 28.68 (j7.253 31.1 02.80 77.8 27.4, 2.811 1.355 3.4 4.04, 413.2 1.382 .76726... 332 16(U) 34.15 35.08 27.62 73.00 0(;'85 75.0 28.8 ' 2.635 1.425 2.0 3.03 418.0 1.328 .760 ~ 
27 ... 3 3 3 150,3 30.32 36.32 2(1.42 66.22 !I3.00 67.4 20.8 2.523 ] .390 2.0 4.3(j 410.5 1.405 .765 t;;J-,-1­ ------ z
JJ.S.D. nt 5-perC"('nt '-:3 

level, .......... 11.9 3.ll7 4,.00 2.1)0 6,43 (")8.23 8.3 I.U .285 O·'~ t::1.076 4.7 5.37 56.0 .150 . ,".)L.S.D. al I-percent ~ 
leveL .......... 15.8 5.20 5.33 3.87 8.57 10. \)6 ILl .380 .100 ttl6.3 7.J5 74.0 .210 .04,6_~.~ I ~ '_'_-,-_.,_.-_..,-- ttl.~.~ --.----- ----~-.......,.... ...._._. -"---~--..........- '" -~-- ----..--...........-._-.._--.....-,.------


Z 
1 The figures in nny column of measurements that it1\'oln~ rntios cllnnol; be obtniued by perJorming the appropriate calculation with the '-:3

figttres in this table which are invoh'ed iIi thaI; ratio, becallse thpsc ratios nrc lH'erngl?S of repliclllionR and are not calculated from the 
a"l?nlges of the measurements involved. b:l 

>• Lcaf efficiency ealeulnted as dry weight of stem plus ropts di"ided by dry weight of Il?lwes produced. ~ 
> 
~ 
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NUTRm~T ELEMEKT BALANCE IN TUNG TREE::i 

DRY \VmGHT OF LEAVES PRODUCED 

The total dry weight of leavc:; pruducell l table 5; fig. 2, D) was af­
[ectedlargely lJy the level uf IJuta;:;;:;illlli supply and in a manuel" similar 
to that uf total plant weight llig. :2, A.. ), excepting that the effect uf mag­
nesium was much less pronuunced, Increasing the amuunt uf mag­
ne;:;jum produced small but :;ignilicant illerea.:;es m leaf weight; per plant 
unly at the high level of potUo:i;:;iUlli. At the high potassilllli level t,ile 
:5econd level of lllugne:;iulll pruduet·d llllH:h lllore dry weight uf leaves 
than (lid the high level uf lL;agm'sium. At the t;ecuncllevel of pota:5Silllli 
increat;ing the leyels of maglle:;iullJ :5ignifiC'antly reduced tutal dry weight 
of leaves produced, which "'ere 05.0, 02.0, and 5b.2 gm. for the low, 
llleililllli, and high le\'e18 uf mugnc::;iullJ, respectively. Increasing the 
amount uJ cakiumtended to produce an increase in dry weight with the 
first increment, but the second one re:;ulted in a highly significant de­
crease a::, compared to the first '-

DRY WEIGHT OF Sl'EM PLLS RooTS 

The total dry weigbt 01 stem plus root:; l table 5; fig. :2, E) was deter­
mined largely by the supply of magnesium and pota::;sium, out calcil1ll1 
had highly significant effectti. Thetie effects differed from tho::;;; lor total 
dry weight of plant (fig. 2, A) largely in that at tbe low level of magne­
sium there was ne significant effect on the llry "'eight of :;tem plus root" 
from the fi.r:3t increment of potmiti) lIlll, \\' ilerea::; the seCOll! I i[1 ('rement of 
potas:-:ium caused a marked l'cdul'tiun. 

PLANT HEIGHl' 

Tlte lewl of pota:':3illl1l supjlly \\·n,. the llWjOl' fa!'lOl' thal ttLI(,(·tc'd plallt 
hdght l tuble ;); Jig. 3, :1 and F l. TIlt' H\'eruge effect:, at all [c\'els of 
ealcilllll and lllagnesium wen' :31.,\. ;-;0.0, and U:2.H eill. for the luw, m('­
clium, aud high 1l'\'t'I~ of potm:"illllJ. l'l'sllt'cth·eiy. TIle j)uta;;"ium effect 
was modified by thl' Il'\'el uf llJu!!lH'sium au(l to a les"l'l' ('xt! Ilt by that of 
euieilllll. At [til lew'\:: uf (·al(·lulll, both increments of potas~iUlll in­
('reused plant height ut l\;l' llwliiulll ttlld higiJ len'l:; of magne8iuLU. At 
thc' lo\\' lllap;lle"illLll len\. hmV('\,(' I' , only dlC fin:it incn'llIl'llt of llnta:,,,iUlll 
incremsc,d plant heigiJt, the IH'ight at the high potassilUll [p\'d bdng sig­
niiinl1tly 1('J:;::; than that at the illtpl'Jlwtiiate le\'(·!. :\t all Ip\'('I" of mug­
ne::;illlll and tilt, intc'l111l'<.liu(e and high It'\'el,, or pota:,,,iUlll, it}(')'c'<lsing the 
ealeiultl :'lIJl[lI~' I'(':;:ui(l'd in n'dll('('d Iwighl of the plants (fig. a, Fl. 

:\ CMBEH OF ~\OUbS l)EH PLAi\'T 

TIl{' supply of Jlota""IUlll had the lllajor {'ffp('! Oil ll!lllliJ('t' of nodes 
procluc'pcl (table;): fip;. 3, E I, ",hiI'll ilH'I'('HSl'd "iglli1imnLly with ('aeh in­
(·rellll'nt. On tilt, otlll'l' hand. illc'teasing tilt' It'nl of llJUgnc'"iulll sUl,ply 
redu('c'd signifiettlltly (ile Il\HJlhl'r of noell's jll·()(.iuC'cd (fig. 3, EJ. while, the 
addition of c'ult-iull} had little and no ('onsistent ('fred. 

LI,;!'<GTH OF l:'l."Tlmi'iOI)ES 

IJlC'),(,Hsing "ithl'l' OJ' botll potassiullI ami llHlglH',;iIIlU ,;upply tended to 
inC'I'C'!l:'l' int('l'llOdv Il'ngt hit ahle ;j; fig. ;~. 1:J I; till' l'fT('('1 of {'nch being 
greater, l!Iv lliglH'I' the len-I of thc· otltel'. HO\\'p\,('J', at the high level of 
potal'';iull1. the intpJ'llH'diatl, 1('\'(-1 of IllagIl(',;iulll l'l':,ult('d .ill long('I' intl'I' ­
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XUTRIENT ELEMENT BALANCE IN TUNG TREES 

nodes than did the high level of magnesium. Furthermore, at the low 
level of magnesium, the second increment of potassium reduced internode 
length as compared with the first. Increasing ('alcium had the effect of 
reducing internode length at all leycls of magnesium and potassium; the 
average readings were 2.061, 1.972, and 1.791 em. for Ca-l, Ca-2, and 
Ca-3 levels, respectively. 

DIAMETER OF TRUNK 

Trunk diameter (table 5) was aff('ctecl in a Bimilar wav as was total 
dry weight of 111ant (fig. 2, A), exeepting that at the sec'ond and third 
leyels of magnesium. the second inel'ell1ent of potai:isium did not effect 
so large an inC'l'ease in trunk diametel' at' it did in plant weight. Fur­
thermol'e, the ayprage effeC'ts at nil levPls of potassium and magnesium 
was for tbe fir!;t il1('l'elll(,l1t of eal<'iuJ1I to inc'reasc and the second incre­
meut to redu('(' the dian't'tC'r of thC' trunkt'. The averag('s for the low, 
Uleclium. and high [e\'(,ls of ('aleiullI \\'Pl'e 1.133, 1.] 60, and 1.100 em., 
rei:ipectively. a r1iffel'en('c of 0.03;) l)('ing l'C'quirpd for significance at the 
5-p(,1'C'ent level. 

LEAYES DROPPED 

Leaf drop, ('otlsidc'J'E'd pitlwl' Oil the basi;; uf tutal dry weight dropped 
or a::; the IWt'('('l1tag(' of the total Ipaf weight produced which dropped, 
was C'llusNI mainly by magnesiullI d('fiei(,IH'Y (table 5, fig. 3, C and D). 
At all levels of C'aleiull1 nnrl thl' lo\\' lewl of mugnesium. thc percentage 
of leave::: that dl'oPJlNI ilH'rl'Hl'cd m[lrkC'dly with the first inC'rement of 
pota:::siunl and ;;lightly with til(' H'('oJ1d. ~'lill()l' YCll'iatiOlls ()C'cuI'l'ecl at 
the sccond and third I('wlt' or magnc;;iUlll. which. when cl)l1sidel'ed 011 a 
pel'C'Cl1tage basi::;. WCI'C eon1'idt'mbly highC'1' in tlr(' K-] thall in the K-2 
and K-3 tl'('atments. Tlwugh C'uleilll11 did not signif:icantly affeC't either 
aetllal weigl!t or Jlel'e~cntag(' of total leaf weight dropped, at the low level 
of potas::;illl1l and magnc,:illl1l leaf fall C'omtl1el)('ecl ill the Ca-3 treatment 
:37 da \.:; before amJ in the Ca-2 tl'('atnwnt 2J daVE before it did in the 
Ca-J tl'Nltmellt. At. tllP lo\\' l('v('l ()f magnesi\lm 'and at th(' t\\'o higher 
J('wls of jJota:;silllll, (11('1'(' was uu significant difference in time of onset 
of leaf fall cau;;ed by lewl of ealt'iul11 supply. 

A VERAGE AREA OF Two MEDIAN LEAVES 

Lcaf sizp was ('ontrollpd mainl~' by thr supply of potassium and mag­
l1('sium, whilr the ll"'cl of ealrilllll Irad no Rignificant effeet (table 5; 
fig. 4, AI. The largest IraYeR \\'ere prodlH'rrJ with the second and third 
lewis of mngt1C'siunl ('eJllllJilwd witlr thr Rr('ond ancl third lewis of potas­
SilUll. At tilr flrt't· l('wl of pottlf'RiulJ1 tllPl.'(' waf' no ('onsisU'nt ('ffe('t of 
magnesium. At the low ]("'r1 of magnrf'iumllre first in(,J'el11('nt of pot as­
shun increa"ed ]Par size' slightly. but lil(' Ree()tlrl in('l'ernent drcl'C'asecl it 
to a marked clrg!'C'C'. 

LEAF EFFICIENCY 

Tire major raPlor afTC'dinp; IraI' l'fficil'lH'Y (dry \\'('ight of strm plus 
roots per gram of ]Puf dry weight! Wl1S the magnesiulU RUppJy (table 5; 
fig, 4, B). but there w('rt' important intcl'lldions with potassium. The 
greatef't cfficjPllry was obtniTwd at tlrc' high lev('1 of magnesium com­
bined witlr eith('1' the s('C'oncl or [hinl Ir\'('1 of poUu;siutll. Effiei('n('y was 
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lrwl'lU, 4.-Inte1'llctIon,; of Jlotas~iUlll Ilnd magncsiulll on (A) I he a\'pragc Ill'ell of 
Lwo rnedinn Ip!tl'ci', (E) til(' dr~' wl:'ight of ~tell1S plus 1'001;; [lcr !!:raill of leaf, 
(e) the specific gnl\'ily of wood. 

significantly less when the second and third levels of potal'sium were 
combined with the second level of magnesium. At low magnesium, in­
creasing potassium decreased leaf effie-ieney, the lowest efficiency being at 
10'.\' magnesium, high potassium levels. Leaf efficiency wat' significantly 
affected by the level of calcium supply, being lower at the Ca-3 level 
than at the Ca-l 01' Ca-2 levels. 

SPECIFIC GRAVITY OF WOOD 

Specific gravity of the "'ood wa~ afTeeted most by the magnesium 
supply, although it was significantly t~ffeC'ted by the level of potassium, 
and there were important interactions between potassilllll and mag­
nesiulll (table 5; fig. 4:, C). Thefirf't increment of IlHlgnesiulll produced. 
highly significant. inrreases in spec-ific gravit'~r of the wood, but the sec­
ond increment resulted in nonsignifiC'ant decrease~. The over-all effect 
of potassium was to n~duC'e spedfi(' gl'ayity, the avemges being 0.788. 
0.729, and 0.710, respeetively, foJ' the K-l, K-2, and K-3 levels. At all 
levels ofca1eium,the lowest spc('ifi<' gl'Hvjty, 0.575 .. Tesulted at low mag­



• 


• 


• 


NUTRIENT ELEMENT BALANCE IN TUNG TREES 21 

nesiuill, high potassium levels, and the bighest, 0.801, at the low potas­
sium and intermediate magnesium levels. Calcium significantly affected 
specific gravity only at the low level of magnesium, where it brought 
about a highly sigllificant 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 calcium, magne­
sium, and potassium suppEed in the solutions. 

NITROGEN 

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

The lutI-ogen in the leaves was il1\"ersely proportional to tbe level of 
magnesium supply, the levd of potassium supply, and the level of cal­
cium supply (fig. 5). The effect of calcium was most pronounced .at the 
low lC'yel of magnesium, ancl the effect of magnesium was greatest at the 
low leyel of caleium, whereas the effect of potassium was greatest at the 
low levels of either magnC'siuJ)) or calcium or of both. The departures 
from the experted levels of nitrogen were of a minor importance. 
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of the leaves. 
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FIGURE 6.-Interactions of difTerent levels of magnesiuIll (A to G), potassium • 
(D to F), .and calcium (G t.o 1) in the .nutrient solution with indicated levels of 
'potassium, calcium, and magnesiulll, respectively, on the phosphorus content 
of leaves. 
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FIGURE 7.-The over-all effects of potassium, magnesium, and calcium in the nu­
trient solution on the potassium content (milliequivalents 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 P04 , but its content in the leaves in miIli­
equivalents per 100 gm. of dry matter ranged from 133.8 to 37.1 (table 6; 
fig. 6). It was reduced to a very marked extent by the first increment of 
potassium, but the second increment produc.ecllittJe or no further change 
in phosphorus content (fig. 6, D to F). In plants receiving the low level 
of potassium and also of calcium, there was a moderate reduction in 
phosphorus, owing to both the first and second increments ·of magnesium 
(fig. 6, A). 

• 

The interaction of magnesium with calcium on phosphorus content 
differed with level of potassium (fig. 5, A to 0). At low potassium 
levels, both increments of magnesium tended to reduce phosphorus at 
theCa-l level, but had little effect at Ca-2. At the Ua-3 level thesig­
nificant effects were an increase in phosphorus caused by the first incre­
ment .of magnesium and a decrease caused by the second increment of 
magnesium. At intermediate potassium there was no significant ·differ­
ence in the effect of magnesium on phosphorus at different levels of cal­
cium. At higb potassium the only significant effect was a decrease in 
leaf phosphorus effected by the first increment of magnesium .combined 
with the second or third level of calcium. 

Tho interaction of potassium with calcium differed with levels of mag­
nesium (fig. 6, G to J). At the low magnesium level both the second 
and third levels of calcium decreased phosphorus in the K-l treatment; 
at the K-2 level there was no signifieant effect of calcium, but at the 

./ 
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K-3 level an increase l'esulted from the first increment of calcium fol­
lowed by a decrease with the second increment. At the second magne­
sium level in the K-1 treatments there was a consistent upward trend in 
leaf phosphorus with increasing calcium, whereas in the K-2 treatments 
the first increment of calcium bad no effect but the second increment 
increased the leaf phosphorus content. In the K-3 treatments, increas­
ing calcium had no effect. At the high leyel of magnesium, leaf phos­
phorus in K-1 treatments was highe;;t at the second level of calcium, .and 
calcium was without effect in the K-2 and K-3 treatments. 

POTASSIUM 

Leaf potassium ranged from 85.7 to 12.5 m.e. per 100 gm. dry weight 
and was affected primarily by the leyel 01' supply, but there were highly 
important interactions with magnesium and calcium (table 6). It in­
creased witb potassium in L~olution, the averages being 19.9, 41.6, and 
65.0 m.e. per 100 gm., re"peetively, for the K-1, K-2, and K-3 treat­
ments (figs. 7 and 8). 

Increasing magnesium in the substrate reduced leaf potassium, the 
average!' lJeing 56.8, 38.8, and 30.9 m.e. perIOD gm. for the low, inter­
media{;e, and high levels of magnesium,l'espectively (figs. 7 and 9). The 
effect of calcium was slight although signifieant, the over-all effects for 
the leaf potassium were lower at the intermediate level than at low and 
high levels of calcium (fig. 7) and were 45.4, 39.5, and 41.5 m.e. pel' 
100 gm. for the low, intennediute, and lligh levels, respectively. 

CAI~CIUM 

Calcium in tIle leaves (table 6) ranged from 135.0 to 19.3 m.e. pel' 
100 gm. dry matter. The major factor affecting leaf calcium was the 
level of calcium in ::;olutiol) Lfig. 101, the averages being 28.8, 67.2, and 
99.9, respectively, 1'01' the low, intcrmediate, and high levels of calcium. 
Potassium reduced leaf ealeiull1 (fig. 8), the extent of tIle reduction in­
creasing with increasing len'l of potassium supply. At all levels of 
potassium and caleiull1 the highe;;t .leaf ealcium tended to oecm at the 
intermediate level of magnc::;iUI1l (fig. 9)' this magnesium effect tending 
to increase with the level of ealeiul11 supply. The effect of magnesium 
was modified somewhat by 1e\'(') of potas;;iuJl1 (fig. 10), the greatest 
relative ditTereuee in leaf ealeiu111 resulting from l('\'l>ls of magnesium 
being in the K-2 treatments. 

MAGNESIUM 

Magnesium in leaves, eX]lressed as milliequivalents perIOD gm. of dry 
tissue, ranged from 62.2 to 3.9 (table 6). The major effect was that of 
the level of magnesium, the averages being 5.7, 24.2, and 38.1, respec­
tively, for the l\1g-1, Mg-2, and l\1g-3 treatments. InC'reasing the 
potassium level exerted a strong depressing effec·t on magnesium (figs. 7 
and 10), the average readings being 33.7, ]9.'1, anc114.9 at the K-l, K-2, 
and K-3 treatments, rer-:pectively. At the low level of potassium. the 
magnesium content of the leaves was dircetly proportional to the level 
of thecaleium in the solution (fig. )0, A In C). At the second level of 
potassium (fig. 10, D t,o F), where the average magnesium contents were 

• 


• 


• 
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F1GURJ~ 8.-A to I, Effects of different levels of potassium in the nutrient solution 
on the accumulation in the leaves of potassium, magnesium, calcium, calcium 
plus magnesium, and calcium plus JIlagnesium plus potassium. 
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Froum; 9.-A to I, Effects of the different le\'els of magnesium in the nutrient solu­
tion on the accumulation in the letwes of magnesium, potassium, calcium, calcium ;. 
plus potassium, and caleiulll plus magnesium plus potassium. 
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FrGlTm, 10.-.4 to J, Effret,< of different le\'pls of calcium ill the nutrient solution 
on the accumulation in 11)(> Iraves of calcium. potai!~iulll, mngnrsium, potassium 
plus magnesium, aneL ('l1leiulll plus mugnrsium plu;; potnssiull1. 
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lower than at the low level of potas::;ium, the firJ:'t incrrment of calcium 
was without effect but the second increment raused a decrease in leaf 
magnesiull1. At the low level of magnesium, tile trend was for increas­
ing calcium to decrease the magnesium content of the leaves tfig. 10, 
A, D, and (;) ; at the second level of magnesiulll, the magncsi urn conte11t • 
wa:; highest at the intermediat(' level of calcium tfig. 10, B, E, and H) ; 
at the third leyel of ll1agne::;ium, the fir8t int-rement of calcium tended to 
increase leuf magnesium but the 8<.'l'ond increment produced no further 
increase liig. 10, C, P, and I). 

The interaction of puta::;::;iull1 with calcium un magne:;iull1 accumula­
tion differed with different I('ve],.; uf magnesium. At the high level of 
magllesium, the depressing efTect of potn8siulll increased with increasing 
calcium Uig.::;, (J to I). This tendency wat' less pl"onounced at the sec­
ond level of mugne~ium liig. tl, j) tu Fl alld practically disappeared at 
the low level (fig. 8, il to <.:) • 

SonIUM 

Sodium was one of the elements ill the nutrient ::;upply that was per­
mitted to vary within limit:- (jl. lij of D.77 to 7.3~ m.e. per liter ttable 4). 
The concentration of sodium in the Icaycs was controlled largely by the 
potassium supply, reganlles:> of the cOIlecntmtion of the ::>odiulll in the 
~utritive solution, and ranged frum 0.33 Lo O.l:lI) ill.e. per 100 gill. 
t table li l. The tl "erage cOllet'utratiulls of Hodium in tIlt' leaves for the • 
K-l, K-2, aud K-3 lewIs w(,re 0.45, 0.7,1, and 0.::;,1 m.e. per 100 gm., 
respectively. TIle relatioll I>C('W('l1 tht' ('ul1('('utratiun of polaHsillll1 in 
the leaves and that of ]lotassiUlll, magne.,;iulll, and ealciulll in the solu­
tion was ~iillilar to that uf ,;odium. t'x('(.'pting in tbe (':kiP of magnesiulIl 
(fig. 7). The first. ine!"ellll'nt of lllaglll':,iulll t('nd(~d to inc'rease the ab­
!:5orption of !:50t/iUlll and the :;l'{'UIHI to <I (,('I'('a:;(' it, the Iliain effect.,; were 
0.70, 0.75, and (UiH Ill.t'. pel" 100 gill. 1'01' tIl(' ~ll!.'-l, ~lg-2, and .i\1g-3 
leve!::. rPHpectin,ly. 011 thl' otlwl" hand, lil(' fil':'t illlTt'lllc'nt of enleiulll 
eaw,;('d \\ tiPereaHl' and till' Hl'c'(JIHI inc'I"('lll('nt [lI'OdllC'l'd IlO fUl'thpl' change 
in tile aC(,lllIlulatiun or .,;odi'JIll ill tilt' I('U\·('H. 

BOIION 

Boron in thl' 1(,IWl'H ill lIlilli('qllinlll'llt.,; 1)('1' 100 gill. rangc'c! frolll 3.70 
to 1.01 (tabll' (iJ. TIl(' llIajOl' faetOI' af1"l'eting bOl:Oll in the leave;: \Va;: 
level of ]Jotas.,;iutu I fip:. 11 ). tht' an'nll.(e;: b('ing 3.13, 1.52, and 1.19, rr­
spectivcly, for }(-],K-2, and 1\:-3 tn'atllwnt!:5. At low potassium the 
first illCT(,lll('ut of caieiuIll dl'('J"('a:-'l'd lea.f boron, but the sccond increment 
effected no fUl,thel' c!('("!'l'U1'\('. l\1agll(·;.:ium IHld a tendeney to depress 
boron contrnt of the Ieavp;: , "'hieh \\'lIB tUo;:t pronounced in the Ca-l 
treatments. 

At the lo\\" I(,"l'l of pota:-,.,;iuIll the intC'I"action of magnesiulll with potas­
sium on bOl"On ('ontpIlt of till' I('[I"(,H Y!Lr]('d !L("('ol"ding to the lPvrl of cal­
chlln in solution. III the' C'a-l tr('atnwnt leaf 1>01'0.0 was significantly. 
lower at the tiJird ll'vl'1 of magI1(';:iull1 tllltI1 at tlie 0('('011(1. .I n the Oll-2 
and Ga-3 trcntnwnf::: leaf \)OI"on did not <1if1"(,1" Rignifiealltly at til(' first 
anel third I('vels of llHLgllt'siulIl, hut waH low at tlw sccond level of mag­
nesium. The first· in('r('lIwnt of (~H!!'illll1 rrTeek.[ an ('xc('pt.ionnlly large 
drop in leaf boron in the ~Jg-2, K-1 ~'·('nt:ment. 
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COPPER 

Leaf copper ranged from 0.02S2 to 0.0}2() Ill.P. pel' 100 gm. ltable 6). 
It was strikingly redured by the lew1 of pota:3,:iulll supply (fig. 11), the 
fiyerages being 0.025~, 0.0176, and 0.0146, l'espertively I for the K-1, K-2, 
and K-3 treatments. Calrium temlcd to l'eduee eopper in the leaves 
only at the low level of magnesium. 

Lea.f ('ol)pe]' in the CfL-3 trNttn]('nts wm; "ignifi('lUltly higher at the 
intermediate lewl of maglH'siull1 than at the low and high 11lagnesiuIl1 
len'l:3, At the third leyC'l of magnC'siutt1, leaf COpp01' \\,m; intel'lnediatt' 
bC'twet'n that at the fir::t and tht' s('{'OIHI maguC'::ium level,:, 

MANGANESE 

Leaf mangnn('s(' l'auged from 4.27 to 1.5~ m.e. p('r ]00 gm. dry matter 
(table G). Thl' prineiptLl factor afreC'til1g ll'af manganl'Re wa~ the potas­
sium lewl ill tIl(' Rolutiol1 (fig. 11), the it\'erages being 3.55, 3.02. and 
2,;'56. l'espertiYely. for thr K-1, 1\:-2. and K-3 treatm('uts. The effect of 
potassium was 1l1Ost prol1olll1crci at till' low le\'('1 of magnl'f'iUlll and the 
least Pl'(JuoUllred at the high 1l'\'('1. CalC'iutll wry signifirantly reduced 
I('ar IlHt1lgan('~('. the owr-all awnt.gl''': \\'('1'(' 3.42, 3.1fl, and 2.54 m.e. pel' 
100 gm, dry matt('r, l'l'~I)('etiwly. rOl' the en-I. ('a-2. and Ca-3 trcat­
llH'n(s. L('nf mangnll('H' Wit:: tlw highl'st at the SPl'Ol)(1 k\'d of mugne­
f'iullJ. th!? aYl'ntgl'~ I)('ing 2.7li. :i.:37. llnc13.00 m.('. pel' 100 gm. dry matter, 
I'Pf'll(,(,ti\'('1 y, fcll' th(, ~[g-l. l\1~2, and l\lg-3 tl'l'atment,:. In the ea-I. 
K-2 treatlIll'nts, hmn'\'l'l', mngt1C'SiUlll level did not flignifieHiitly affcl't 
Il'tl f mangal1(,Sl'. 

ZINC 

h'af zinC' rangt'r! f!'OlI1 0.70 to O.1R 111.('. 1)('1' 100 gm. dry tissue 
(table (j 1. 'l'he first inC'r('I11('nt of p()ltt~sitlll1 grNttI~· l'!?dur('(\ zinc in the 
l<'!l\'e~ (fig. 111. Xu rurthl'r l'l'dul'tion was ('fft'ct('d b~' til(' R<'concl incre­
llJent. Till' tLwntgl':: \\'('I'l' 0.44. 0.27. and O.2fi m.l'. Pl'I' 100 gm. dry tissue, 
rl'l'\p('l'tiwly. fol' thl' K-]. K-2. all(l K-3 treatmentR. The effret of 
Plltu,;<.;illnl was Jll'a('(i('all~' nulliii('d b~' the' C'omiJination of lligh calcium 
and mngnl'silllll (fig. ) 1. n. ('a1('illlll l'('dlJ('('(1 lC'af zinc at all levels of 
pnl}lssilll1l, and magnesiulll tt,llthl to han' a "imilttr ('fi'ed at all level" 
of potaf'siulll ,tnd l'alriultl. 

IRON 

Jl'on ill f1.C' Il'tlwl:' rang('d frOln 1.0R to 0,43 m.r. 11('1' 100 gm. dry tissue 
ilnhlt' Gl. P()tu~siull1 l'l'dlH'C'<! iron in til(' Iconv!?!' Itt all l('v('IR of calcium 
and lllagll('Silllll rfi,g. 11 ). tIl(' aYl'r!Lg('s \wing 0.81. 0.60. nnd 0.55, reRpec­
tiYl'ly. fol' tl\0 1(-1, K-2, nnd K-3 tl'l'atlllenl:;. :Magnesium at the inter­
Ilwciinte It'y(,1 ineJ'eflsed leuf iron, but llt th(' high It'vel it eauRed a 
redudinn in iron. Th('I'(' was a. gelH'I'nl tt·nden('.\· for ealeium to inrl'eas(' 
leaf iron. but ciilTprl'n('('': attnillPri stlltiRtiC'al ~ignifi('an('(' ouly in the 
l\Tg-2 treatments. 

ALl1MINUM 

• 

• 

• 

AluminullI in thr I('uyl'l' ranged from 2.R1~ to 1.22 m.e. pel' 100 gm. dr\' 

til'RU0 (tahlC' 61. It waf: "igni fieantly alr0dC'c/ by r.akium. I11tlgn!?::ium. 
and potaf:siulll, Tilt, firl:'( in('I'elllent of Illagnl'Riun1 int'I"('uR0d aluminum 
fro!:n lAO to 2.2'j, but the Hwoncl inpren1('nt had 110 furth!?r elTeet. Oal­
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'. 
cium exerted a similar but somewhat less pronounced effect. The over­
all effect of potassium was to cle(TeaSe aluminum in the leaves (fig. 11). 
The averages \\'Pl"(' 2.13. 1.90. and 1.67 Ill.e. per 100 gIl1. dry tissue, re­
spectively, for the K-1. K-2, and K-3 treatments. 

CALCJlTM PLUS MAGNESIUM PLUS POTASSIUM 

The total ealciulU plus lllagn<'siUlI1 plus potas;::iutll in the leaves 
(table 6) was contl"Olll'd Ia.rgely by the levrl of caleiull1 I:lupply. but it 
was also signifieantly al1('etl'd by tht' uHLgnc;::iulll supply. the range being 
19].4 to ~3.J m.l'. Jll'I' 100 gill. dry It'nf tis";lIr. The main rae-tur, calcium 
in solution, had an oyer-all p(fl'ct of 96.0, 130.6, and 154.0 m.e. per 100 
gill. for the Ca-1, Ca-2, and Ca-3 leyell-', rrspectivel~'. The oyer-aU 
effee-ts or magupsiull1 at all I(·wl;:: of pota,.;::iuIl1 and rakiut11 were 120.6, 
139.9, and 130.3 m.l'. per 100 gill., re;::pec,tively, for the :Mg-1, Mg-2, 
and Mg-3 treatments. 

At low levels of rakium thrrp was an upward trend in total major 
bases with inrrPtlsing potul-'siutll (fig. ~, A, D. and C; J. but at the second 
lc~Yl'1 of raleillll1 (fig. 8, B. E. and [JJ potassium had no e.ffert and the 
trpncl in thp en-a trpatments (fig. R, e, F. und II was thl' re\'ers(' of that 
in the ('a-1 tl'eatnwuts. 

Total nrC'umulation of all tlH' major bases was higIH'::t at the sceond 
IC'Ycl of nHtglH'siullI (fip;. 9); at the' third leypl it was intrrml'diat(' be­
tween tIll' first and s('ronc!, This rPiationship was rnost pronounced in 
the Cu-:3 tl'patnH'nts (fig. 9, (J to II and clisaplwan'd in the Cu-l treat­
ments (fig. 9. A to ('I. 

POTASSIUM PLt'S MAGNESJliM 

The total eonr('ntl'ation of potassiullI plus nHLgnpsinm ill tht' leaves 
rangNI from 35.n to flO.R m.p. pel' 100 gm. (table nJ. It was rontrollecl 
lal'gel~' by the potas~jllm sllPJlI~·. The' u\'el'agp:< \\'PI'(' !i:1.G, 60.9, and 
79.B Ill.t'. PPI' JOO gill. for tlte> K-i. K-:2. and 1\:-::3 1(,\'('1:<. r('sp('(,ti\'CI~·. 
l\iagnesiul11 supply :lIso hac! a highly signifieunt C'f'fpc't in in('I'paRing the 
total c01H'pntrufioll of Jl()(a~~itllll pill:' magnp::iul1l 1)J·PRPIlt. The' g('neral 
owr-alll'ff('(,t of e'ulcilllH WUS fill' tIl(' fir~t incrplnrnt to rpdu('r potassium 
pIllS magnesium (fig. 10 I. Thi,.: PlTpr\ wm~ Illost JlI'()J'lOUllc'('d ill thl' K-:1 
tn'atm('nts (fig. 10, (,' to II and di;-;upppal'pd in tlt(' J\:-l (rentll1pnfs, 
whrrr lite trC'nrl WitS upward withinrrpa;;ing 1('\,(,1;; of c'alrilllll with 
th(' l'('rond and thil'd lc'\,pls of lllugIH,,.;i\JIn (fig. ]0. /1, B. and ('). 

CALCIVM PLl'S MAGNESIUM 

• 

Tht' total eal('illll1 pIllS Illagnp;::illlll in thp Il'twt's ranw,d fl'(l11I 2·1.4 to 
17i5A: m.r. Iwr 100 gm, alld wu-: ('ontl'Olll'd by til(' supply of ('nleilllll a.nd 
magllPsiull1 but was greatly ufTC'('('cl lJy fIll' p()ta::~illlll stlpply (table' n). 
The (l\'C'r-all t'l1PC't of ('akiltlll \l'a:, In in('I'Pu;;(' tlte' c-nleillll1 plu::; magne­
l'illll in tIl(' Ipuns, wllielt was f)O.2, !11.(), Hnd 12:2.1i 111.(,. per 100 gill. for 
the C'a-] , ('a-2. and ('a-:~ Ipn·I;;, 1'(';::1 )p('ti\·C'I~·. The H\'('mge cfTpet of the 
fil'i~t inc'rpn1rnt iner(,lI.H ill mnglwHiulIl supply was to inrl'l'tll'e grc'atly 
calcium plus llIagll(';-;illtll ill the' INl\'l'S, hut tltl' I"re()nd inerrllwnt of mag­
nel"ium proclll(,NI no flirt 11('" l'!wng(', Plltn;;;;iuU1 in ~olllti()11 strikingly 
rrrhwC'd thc' tnUt! ('alc'ilull plu~ lIlagnp,.;itllll in the' blY(,S (tnhlp 0; fig. 8), 
the ovrr-all efr('c'!s Iwillg 1] 1.!i. Hfj$, nlld !ili.n m.l'. rwl' 100 gm.• ]'(';;PCl'­
tively, for tlw 1\:-1. K-2, aud K-3 ]('\'('Is, 
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CALCIUM PLUS POTASSIUM 

At the low level·of calcium the first and second increments of magne­
sium reduced the accumulation of calcium plus potassium (fig. 9, • 
A to C). This effect, from the first inCTemellt of magnesium practically 
disappeared at the second level 01' calciurn (fig. 9, D to F) and was re­
versed at the third level (fig. 9, U to 1). The seco.nd increment of mag­
nesium reduced calcium plus potassium at all levels of calcium. 

TOTAL HEAVY METALS PLUS BORON 

Total heavy metals (Cu, Mn, Zn, Fe, AI) plus boron in the leaves in 
milliequivalents per 100 gm. ranged from 11.23 to 4.63 m.e. per 100 gm. 
dry matter (table 6). The major fadO!' affecting the accumulation of 
these ions in the lea"es was thr Irwl (If potassium supply (fig. 11), tbe 
reading!:' being ]0.08,7.32, and (j.35, l'e!:,prctivel~', for the K-1, K-2, a.nd 
K-3 treatmcnts. At the lo,,' level of magnesium, the second incrcmrnt 
of potas!:'ium had a gl'eatt'r deprcf'sing cffcct on the heavy metals plus 
boron than at the two higher levrl" of magnesium supply. 

}'1agJlrsiull) supply also nffc('trcl tilE' Iraf contl'l1t of total heavy metals 
plus boron, the higlwst contC'ut of thesr ions occurred at thr medium 
Irwl of magnrsium supply, while at the high level of magnrsium it was 
intermediate brt\\"('('ll that in the l\Jg-l and Mg-2 treatments. 

Calcium had an O\'rr-allh?llc1eney to rrcluee t,hr total hravv metal 
plus boron contC'nt in th€' leavt's, thr' second increment of caldu;u being • 
the more effectiYe. 

INTERPRETATION AND DISC('SSIO~ OF RES"CLTS 

COMPOSITION IN RELATION TO GIWWTU AND IJEAF SrMPToMs 

TIl(' data pr'('srnted in this bulletin C'Ollstitut(' only a small part or tIre 
eYidence accumulated by tIlE' authors to support the COJl('('pt of the 
nutrient-rlrl11ent balatH'(' thnt should be maintnined in tlw ('ultul'C' of 
tung. Data obtained by ot\1('1' im'C'Rtigators giyc additional support. 
Ai; the sanH:' tiulE', the apparent clisagl'C'C'm('nt I)(:'t\\"('en much of til(' e\'i­
denet' reported and this bulletin tends to emphasize the ('omplexity of 
the inh'J"actions that o('('ur het\n'ell (h(' eSl'wutial nutrient (llrmentR both 
in rcspect to tlwi I' absorption ancl ac('um ula (ion and thril' C'fl\'rtR on 
growth and yield. 

A number of factol's are r'C'sponsiblp for the lack of agreenwnt be("'C'('11 
the r('sults of tIl(' ,'arinus inwsl'lgators. Principal among n1r1;(' if; tlJ(' 
laek of (,(Jl1sist('I1(,Y in thp part of flrC' plant uRed foJ' analysiR. It j" ob­
viously impossiblc' to ('ompar'(' J'('sults of \\,holp-plant anHl~'~r" with thos(' 
of .lra\'es or petiole's. It i~ tru(' thnt thC' natur'C' of the plant uncleI' Htlld~~ 
nnd the objeetiY(' of the in\'('stigation influC'neC' thr selC'ctiol1 of thC' plani 
part used for analysi::;, This, howewr, does not nltt'r t1w fact that COIU­

parisons between anal~'sC's of different plant par'l" are jm'alid. TIrC'vad­
ability in milleml ('ont:('nt of diffpr('nt plant parts and of leaves from. 
differ('nt locations on tIl(' shoot· has been c1elJ1nnst:mted with tung by 
Myers and Bnlllstetier (j8J, who showed tlmt there are largC' gradient« 
in the mineral (!ontent of Il'aves fl'Om cliff(lrent lo(!ations on thC' shoot, 
and by DJ'o::dofl' and Nearpass (8), who slrowC'cl wide cliHc'rem'cs to 
exist between the ('ontenL of nutrirnl (llelllC'llts in bottom, middle, and 
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top portions of the petiole as well as difi'c1'ell(\eS between all these petiole 

• 
analyses and those of the leaf blade. 

Differences of a similar natme have been ShO\\'11 for other plants. The 
mineral analyses l'epOltecl in this bulletin are horn leaves collected from 
the midportiol1 of the growing ::hoot, and the data presented are tlot to 
be eonstrued as intiieatlllg ab::;orption phellomena except as such pheJlom­
ena may be refketed in leaf composition. 

• 

Another factor re:::pon:::ible for much apparent disagreement betwet'n 
restdt::; of cUfi'erent wurkers is the range of nutrient leveIs employed. 
One outstanding feature of rC:5ults reported herein is the ditrereutiall'e­
sponse to the same ilJ('l'cmel1tl:' uf uue element wheu supplied at different 
ll'yels of Ol1e 01' mol'(' of the oth('t, elenwnts. The effects of varying le\'el:5 • 
of ralcium l:'upply on the necumulatioll of maglle::;ium in the leaves illus­
trate thi::) point well (Jig, 10). When magne:::iulll supply was low, in­
creusing calcium ll('('rea::;ed magne::;iulll in tbe l('an~15 at aJl levels of 
potat't'iultl 8ullply, \Yith 'pota8l:iiultl supply low and magnesiultl supply 
intermediate or high, magnesium ill the leaves inerea15ed with inC'real:iing 
rnleiuUJ, At the se('ond le\'('l of potassium Hnd the intermediate and 
high )e\'(')::; of lllagne::;ium, the fit';:;t increment of caleiulli did not atrect 
leaf m<lI!;tlCsiullt \\"hilt, the s('('oud illl'l'Clllellt brought about a reduction, 
At the third le\'l~l or putm3l:iitUlt aud the intermediate level of magllesium, 
the ealeiulll effC'd wal:i the ;:;allie as ill the intet'mediate potassium plus 
int('t'tlIediatt'llHlgtll'sium treatment::;, but at the high lewis 01' potas::;iulO 
iLnd magm'siulli ('ombined, culeiulll supply did not affecl HCCtUl1ulation of 
magne::;itull in the leave", 

JnteJ'J)rl'tatillll of complex inll'J'Hetions sueh as those ju::;t mentioned 
('Llll11ot IJl' ntade un the ba"is or (,Ht.ion eOlllpetition nlone, It. i::; oiJviuu:5 
that otlwt' faetul's nrt' in\'ol\"('(l. Identif1f'Htion uf th(,8(' radon; \\'ill1'c­
!Jilin' mon' knO\\'lpt!gp of till' fUIl(,tion of (,<leh eatiull in tJH'ta/Jolhull, 
whi('h ('Ull onlv Iw obtaitl('(l by d(,taill'd ::;Ludip::; of the bio('hptllienl 
('iln ttg('~ tH'('OIlJ illlllyi ng the:'(' en tion i Jl t{,I'uc'lions. 

An illll::;tmtiutl of huw bio('hl'ltlieul ::;tlldit'" might ('ontrihute to the 
intpl'l)J'('tatiotl oj' ::;lIdl data lUa~" IJ(' drawll rJ'oJtt the data on the dT(,l't of 
lllugnp;;illltJ :::upply (III ea!r'illtJI tl('('ulIlulatioll (fig, D, ('oupll'rl with inl'ol'­
nUl,lion obtained fr(lttl Itnoth('I' {'x]lt'riment on the d1'('et::: of fot'nJ of 
llitl'ogp)J and alllOlJnl of Im;:e t'upply Ull the organi{' !leidt' of tuug l(,ltvps 
1121. 

Th(' iit':-l itH'J'('I1IPllt of lIlagJw:::iulll (lJ'()(lll('l'd an H\'pragC' in('rca::;l' ill 
lpar tlHtgnpsiuJIl of HUi Ill,(', 1)('1' ]00 gill. \\'hilp thi::: itH't'l'a~e in lnagne­
~ittlIl Wit;; [H'(,()lllpani('d by a t'priuetioll (If lKO ttl.P, of potal'SiuJrl, ('akillltJ 
inf'l'pal't'd by ] H,2 m.p .. 01' n t1Pt ill('t'PH:::P of ] H,K m.l', in the total p()ta~­
:::halt, (,Hlt'illlll, and lltagne::;iultl. 'fhi;:; ilH't'('u:::(' \\'at' al:::() t\('('oJllpanied by 
a slight irJ('J'('a,.;pin totalIH'H\'Y ttll'tal::; plu;:; I)(Jt'()Jl (lable 7), Obviously, 
au ('(.Iuh'ulent iJl(,t'C'Hsp IIlUt't Itu\'(' takt'n place in anion ![('('ulltulntiot\, In 
lilt' ahs('.I1(,{' (If lulul)":;!'::; fot, all the minl't'al aniollS tlll'I'(' i::; til(> possibility 
that they tlwy han' ('onll'ibut('d to thi::; anion iJ1('J'Nl,,(', 

'rh(' IrlO::;t plauiiihie ('xplanati()u for thi::; ('atioJl in('t'(,HS(' a::; n result of 
tIl(' firsl int't'PIlH'nt of Illngnl'::;iUI11 , h()\\'p\'(,t', would s('em to lil' in till' 
organi(' Heid lIH'taiJoli:-:1l1. J>laJlt:; I'('('ph'jng the' lo\\' l('\'pl of tnagl1l,;;iuJIl 
llHLd(, wry littl(' growth (tabh, fj) IH'('UU::;P of 1'('\"('1'(' nHlglw::;iutll defi­
('.il'J1r~", TIlt' fir::;t inet'('1l1Pllt of lllagJ]('I'illlll 1ll01'l' than Cjlllldl'upled kat' 
pftkic:'.I1C'Y, \\'hpJ'('as 1I1P f;('(,(lJIcl illf'J'P[tl('llt Pt'o<ill('{'<i only a ::;ligllt .ful'ther 
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mCl'ease tfig. 4, B). If oxalic acid is an end product of carbohydrate oxi­
elation, as 1}as been suggested (l2), it is very probable that at the low level 
of photosynthetic activity resulting from the extremt' magnesium de­
ficiency at the low magnesium leyel, very little oxalic arid was produced. 
Under such conditions caleium aeetllllulatioll would be limited. \Vith the 
greatly increased leaf efficiency resulting from the first increment of 
magnesiull, calcium llCC-UlIlulation would be expl'eted to increase be­
cause of the inaC'tivation of thl' caieiuITl a~ oxalate. The seeond incre­
ment of magnesium that rpHdted in a elecn'ase in both potassium and 
calcium effeeted such a slight inerease in photosyntht'ti{' activity, ho,,-­
ever, that the increased magnesium [lC'('umulatioll Wtl,.: able to exert a 
competitive effect on the ionizabl(' calc-ium that wa" not j'('moyed from 
the system as oxalate. 

Tmul 7.-Effects of sllpply at " lel'els each of potassium, magnesium. 
(l'l' ,I calcium in the mdrient Noiution on the ((c('Il/llulation in the leaves 
, f alulIlill1l'Tl!, boron. cap1Jet. iron, matlWl'l1rse. anrl zinc 

Levell;; of ;'IillietIUival!'nt.q PPI' 100 gl'ams of­
potassium, 
magnesiulll, 
and calcium Al 13 ('u Fl' .\In Zn Total! 

----­
K-l. 
1\:··2 
1\.-·3 

2.13 
1.00 
1.68 

3.13 
1.51 
1. 18 

0.0258 
.om; 
.0146 

0.S1 
.W 
.55 

3.55 
3.02 
2.56 

0.'14 
.27 
,2U 

10.08 
7.32 
6.35 

'\fgl. 
.\lg2, . 
;,[g 3 .. 
C'a 1. 
Ca2 .. 
Ca3 .. 

1.40 
2.2,5 
2.05 
I.OJ 
2.0S 
2.01 

2.04 
I.HO 
J .!18 
2.0(j 
Uiii 
1.02 

.0187 

.0203 

.OIDO

.olm.; 

.0I!J-! 

.0187 

,5'1 
.71i 
.no 
.lil 
• (iii 
.m) 

2.7(j 
3.87 
3.00 
3.42 
8. IIi 
2.5·J 

,38 
.32 
?­

.-1 

.,10 

.31 

.2!i 

7.20 
1'.61 
7.!l3 
8.20 
S.IO 
7.'14 

L.~.J). at 
5-11('1'('('1.1 I 

I('vel ?­___ D .12 .000\) .Oii .1·1 .03 . :~i; 
1..:-\.1). at 

1-)lPI'('('llt 
I(,\,(,l ,83 • 1(; .0013 .on .Ill .0·1 .iil 

1'1'11e "UIU of III(' Ii illtiInclnal. el(,lI1('nt~ j" ('quul to tll(· 1';.1111' li:'led. except for 
di!IC'I'ence8 caused by roundillg ('ITOI'l". 

The p]'onoUlH'ed e!f('ct of the fir>'t h}Cl'E'lllPnt of magne;<iulll i!l increas­
ing leaf efIi('iPI1('Y if; un indieutioll of tbe se\'e]'ity of IIHlgm'"iul11 dt'iiciency 
Rt the low le\'el of magl)('siu))) l:'upply and otTer::: a pOPf'ible chle to H 

number of phenomena that haYe been obs('rved with )'(':::]l(>('t to magne­
sium llutrition both jn tili::: ('x]leriment and under field eonclitiol1s. This 
il)ereased leaf (,ffjeienc:y wal:' til(' re:::ult of the combined e!fN't, of tlte first 
inerement of Inagl)('"itlln in ine]'e[l.,-,ing the weighl of ;4tellls plui"' roots 
while at tile same time it pl'odueed an llwl'ease in total dry weight of 
leaves only at the high I('wl of jlotapsiul11 ,,:up])ly (table 51. The'ineffi­
Clem), of til{' ]c'aY('1' of the plants rt'('('idng the low I('\'el of magnesium 
may b(> ac('o\lIlted (01' b~' the "hort period for whieh t'ltl'1i It'af I'Pllwined 
on the tree aft(']' den-loping fully, us w(·ll tt:< by tIlt' low IlHlgne,.:iulIl 
content of tbe leayes, 

• 

• 


• 
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Thi& short period of leaf activity, accompanied by the continuous 

• 
development of new leaves, depleted the meager fooci-reseryes available 
for feeding-root development to sllch an extent that feeding-root growth 
not only practicaJJy ceased, but. the roots that were present deteriorated 
l·apiclly. At time of ban"est, almost no live feeding roots remained on 
the plants receiving low magnesium. This l'eductioJl ill feeding l'oots 
furtber decreased the absorption of mngn~ ;ium as well al': calcium and 
most of the minor elements. The drects of the tlll'ee bases on fecding­
root deyelopment are better illustrated by the mtio;,; of stem-plus-,.tornge­
root weight to feeding-root weight than by feeding-root weights alone. 
The main factor controlling the ratio was the level of magnesium sup­
ply (table 8 J. but both raleium and potassium altered the magne:.;iulll 
(·ffect. 

TABLE 8.-JlicLin effects of 3 ICl'el8 each of potassium., 'Inagnesiu1I1., and 
calcium and their interaction!> in grams per JJZant on the ratio of d7'Y 
tceiglzt of stems pittS storage roots to dry 'weight of feeding 'roofs 

Over-lill 
dTed of-­

K-1 1(-3 

Ca-J C'a-2 Ca-3 Ca-] Ca2 CI1-3 ('11-1 ('112 elL 3 J~ :\[g:. Ca 

, ' 
• 

C.rlll.' 
.'IGIn.. G'.TIIl.. .\ C''IU~ 0 In. I1 0'm~ 1'G'Tin. 'I GIn. 'G Ill. 'I. 0.rill. 0111.: Om . 

:\lg1 .... I.S!) 1.87 2.13: 2.71 3.35 6.32i 8.74 5.80: ll.281 2.0B ".001 2.36 
;\lg2 .. " . 1 ~" ??2 ? 01' 1 l)" ? I" ? Ol): ? 0312 08 ? 20' ? 83· 2.05' 2.65./OJ -.~ - • iJ _'''1_' "-. '. -. ,-.'.... 

? "?I ??- ? 10 2 .,,, ? IS ? 31' ? ?4 " "1· ? -'JI 3 -.,:\[g·a .... - ••)- _ •._iJ -. .. .",iJ _.-•. 1-'- ~.iJ _.iJ_: .D", 2.3S1 3Ao 

The first increull'Jlt of Il1ltgl1e~iul1l l'('duccd the ratio and the second 
increment increased it. The averages \\'('re' "LOu. :2.05 and 2.38 at the 
l'dg-l. l\1g-2, and ~lg-3 1('vels, respectively. The effect;,; of potassium 
and calcium leyels were nearly equal and both produC'ed au increase in 
the ratio. This was merely a reflection of their effects on magnesium 
accumulation ancl funNion. The slight increasf' in the ~tC'm ancl f't,orage 
root to feeding root ratio resulting frolD the second inCl'('lD('ut of mag­
nesium (compare fig. 2, 15, with fig. 2, c:] was the result of an increase 
in storage-root weight in exeess of the iUC'rellf'e in feeding-root wC'ight. 
This is a reflection of an inel'easecl ellidE'ncy of tbe feeding roots as well 
as of the leaves of the .higb magnesium plants, which pel'lnittecl a greater 
accumulation of food rcsen'es in the storage roots. 

The increased produetion of Jeeding-J'oots re;:;ulting from the fhst in­
crement of magnesium was undoubtedly responsible to a large extent 
for the accompanyillg 1nCI'('a8e in leaf C'ontt'llt of en Icium Hnd a number 
of the minor elements. 

Under field condition!', IlHlgnC'fihIUl-d('firieney symJ)toms on tung have 
not developed until la.te in tIl(' gl'owing sc'ason. The data frOID this ex­
periment would indirate that this WHy be caused by the production of 
feeding roots early in til(' !'pring fl'om the little resel'V('S present in the 
storage root-s of magnesiul1l-d(lfi(,jPIlt. trpps. These feeding roots appar­
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ently are able to suppJy sufficient magnesiulll to maintain the Joliage 
produced during tfte early part of the season, but as soon as the magne­
siulll is depleted in the J·estricted Jeedin!!; zone of the new roots 
magnesium-deficiency symptoms de\·elop. On the other hand, this de­
veloplllent of lllagnesiulll-deficiency symptoms may be the result of a 
change in the balance between the eonccntrations oJ potassium, magne­
situn, and calcium in the lea\'('s. li'or, under normal conditions, there is 
a marked increase in caleium ancl a deercase in potassium, whereas the 
eoncentration oJ magnesium remains yery much the same fl·om early to 
late in the growing season. 

The correctiun of magne::;ium defi( :ency in tung urchards, ('yen with 
heavy and cuntinued Hpplieations of magnesium ::;ulfate, requires a num­
ber of seasons. The extremely poor feeding-root deyelopment aCCOlll­
panyillg magnesiulll defieil'ncy i::; undoubtedly respOllsible Jor the 
difficulty in its cOlTection. 

Another outstanding and signiflcant feature of the results of tbis ex­
periment has been the effects of ::,upply of potassiulll, magnesiulll, or 
calcium on the nitrogl'n content of the leaves, although there wa::; no 
diiference in nitrogen supply I, tuble:o 4 ancl G). 11l(Teasing the magne­
sium supply in the :,ub::;trate cll'erea:,('d the content of nitrogen in the 
lea\"es, the awragel' beill/!: ~54, 7G7, flnd 745 lU.e. per 100 gm. for the 
:Mg-l, 2\Jg-2, and 2\lg-3 J('ydl', reslx'eti\"ely tfig. 5). Pota:;:siulU had a 
similar effect in that the tlycr::tge leyels of Jlitrogen was ~44, 762, and 
7GO lll.e. per 100 glll., rl'speetiwly, for the K-l, K-2, and K-3 levels. 
The effect of ealeiulll was less 1>rol10111]('('(I. th(' o\"er-Hll level of nitrogen 
being ~25, 7~4, ami 751:\ lll.e. per 100 gU). for the en-1, C~1r-2. and Ca-3 
lewIs, retlpcctiwly, ('yen though the nmp;l' of ('alciUlll in the supply was 
l1JuC'h gJ'cater than that of potns:;illlll or magnl'sium. E1Teetl' siluilal' to 
tho::;p on nitrogen wen' oiJtaitwd with resllPct to the phosphorus ('output 
of the lean's as a rl'"ult of the difTprl'nt ll'n'l" of pota8siullJ. IIIagllf';;iUlll, 
and C'aleiuJl1 ill tlrp :,:upply [tabll'H.;I and (j; fig. 6). 

The::;e and othcr sirnilaJ' rl'sult:,: of intpr-aetiollH Illakl' it Ob\"jOUH thflt 
studies of the' eHpl'ts of lewl::: of olle OJ' HJOre clements on growth and the 
aC'('umulatioll of otl1(·J' pJelll('nts condll('tpd in faetoriaJ alTttngpu)('nts and 
ill rand(Jluiz('(1 ('olllpJetp bloek l'xperill1ent::: an' ess('ntial for maximum 
signifieant results. 

As stated earlier, Jl(l olle growth l1l(,[lsurelllent cau be arbitrarily se­
leeted as representatiw of the total response (If the plant to t'nviron­
lnental ('hanges. Fro1lJ the llUllH'rOU8 lli'pects of growt:J1 that were 
measured in the experinwllt herein rcported, it is possible to ('valuate 
the relatiVE' merits of tire diff('rent measurements as yalie! edtc'rifl or re­
SPOIlSC to nutritional changes. 

All the growth measur(>Ull'nts recoJ'ded were not affedecl to the same 
extent, and, in SOllle eal'('s. not l'Yell in the same ma.nner by different 
treatments. There were, bow(>Yer, eertnin cffeets that were rather con­
sistent. The most ('ollsistent !tnd Jll dnounced eFfe('t resulted from an 
increased supply of potassium, espl'('ially the first incrcment, whieh pro­
ducecl a large inercase jn (~very aspeet of growth. Thc first inC'l'ement of 
magnesium was a1so ycry eJTedivc in incrca;;ing l])ostof the growth 
measurements, with Ult' exeeption of leaf weight and llurnbC'r of nocles. 
These responses to the first in(·l'('lllcnt of potm:siulll and magnesium werc 
to be expected, :oince the lewl of' these (·lel1l('nls in the leayps .in the 

• 

• 

• 
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K-l and Mg-l treatments were so low (12.5 to 30.9 m.e. per 100 gm. 


• 
for potassium and 3.9 to lOA m.e. pel' 100 gm. for magnesium) that they 
:produced plants extremely deficient in eHher potassium or magnesium or 
both. The low levels of these I:'lemE'nts were reflected not only by the 
reduced growth of the plants, as compared with tbose recl:'iving higher 
levels of potassium and magnesium, but also by leaf symptoms, pat·ticu­
larly those of magnl:'sium deficieney. 

• 

An accurate quantitative evaluation of both magnef::ium- and potas­
shun-deficiency symptoms on the leaves wa~ impo::sible, because of the 
rapid leaf fall resulting from the::e ddieiencies, partieularly that of mag­
nesium (fig. 1; table 5). For this reason, the best c\'alu:1tion of the 
se\'erity of magnesium deficiem'y is the percentage of total leaf weight 
dropped. This criterion of magnesium deficiency cannot be absolutely 
applil:'d, however, ::ine(' the plants r('('ei\'ing the low 11:'\'cl of potassium 
combined with the mediulll and high leyels of magnesium (table 5, treat­
ments 4 to 9, inciu::i\'e) dropPNI higher pereentage:: of their total leaf 
weight than dicl plants reeeiving the same amounts of maglll'siulll ancl 
thl:' higher levels of potassiulll. ;-;in('e the::e plant:: showed no magnesium­
deEdency leaf pattern but did :;how mild ::ymptom:: indiC'atiye of potas­
sium deficienl"\ it i:: J'l:'a::onablt, to a::8ume that leaf f.111 from these 
plants was ralisecl by pntaSt'iul1l defieieney. The only plants reeeiving 
the intermediatl:' level of magne:;ium that showed any symptoms of 
magne::iulU deiieieney were tho::e rereiying the high leyel of potassium 
(table 5, treatment::: 22 to 241 and tho::e reeei"ing the intennediatl:' le\'el 
of potassium and the high len,1 of eal('iulll (treatment 151, which showed 
only mild symptoms. The data in table Gsho\\' that the magnesium eon­
tent of the lea\'es froUl the pJant:: that ~h()\\'E'<1 magnesium defieiency 
ranged from 3.9 to 17.0 m.e. 1)('1' 100 gm. while plants that did not exhibit 
magnl:'f'iulll-defi('il:'J)('~" :-;ymptoll1:; had frollJ 21.1 to 62.2 m.e. pl:'r 100 gm. 
of magne::iull1 in the leaye~. 

K + en I K . . I I I ITI1e-"1\1' HI)( 0\7~ J'atlO:: m t 1(' eaves were ('a, ('ulatp( from the 
l\'.g ~\J.g 

leaf ('olnposition data. and, although not pre::l:'nteci in detail, it is of 

. I I K + C'n, •. I I I'mtereSl t HIt t 1(' "~:Ig- ratw ]n t le J1 ant:: :; lO\\,lIlg magnesiu1l1­

defi(,je]]cy symptoms ranged fwm :)4.5] to f).XG, and in those showing 

no :-n'lllj)(OJll!' fro1ll 5.0~ to (l.XK. TIl(' :'f ratio>, ran!!t'r/ f!'Om ] 9.64 to
" hJg·' 

2.23 and froll! 2.31 to 0.22, ref'pC'(·tiwly. foJ' th(' plants sho",ing yi::i­
blC' SYHlptolm: of magne:;iulll defi(>i('llc~' and for tho;;(' >,hO\\'lllg none. 
From theR(' data it would appeal' that ror magnel'juJ)) the adual 
leaf ('ontent of the ('1('llJent WEl::: HR good all indh'utioll of the deiir'ieIHT 

' l' t '1 I 1 f 't'l tl K + Ca IJevel me H'H ('( )y ('a R~'mptOI11R Ell' (') lCr Ie ---, -- or t Ie

• Mg 

;?g ratio. A:: not all pO!'Hible ratio;: bet\\,('t'll till' thrl:'e bases were 

tested ln thi" exp('riJ)Je'nt. thi~ dOCR not mean that, u.ndl:'r aU eonditions, • 
the actual 1C""(> I or mugn(':;ium will bC' a better index of the magnesium 
statUR of tht, plant than tlw ratio oJ magllC':-;iuUl to one OJ' both of the 
other major baHe'l$. 
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A correlation of potassium deficiency with leaf composition is not so 
readily made, since the predominant effect of potassium deficiency was 
in limiting growth. Therefore, it is necessary to use the leaf composition 
as the basis fol' determining the cause of the limited 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 takC'l1, than did plants receiving the same levels of magnesium and 
the higher levels of potassium (table 5). The leaves of plants receiving 
Io\\' potassium but ade()uate magnesium (treatments 4 to 9) were low in 
potassium only, the potassium eontents ranging from 12.5 to 18.9 m.e. 
per 100 gm. (table 6). That the plants in the low-potassium, low­
magnesium treatments (1 to 3 'j were not potassium-defieient is evidenced 
by a pota;;;;;;inm content of their leaves, which ranged from 28.5 to 30,9 
m.e. per 100 gm. 

If the;;;e data arC' compnrf'C1 with those for potassium in intermediate­
potaf'sillm. hi/1:h-magnei'illm treatments (16 to 18), whieh ranged from 
26.0 to 31.7 m.t'. per 100 gill. and which produced pIa,nis having total 
j)lallt ,\·pights nvt'raging a.llllost thl'C'r times those in treatments 1, 2, 
and 3, it is eyidt'nt. that this ('ontent o[ leaf potassium is adequate for 
good f!;1'Owth. proviclC'd all othrl' nutrients are also in adequate supply. 
When low-potassium, low-magnC'siull1 plants (table 6, treatment:; 1 to 3) 
are compared with thC' intrrmecliate-potai';:ium, low-magnesium plants 
I tabll' fl, trcatrnrllts 10 tn 12), it will be noted that the potassium COD­

tC'nt was approximately doubkd. whC'rt'as the magne;:ium content was 
rpduC'ed to approximately on('-halL ,"hl'n magnesiulll supply was in­
('reased to the intC'l'll1E'Cliatp It'wl nnd pnta:::sium supply was at the sec­
ond 1('\'('1 (table 6, tr('atn1('nt~ 13 tn 15), the leaf magnt':::ium was 
in(')'('nspcJ fOllr- OJ' fin'fold OWl' that of trt'atments 10 to 12. but potassium 
in tl](' }PItyt'O' dropped to aJ1Jlroxill1atl'l~' thC' same level a::: that in the 
plants from thl' Irm'-]1ota:::,: i11111, lo\\'-magne"ium trNttments. Gl'Owth, 
I!lP[lsun'r! in any ll1anl1C'r, was gl'l'atly incl'l'as('(1 in tn'atl1lt'llt" 13 to 15, as 
(,()JlIparrtl with tl'('a!mt'ut,: 1 ttl 3 or \yith tl'('utlllrntf' .:I to fl, tIl(' Inw­
pota';:l'illlll, int('rJ)1l'dintl'-llln,!!lw:,ium Ip'\'('I". Tlti" is thr n'"ult of main­
taining a pro]lPI' baltu1('(' lll'hn'pn pota1':::iull1 and magl1Pl:'ium w!liJto, at 
tIl(' ,:alllt' timt', inel'Pusin!! thp intPI1:,ity of both. 

Intensity of nOl'mal n{ltl'ition cannot bC' nwasurrd on the hasi" of thC' 
('onil'nt of nn l'lpl1wnt OJ' oj' nil d('J)Jt'nt:; peJ' unit \\-cip:lJt of the tisl:'ue, 
"inrc plant:; J'C'c(,j"inp: u pJ'()prJ'I~' haltlllrcd but inaeJequatr It'vel of nutri­
tion will Illnk(' only that amount of !!J'Owth pl'J'lnittC'd by the limitC'c1level 
of supply. Tj"",uC' fJ'om ~lIch pJantH has HPPJ'(lximatt'ly the same mincral 
('ontrnt ns that fl'om pJantl' J'('('eiving a highel' !t','el of PJ"OIWJ'ly balnneecl 
nutriC'nt;;;, ('''rl) tltouf!;h tIlt' 1 attC' I' makl' much greater gl'Owth. For this 
rcason, inten"itv of nutritiol) ('anl1ot br evaluated f!'Om Jeaf analysis 
alone but "houlel br rvnluatC'(] from thC' whoJ(' plant, whC'J'C' it is posR'ible 
to measme total nutril'nt. uptake', OJ' by cOJ'relation of IC'af analysis with 
totul plant production. 

ThC' relatively minor dferts on g!'Owth ·of a wid!? range ill I!?yels of 
ealci1.11ll in thiR C'xjwrirnent aJ'e undoubtedly eauRC'd bv a low calrium re­
quiJ'C'ment - l'l'sult. of supplying one-fourth of the nitrogPIl in the 
ammonia form. In otbel' experiments b~' the writpJ's, data f!'OlIl which 
haw not; been published, it haR b(,C'11 dC'l11onRtratpd tllM when OJ1C'-fotlJ'th 
of the nitrogen is supplied as ammonia, tung tree:::, apparently normal 

• 

• 

• 
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in every respect, can be grown with as little 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 
com:iderably higher than is usually found under field conditions or in 
sand culture receiving all nitrate nitrogen. Thus, though the treatments 
effected a wide range in leaf nitrogen, the nitrogen levels are not cor­
related with growth except in9irectly, alO 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 effectiyeness of potassiunJ and magnesium 
in reducing leaf nitrogen. Though the reduction of calcium accumula­
tion by the ammonium ion probably is accounted for chiefly by the 
effect of the ammonia on organic aciel metabolism, as iR pointed out on 
page 35 and page 42, the aetion of calcium on nitrogen accumulation is 
similar to that of potassium and magnesium. 

• 

The outstanding feature of the data on phosphorus content of the 
leaves (table 6; fig. 6, D to F 1 is the pronounced depressing effect of 
increasing levels of potassium. The effects of magnesium and calcium on 
phosphorus accumulation were different at different levels of one another 
and of potassium. No explanation for 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 
basiR of all of the data so far obtained by the writers. The same relation­
ship has been found in l1umerom: other experiments invoh'ing vadou!' 
levels and ratioR of nitrogen, phosphorus, magnesium, and potassium, 
both under conditions of all-nitrate amI under part-ammonia and part ­
nitrate nutrition. Data from these other experiments (unpublished) 
lead to the conrlusion that the high phosphorus in the leaves of the 
plants in the study reported here is the result of suppl~'in~ one-fourth of 
the nitro~eJ) as the ammonium ion. Leaves of plants grown on all-nitrate 
nitrogen and rec'civing a level of p11osl1honlR rquivalent to that supplied 
in this f'xperiment haw anab'zed C'onsil'tently lower in phosphorus. This 
ammonia-nitrate nitr()~en relationship to phosphorus arcumulation 
would indicate that the effed of the baseR on phof'phorllS accumulation 
Jies in the organir add metabolism of the plant as affected by the 
ammonia-nitrate ni{rogrn ratio. Datu from another experiment no\\" in 
pl"Oress of interpretatioll ap]1eal' to support such an explanation. 

The rlepresRing efred of ])otassiul1l on phosphorllR a('C'umulation has 
been reported for tung Oil field-gro\\"n material }w Dl'osrloff and Paint,er 
(.9) and on othrJ' Rpec'ies hy Johnston and HoagJand (13) and by 
Colhy (.5). 

• 

RELATION BETWEEN THE POTASSIUM-MAGNESIUM-CALCIUM RATIO AND 


TOTAL ACCUMLJLATroN OF POTASSIUM, MAGNESIUM, AND CALCIUM 

IN THE LEAVES 


There is ('oll:-:id('rabl(' ('vidence in the JitC'rature to Rupport the general 
prindple of antagonif'JJ1 between the baseR. Tht'l'e]R no doubt that, 
within certain Iimit8, an increaRf' in til(' supply of anyone of the three 
major f'utions will eallSC an iJ)('r('a~ed leaf content of that ion and a de­
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crease in the leaf content of one or both of the two other cations. For 
this to be a consistent phenomenon, however, it would be necessary to 
have a constant milliequivalent accumulation of cations in the leaves 
under all nutritional conditions (14). Since the cation: anion ratio 
within the leaf must be a constant, the above conditions could 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 organic 
synthesis, such as organic acid radicles, and since it has been l:ihown 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, magnesium, and calcium alter the organic acid content of the 
leaves, it is logical that the total cation demand would also vary. 
Furthermore, as a high percentage of the absorbed calcium 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 increased calcium accumulation in sueh plants would 
affect an increase in the total cation accumulation in the leaf. 

That calcium does exert such an effect on total cation accumulation is 
well illustrated by the total aeeull1ulation of calcium, magnesium, and 
potassium in the leaves of the plants in this experiment (table 6). The 
average effect of inereasing ealciull1 supply was to increase the total of 
the three bases, thc dab being 95.7, 130.4, and 164.3 m.c. per 100 grn. of 
dr~T leaf tissue for the Ca-1, Ca-2, and Ca-3 levels, respectively .. 

The interactions that oeeUl" between the three bases in their effeet on 
total r'ation aeeumulation ean be more readily visualized from an inspec­
tion of figure 12, that presents simultaneously the data for cation pro­
portions in the leaves and total cation accumulation for each of the 27 
tJ'eatll1ents. This figure was construetcd in the following manner: Thc 
caieiull1-magnesium-potassium units in the leaves caleulated for each 
treatment are plotted on the plane surface b~' the method of trilinear 
coordinates described by Thomas (29) and Thomas and Mack (30). 
At the point on the triangle representing the caleium-magnesium­
potassium unit for each treatment the total of the milliequivalents of the 
three bases in the leaves is plotted in the third dimension, or perpendieu­
lar to the plane of the triangle. By this method it is possible to ('on­
stnl('t a solid figure having an upper "mfaee, from the COlltOUl" of which 
one is able to observe the effects of changcs in the relative proportions in 
which the threc elements accumulated on the total acculllulation of 
the three. 

The outf'tanding effect, as shown by the increased height in the calriulll 
corner of figure 12, indicates that the greater the proportion of the total 
contributed by the eulcium ion, the greater was the total accumulation. 
As the proportion of caieium to potassium and magnesium was reduced 
by the aecull1ulation of either or both of the latter ions, the total cation 
accumulation was also reduced. The reduction in total cation aecull1ula­
tion, however, was not affected equally by potassium and magnesium. 
"Vhen magnesium was low and ealciul11 waf: depressed by increased po­
tassium accumulation, total eation accumulation was not rcduced Sf) 

markedly as when potassium was low and calcium was depressed by in­
ereased magnesium aecumulation. Points rcprest!nting all 27 treatments 

• 


.• 
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• 
FiCa-liE 12.-A ;;olid figlll'l', ~howin~ the' relalioll-;hi]J between the ('olllposition of thl' 

Ca-Mg-K lIuit;; (plotted ULl the plane sllrfll(~(! of the Lrinnglpj and (h£' tOlal llIilli­
r>quinLil'ut eOIH'('nt mtiOll of till' thr('(' ('olllpoL1t'nl,; of i hose unitR (plot lpd prr­
pf'ndieular to the pllllH' "llrrfl'~e of the [riangle), u,,: found in til!' dr.\· llIltttc'r of the 
le!l\'cs from tllnp: tr('['~ grown in "and !"11ltlll'P ret'ph'ing nutrit'lll I'ulution:, ('ontain­
ing dilINent mlios of calciulll, magnesium. and potu-;,;illill. 
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are not visible in figure 12, because, at the extremely low levels of leaf 
magnesium in proportion to calcium and potassium ttreatmcnts 2, 3, 
10 to 12), the total accumulation dropped pl"ecipitously, probably as a 
result of the vcry poor rout den~'lopment of t.hesc severely magnesium­
deficient plants. The points representing these treatments occur at the 
rear of the figll1'e as yie"'ecl, and, though not yi:::ible, follow exactly the 
slope of the slightly higher magneSil,ltll treatments with increased potas­
situn accumulation. 

The increased leaf magm'sium which resulted from increased calcium 
supply at the medium Hud high len'ls of mngne:::ium eombined with low 
potassium shows that this calrium effect in increa::;ing total cation accu­
mulation was pnrtly the result of inerea:5ed magne:5ium accumulation. 
The fact that this combil1('d increasr of calcium and magnesium did not 
materially affect pota::'sium accumulation in the lean~s incli('ates that 
the increased calcium and magnesium was in a Bouionizable fOllll, 

probably oxalate, whieh would But inhibit the accumulation of potas­
sium in the leaves. 

Data from other le:::s exten:5i\'e C'xpl'riments indicate that the reduction 
of calcium uC'cumulation by inerem:ed manganese (28) rC:lults in a simi­
lar reduction in tota.l eation accumulation. 

Thi:5 effect of calcium in incrca;:;ing total cation accumulation is in 
agreement wjtlJ the ]'C'15ult:; of Mehlieh and Reed 11 b') on cotton and of 
Albrecht and ~clll'ol'dcr (1) on spinae-h. Other investigator>; working 
,,,itl! gral:i::' (.31) and IcgutlH'S (il have not found this effcC't. It appears 
that cation equinllpnt (,(Jl1staney will O(,('lll' only in those 8pecies produc­
ing no significant qualltitie::' of ()xalie a('ill, whereas the relationship 
h('rein reported Otl tun!! would (J(,('llr ill ()xalatp-produC'ing :5pccie~. 

RELATION BETWEEN THE SUPPLY OF POTASSIUM, l\:fAGNESIUl\l. AND 

CALCIUM ANI> THE ACCC;\Il'LATION OF REA"):' 


METALS PLUS BORON 
 •Xumerous innstigators han' noted rdation..:hip::, bC't\\'('('1l the supply 
and a.ccunntlatioll of 011e ur mort' uf tIl(' bas,,1:' Oil tilt' tt<'('utUulation in 
different plant part..: or bomll nnd (,l'l"tain of tIl(' IlPH\'Y metal::,. Calcium­
boroll l'elatiolll:'hips have bl'Nl rl'IHIl'tl'd by 8r<'1)('llley and \\'arington (a), 

.Marsh and Shin (]:) I. anel ,Yo]f 1.341. Potas..:iUIll-bOl'(lll l'('latiom;hips 
han> been J'0J)()rtt'd by ,,'hit('-St0Y('I1S (;)31, PUl'\'i~ and Hanna (22), 
Reeye and ~hi\'(' 12., J. and otl!C'l'I:'. A IllUl!;m'l:'iulll-boron J'C'lntionship in 
the nutrition of tung bas previoul'ly bc'en rpported (27). 

The depressing t'frpc-t~ of jlota;':l:'ium on ll1angan('~(' and ('o]lPC'l' accu­
ll1ulution in til(' !('n.\·pl' lIn:, pl'('\'ioui'ly bl'l'n l'C'ported by tIl(' \\'rit('l'S (28). 
\rallac(' 13.2) al,:o found a ,:imilar potassiUIl1-mall~aneS(' ),plationship. 
Reuther and t:llllith 1241 ha \'(' notl'd a ;.:.imilar l'('lationl:'hip betweell potas­
sium and zinc in eitru::. 

Bel'aus\' of tIl(' markC'd e[pct of ODe or more of til(' bast's on the ac('u­
mulation of tlIP heavy Ilwtal,:, it 1'('('111": worth whill' to l"!lake a rather 
careful analysil' of t1;is phl'nol1lcnoll a;,; r('\'t'alC'd in tilt' data pres0utrd. 
PotassiulU ~upply wa,: the' dOlllinant factor, aff('eting not only thC' accu­

'. 


• 


• 

mulation of ]lotns;.;ium in thC' lean~i' but also that of boron and all of the 
!Jt;a\')' metali'. In ('\,pry ei\fW til(' jlota;':l:'iUlll depl'f';':H'd the' Ilc('ulllulation 
of the heavy 111C'tal:: and bOl'on Itable i). [t was ali:'o lhe 1l1ajor factor 
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FIGL'II~; l3.-Relationship betweell potussiulll uceumulaLion Ilnd the accumulat,ion of 
the total of alullIinullI, bOI'OIl, <:oPPPI', iron, mnnganesp, and zinc in the leaves. 

influencing the aceumulation of the total of all of these elements. In 
order to emphasize thit" relationship further the data for the potassium 
content in the leaves lUl\'e been plotted against the leaf content of the 
total ofthe hea,'Y metals and boron (fig. 13). A eUl'vilineal' rclationship 
exists between the conc'cntration of potassium in the leaves and the total 
eoncentrution of heavy metals:! ConsidCl'ing that thel'e are nine diffel'­
ent ratios of calcium to magnesium represented at each level of potassium 
and that both calciulll and magnesium in the solution luwe been shown 
to influence the acculllulation in the lca~ "J eaeh of the lllinor elements, 
this close relationship takes on increased significance. Although potas­
sium inftuf"" ',.<:s the alllount of each of the heuvy metals and boron that 
accumulates in the lea vcs in it slightly differel;t mannCl' and although 
calcium and magnesium also affect the leaf ('on tent of these minor ele­

, Linear regression; 
Goe.fficient of correlation = -0.7632 
Copffident of delprminlltion = 58.3 percent 

Rc/!ression equllt.ion Y = 10.902 - 0.0607X 
Sy. x = 1.202 Ill.e. flOO gm. dry matter of lotal hell"Y metals plus boron. 

Cun-iIi nellr .l'C'gression; 
Coefficient of con'C'lntioll = -0.8081 
Coefficient of del('nninlltioll ;::; 05.3 percent 

Regres:>ion equation}' -= 12.729 - 0.10998X + 0.01115X2 
Sy. X = 1.150 111.1'./100 gm. dry nmtJer of totnl heu.vy metals plus boron, 
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ments, it appeal'S from these data that there are compensatory inter­
relations between all of these ions which bring about tills consistent 
relationship between potassium aml tbe total of the heu\'y metals plus • 
boron in the leaves. 

The relationships betweeu the supply of calcium 01' magnesium and 
leaf content of the heavy metals und buron do not appeal' at first glance 
to be consistcnt. Rcstated uricfly, mll'h or the two incrcments 01 mag­
nesium produced a significant deerease in zinc, a sigl}ificant decrease 
followed by a nOl1signiiieaut inerease in uoron, and an increase followed 
by a decrease in iron, mtlngnne::;e, ropper, aluminum, and total heavy 
metals plus boron ~table 7), The two iurremel1ts uf calcium resulted 
in a decrease in manganesl', zinc, eoppel', ami total heavy metals plus 
boron, an increase in iron, an increasl' in aluminum the first increment 
being follo\\'ed by a nOlls!gnificant dcel'l'a~l', and a dccrease in boron 
followed by a slight inel'case ~table 7). 

The magnc::;ium effect was consistent fOl' all the hem'.)' metals with till.:: 
exception of zinc, TIll're are two possible explanation::; for the increased 
content of iron, manganese, copper, aluminulU, aud total minor elements 
in the leaf, as well as of calcium, that resulted froll! tilefil'st increment 
of magnesium. Plants receiving the lo\\'cst lewl of magnesium had 
VE'ry poor root systems; the dry weight of f('eding root:o ranged from 
0.58 to 6.32 gm. per plant. The fel\' feeding roots produced on these 
plants deteriorated rapidly and probably i'unetioned fOl' only a short 
period. Tbis poor rout dL'\'elo[llUcnt may hn\'(' been partially responsible • 
for the low level of most of the eutiol1s in the leaves of titL'Sl' plant:::, 
Root development was gn'ntiy illlpron'd by thl' first inerellleut of mag­
nesium and may hllye ht'l'll rl':;ponsibll' 1'01' the' illcrea.sed kaf content of 
the cations at the l\lg-2 h'wl. The d('('I'('H:-:ed Il'af (~{)ntent of the rations 
at the 1\1g-3 a::; eompHI'('d with thl' ).Jg-2 len,l lllay have lWell caused 
by cation competition that \\'tl:< nbl(, to fllllctioll I\'h('n normal root ab­
sorption was taking place. 

The CUllSPS of the de[l!'('s:<ing ('ffeel of mngne:<iu1U on zinc Hnd the 
marked ef!'('(t of tlip fi n:t ill('I'('II1('nt 0 r luagnl'"i till! i11 rl'd u('i ng leu f boron 
arpnot readily applU'l'Ilt. It ll1a~' be that thl' ('ollllwtitiw effp('t of mag­
nesium on these dellH'nt:; \\'a~ or slJ('iI a Illagnitudt' that it reciuced tilL' 
absorption of zine with both itH'I'l'Illl'llt" and of horon with til(' fil'~t 
incl'en]('nt; howl'n'I', tite t;('('()lld iIH'I'PI1ll'llt of lIIag-Il,,~jultl re~ulted in no 
signifie!lllt ('hangt', notwith::;tanriinp; the bl'nPij('ial ('fTpC't:-; of the increased 
feecling-I'oot cfIicieJ1ey. 

The other po~~ihle ('xplanatioll i~ that t1)(' grpatest (il't'I'ease in i('af 
potassium l'c::;u]tpd 1'1'0111 thp first in('l'l'Ill('nt (If tlHtgl1l'~ium. 8inee it ha~ 
already hp(,ll "llOwn t'lmt I('ar potHl;::;itlll1 was illv('rscly ('ol'l'(,latcd with 
pontent of tlr (' (wavy llJl'lal~ and bOl'on in th" leaf, it would bp exp('rtC'd 
that the !'l'duc('d potas::;iuHl ('ontl'nt 1'('~tl1tillg- fl'om the inC'l'eased magm'­
situn would brin!!: about an inf'I'l'llSed a('('utUuiatiol1 of Uw::e elen1('nt~, 

Although thp H'('ond j 11 {,I'el11('n t of Illagll(,l:'jultl produced a large i n­
erease in I('uf lIIagtl('~illtll, it WitS not (l('('OIlJPHlli('d by an equh'nlent t!e- • 
('rem:(' in potassium (fig. \)), Thus" till' el1'('('t of til(' ~c('()ncl iJl('rcnwnt of 
nla~ne:::illl1J on tlIt' IWIt \'y tlH'Utls anrl boron would bE' predomillantly the 
competitivc dfect of iIlC'J'('!lHPd IlH"tgnl';;iutlI rnthpl' than that of dccreased 
potasRiulU and would l'C'sult in till' o\JH('I'\'('d 1'(1duction of the heavy 
metals and no rurtlll?1' d(,(,J'ease in boron. Thi:,; seeond explanation seem"s 
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the more logical. particularly in yiew of the effects of calcium on the 

• 
minor elements. 

vVith the exception of iron and aluminum. the heavy metal and boron 
('outeut 01 the lea yes was reduced In' ralriul11. As calcium acrullulation 
only slightly affceh'd potnl"siunl {'o~t('nt of the 1eltye8 (fig;. 10) and either 
produced only a l-'light effert or a marked inej"('n::;e in magnesium content. 
it would he expc('ted. on the ba:,:is of ration ("OIl1petition. that the increase 
in leaf ('alriull1 and magne:-:iulll in reSp(lll:-:e to increasrd raleiulJ1 supply 
would result, in n dt'crea::('c1 !leculllulation of the heayy metals and boron. 

The increase in ('ontE'nt of irnn and aluminum in the Iea\"es resulting 
from increased calrium max ha\'(' l)(>rn eau:::ecl b,' the inaeti\'ation in 
nonionizable form of thrH' t'wo nwtal;: as a I'Psult of an increased oxida­
tion potential brought ahout by thc incT('u;:ed cakiulll accul11ulation. 
Data indicating such u response to il1('rea;::ecl calcium haw been obtained 
h~' coworkers on tung (121. 

• 

It tllU~ appear'" that <;d1('n tlw ;:upply of anyone or all of the hray)" 
Jllrtah~ and bO],()l1 i:, lwlcl con"tant. thr controlling faeto)' affE'cting their 
arrumulation in thp Iraw'" i::: thr lr\"('1 of potassium supply and conse­
quent IeyeI of lpaf pota,,;:iul1l. Thi~ pota::sillll1 pffect dominates the 
(>ffrrts of calcium and magnesium to ;::ucl! an extent that only ",I1('n leaf 
potac:"ium iF j\1"t :::Iightly affpctC'fl by rathu' large variations in leaf 
ralciull1 and llIaglH':::illl1l ('an tl1('1'(' IntiC')" cation" ('xrrt their individual or 
comhinrd pOIl1]wtitiy(' pffprt-. on tIl(> (L('('ulllulatiol1 of the hravy metals 
and boron. 

REL.\l'!o,\" BEl'WEE:\, THE ACCl"Il'LATIO,\ O.F POTASSIL\L ~fAG:\,ESIUl\I. 
AXD C·\LCIl'\T ·\'\IJ THE A.CCl·'ll·LATIO'\ OF Som[',. 1,\ THE I..EAYES . 

Tllp I luC'ity (If tIl{' plant [(1 ah:orh or I"ejrct tlir "odium ion yaric·,: 
\\'itlt clifl"l'Pllt ;:PP('jpi'. III til(' "p('('i(·~ that rparlily ah::orb ::odium, the in­
tc'ra('tiol1" b(·t\\"('(>[) ~(lrlj1!11l nIHI tIl(' ollH'r ('ation!"' ar(' '"('IT p,jmilar to tho::r 
a!l"racl~' clr<:rribprl fol' pota"!"'iulll I.)(} I. In :-'ll('h plants'. "odium, though 
!lot an (,;':;:('lltial 1lI1tril'ut pl{'llJ('lJt, llla~' ad a;: all important fador in 
nutrition Througb if" (>l'f('('I" III) tlH' aC'('Il11nilatiol1 of the' lllltrirnt ration!', 
p"l w('ially pota-."i I1llJ, anrl Ill(' balan('(' bpt \\'('rJ} t helll . 

• 

. \1tltollglI Ill(' tllPg 11'('(, tpnrit- to rpjpC't "odium and tl)(· ,.;odiullJ lH'('U­

llJ1llatiorJ in tllP I<'un';: ill thi" pX]H'l"illl'Plll bor(' lIO n·lation to tlJ(' I(,\,pl of 
-:upply. thp ('iT('('tt' Ilf otlH'l" lIwjo)" ('alion;: on I(>af "odiullJ \\"PI'P significant. 
Sodiulll ar-r'ullIlilatioll \l'H,.; gJ"('atl~' ilHTC'U";Prl by ill('l"Pu;:ing pnta;:;:iulll sup­
ply. bllt ('al('iulll Hnrl nlllgllP:,illlll abo hurl illlportant ('fT(>(,t;:. The fil's! 
iUC'r('IllPllt of lIWgll{·"j111n itwl"l'a;:pd ;:odillllJ 1l('C'1l1l1111ati(m. but til(' >'r('onrl 
in!'l"C'IlH'nt .£?:I'('lItl" )"C'(lIH'Prl it. Oil til!' nthpl' hand. tIle' first ill{'I'(,lJlrn{ of 
(·ttlc'illlll dpc'1"l'a"i'r1 :-odilllli H('PllIlllllatioll bUI til(' ,,(,Pond inr'rrllH'nt rp­
"uHf'd in 110 fllrtlH']" ('Jilin!!!', :\otwit1'l'tall(liIlg tlJ('~(' pff('('t~. thr 1f'\'P] 
of p(Jtu""iulII "lIpply harl the' ollt,.;tHllrling (>IT(·(·! of illc'j"('a"ing hothpoful-'­
siulll anrll"oditlill H('('Ullllllutioll ill til(' Ie-an',,;. fli" \'(,I'~' highly ;-;ignifieant 
!iurar ('()l'ffi('jPllt or (·ol'l"l'latioll bpi!!!! + ().7~{j1. Thl' I"Pgrp;:;;iol1 rquatioJl 
wa~ y ~= 72.277X-- 1O.2~4. alld 8p..1" ._- :i.22 Ill.P. of p()ta,,:-,iulIl IWI' 
100 gm. of dry Illatil"l'. Thc' ('lIdlir·jl'llt (If dC'{Pl"tllil1otion of ;"}:LJR ]w)"!'Pllf 
i;: quit(· J"f'mal"kahlt-, H": it ill!lif"at('~ Ij'al 1lJC);.:t (II ill(' .;or1iulll lH'C'Ull1ula!io]l 
in til£' Ipl\\'(';,: \\"il" dC'f(,J"llliIlPd hy Ilw Hr'('llJnttlatioll of (Hlln::;.:ium in thrll1. 
Thi;: n·lation;.:hip 1:-' (J]ljlo:-:it(, to [Ita! of t II!' of hpj" f'atiOlll-' with potuf;i;i1lrn, 
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which indicates that the effert of potassium on sodium is not one of 
competition. 

Since sodium absorptiolJ is eviclentJ~· selectiyely inhibited by the J'oots 
of the tung tree, one woule! not expert it" uptake to be affected in a 
competitiye manner by othel' rations. Howeyer, all~' alterations in root 
permeability resulting from variations in the rompositioll of the nutri­
ent solution would be experted to be l"E'flertecl in altered sodium uptake. 
The dirertion of thE' eff('rts of potns:::ium, magnesium, ane! ea/('iulll supply 
on sodium arrumulatiolJ in thi::: study fits su('h an hypothesis. It is 
generally l'ecognized that the mOlloyalent rations, especially potassiulll, 
increasE' pt"otoplasmir permeability, whereas the biyalel1t rations de­
rrease permeability, Thus, the' inrl'eHi:\ecl ;;:odium uptake that acroll)­
pallieci inrrea:::cc! potassium supply and de('l'('ased llu1,gne;;:iull1 and 
ratriulll :::upply ('ollie! Yery possibly bC' eaused by altered protoplasmic 
permeability. 

VAIUOUS GROWTH MEASt:REMENTS AS CRITERIA OF RESI'ONSE TO 

NUTRITIO"IAL TREATMENTS 


Of the lllUl)C'l'OUS growth llH'HHIl'('ll1C'nts re('ol"ded on the pla.nt;: in this 
l'tucly, l)O Olle alone gavl' a ('olllpl(,te pi('tme of r('~ponse to nutritional 
treatment. Total plant weight by it;:clf. for cXHll1ple, gll"c a false pidUl'C' 
of the I.'[eet of potassiu1l1 in in(']'('Hsing lllagl)('siulll ddiril.'nry. A rOlll ­

pa,rison or the total plant W(\ight in tlw K-1 pili:' ':'lg-1 tr('atllwnt:; with 
th()~1.' in the K-2 plus :;)lg-1 and 1\:-:1 plu:, ':'Ig-l tl"patmcnts (tabl(' 5J 
inciieatE'd that the greatcst ,,·pight was nt tlH' :;('('onel 1('v('\ of potassium. 
TIl(' wl.'ight at til(' thil"d lc\'('l of pota,,:,iulll was int<'l'luediatE' hehn'('n 
('hat at the fit-st and ;:('c'ond 1('\'('1:,. Ins]lp('(ioll or thp data ror total 
wt'ight of lea\'P;: PI"()([U('('(l. 11 0w(,\'l' I" , :,!to\\':, tha.t IllO:,t of the in(')'('Hscd 
plant weight I"t'sttiting fmlll th(' illel"('(ls('d pota:'siull1 \\'a:' ('[(used h~' in­
('I'('af'C'd I('ar \\'('ight. Sin('p tIl(' inc'l'(,H:'f'd magnesilltll ddi('ipnry I"P:'1I1tinl!: 
from tIl(' hil!:ll('l' Ic'\'('ls of putassiullI c'ulls('d all in('I'p(lsC'd I('af drop, til(' 
gl'('alcr IpHf \"('igh t wit:' not ar('om pH nit'd b~' ilH'I"PtlsP(1 "t elll anel root 
\\'('ight. but. p:;pC'('ially at the high 1 ('\'(' I of potassiulll. pro(lu('ecl a largc 
derr('ils(' in "tplllS plus root", Thi" was o\\'ing to tilt' gn'utly lo\\'('r('c1 I('a r 
(>ffi('kn('y IIn<lc'l" ('onciition;-; of high potas"iulll and lo\\' magnesiulIl. 

En't1 though 1l'ur fall \\'a~ !lot signifieanth' eli f-TPI'('nt at til(' ':'fg-2 
and ::\lg-3 Ipwb within It giw!l 1('\'(,1 or p(Jta~siulI1, 1('(\ f pflieiPIH'" wus, 
n('wrthpl('ss, ltighpl' at the thirel thall at tIll' s('('onel I{'\'(,I or lllaJ!;,)('~iulll 
at nil I('\'('ls of p()ta~~itllll ;.:upply. This would indic'atp that phot\)­
"ynth(\~i~ \\·a;.: illlprm'pd by tilt' furtlwr inC't'pit"(' in llHH!ll('~jlllll, although 
\'i:;ual l1lagIlPsiul11-cic'fic'i.rlH'Y ;':YlllptOlll:- \\'Pl'l' no! u:'twily pl"(\;.:pnt at til!' 
l\,lg-2 lew!. 

Tilt' modc> or ueti()ll of l'tu'h OIl(' of thp llIajol" bas('~ in aO'PC'ting plant 
beigh t i::: shown b~' th(' [\1'0 growt h phennllH'!la, t hl' J1tllll be'l' () f n()d('~ and 
the length of intC'I'IH)([C'I". InC'rNll"(,s of both potns:,julIl alld magnpsiulll 
\'eBultl'd in inC'l'l'ased plant hpight (fig. 3, A lind Fl. TIHT('a~ing (,Hll'iUIll.. 
ho\\'e\'(I", d('rrPllRNI plant hright. Although p()tassil1ll1 and lllHl!;Il('siull\ 
both in(,l'easf'd plant hpigiJt, tlJ('ir p[eets (Jl) llluul)('l' of nodC's \\'('I"C' di­
rl.'C'tly nppol'itl, (fig. a. E). Botb inC'l'('IlH'nt" (If po(al"Silllll greatly in­
("'eHRf'd numbC'1" of node", \\'IH'rC'Hs both in(T(,llI('nt~ of llHtgnC'siullI rNlu('('d 
number of llod(':;; the efTe('t of Ill(' first ilH'rt'lllrnt Iwing tlte gl"eater 

• 


.: 


• 
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With the exception of the second increment at the low level of magne­
sium, potasf!ium in('reascc1 the length of intel'uocles (fig, 3, B), From 
tbis it can be seen that lncl'easecl height resulting from the higher levels 
of potaf!SiUDl waf! cau~ed by the increased number of nocles, All increase 
in height resulting from magnesium increments. howeycr, was caused by 
the greater length of intern()de~, The l'edu('ed height brought about by 
calcium was entirely the result of clecreasecllength of internodes. 

As far as the writer:: are a\\'are, there arc no other data on the effects 
of nutrition on the specific gl'aYity of wood. From the results pre­
sented, it can be assumed that the magne:'iutl1 nutriti(ln of the tung trees 
was a dominant fartol' aff('ctillg the specific gravity of the wood. Histo­
]ogical studies are under way on st('m ~amplef! frOID the trees produced 
in this experiment and should muke pos:,ible an explanation of these 
differeures in sJ)ceifie grayi ty nn a lllorphologieal ba::i::. 

In any trec erop stl'Uctul'al ~trcl1gth of the woocl is important. In 
tung, \\'hirh bears hea\'y el'Oj»: of fruit and is grown in all area subject 
to scycre windstorll1:;, this raetor ha:, added impOJ'tanee. Anr informa­
tion that mar contribute to our kncndNlge of tlw fartor:; atTcC'ting struc­
tural strength of tl1(' tl'ee's hal:' great pmetiral HpplirutioJ). 

• 
USE D.F LEAF ANALYSIS IN THE INTERPI!ETATION OF NUTlUTIONAL STATUS 

AND GI!OWTH RESPONSE 

:Xumerou::: attelllpt8 hnn' h('ell made at mathemati('al l'Xrw('f'f'ion to 
represent till' 1'C'intioIl8hipt' bl'tw(,pn the Hl]lpl~' of ,'arious (,lel1H'uts and 
thpir ae('ull1ulatio]1 in dHTerpnt plant parts and be[\\'('t'n the rutin" of 
eertain elements in til<' plnnt and "ariollH !l:')leet:: of growth nnd fruiting. 
So far. these mnthptllatieHI pxpn'H::ions han' not found widl' appli('~ltioll. 
In the r('i'lJits of tiJl' l'xpt'rinwnt hl'l'Pin rppOI't('d Illay he found thl' ex­
planation for til(' ladz of "lI('(,p"" ill slI('h attelllPts as \\'(·11 It:' an indication 
of ::ollle of the faetor:' that llIIl:'! b(, ('(]l1"id(']'('r1 ill attl'JIlpting to formulate 
surh mathematieal relationshi]l:'. 

TIJ(' data "('port('d in this bulletin han' dl'llIollstrall'd that till' ('011('('11­

'ration of any gin'n ('lpllll'nt ill t Itl' Ipan'" it" It flllwtioll, not nimH' or the 
('olleentrlltion of that ('kuH'nt in tlte supply but al:;o o\' thp ('on('('ntmtioll 
of that ('lpl1lent in I'datioll to that of P\'l'I'Y oth('r plpl11('nt in the supply 
Hl}(l thp eousequ('nt lH'('Ulllulntioll of all otlwr (,jell1ellt:, in lhe lea,'ef< 
and thpil' r('sldtant d'j'pet:-: Oil IlIetabolj:-:Hl and gro\\'th. TIl(' tl:'P('cts or 
tlte:.:l' ,'(·Iatiollship;; han' nll'pady 1>('el1 :'tatc'd by the' writl"':' in th('il' ('on­
r('pt of lIutri('nt-t'iPlIlt'I1t lJalttn('l' (i71. 

• 

\\'(>I'e it Il('('l'"sar,\' to integl'utp ollly tlIP ('I'f('et;; of nll'ying rati()~ of 
;;upply of (,!lleil1ll1, llIaglH'silllll. and Jlot:l:,:-:illl1l Oil tlJ(' !t{'('ulllubtioll of OIlP 

anotll('1' in thc' Ic'uyp:; and to illtc'l'JlI'Pt grnwth )'p:;pon;;ps ill {('rill:' of thp;;!' 
th,'('(' element;.: alonC', tlJ(' ])l'Ol>lpl1I would h(, ('()mpll'x. But dWJ1 til(' 
cff('ct:: of thC' [Lc('ulllltlation of till':'(' (,I(,ll}('llt" on thp !W('UIlIldn.tioI1 of all 
of the nth(']' elempnt;: arC' ,'p('ogui.wel, the' problem i;.: ('\'('11 IlIOl'(' rompl('x . 

The effpetB of tI,e ba:;(';; 011 t1](' hpll\'\' Ill('tals and bO!'on a(,(,lIlllulatiol1 
illustrate \\'('11 th(· dimC'ultil':' ofintC'l'Iil'(·tation:' of folia!' analy:,i;;, e\,(,11 
\\'11('n analys(';; ineJudp all !If tht· known ('!'sential rlplllPnts, and l:'hollld 
indicate tlie imp()s~jbili{y of int<'q))'('latioI1 on tltt' baHi,.: or only the' so­
railed majo!' pkll1el1ts. 

In this ('xperimC'nt lit!:' l'll'Jl}Pllt;.: ntlwr than tlIt> thyp(' maju!' catious 
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were supplied in concentrations sufficient to prenmt their concentrations 
in the leaves from dropping to levels that would materially reduce 
gI'O\\'th, eveu under the' conclitions most unfavorable foJ' their uptake. 
Had the heu'v)' metals and boron, for example, been so Jaw in the supply. 
as to become edticaHy defieient under eoudition!:' of high potassium ac­
cumulatioll, any illtC'I'pretatioll of the eIft'c,tl' of ]lotassimll on growth 
would have nc{,pssarily \)e'(,Ollle' 1))1]10l:'"ib1e, ;;111('(, the effect,.: contributed 
by the l'ef'tJlting ehange in the accumulation or Nt('h of tht' h(11WY metals 
and boron eoulcl not haye bt'Pu evaluated. 

Thest' obseryutiOl1R do )1otlllean that It'af analyses cannot be profit­
ably used to interpret the nutritional !:'tatu" of plants. Oil tIl(' eoutrary, 
leaf analyses, in ('oll.iulletiou "'itll a fairl~' complrtp ('\'aluntion of soil and 
other ellyil'onmpntal ('onditioJ1s and with fairly full ini'ol'lllHtion on tree 
growth ,wd fruiting )It'l'fOl'llHUlCe', aI'(' hdng \\"i~ll'ly u~ed to gn-:at tHh'an­
tage by tung growers and othel':", 

Such indic'ati()n~ of (,OIllI}]pX IIutritional )'('Iati(l[)ships as haye been 
illul:>trutcd in the' 1:>t\ldy !:'PI'Y(' to make the inYt'stigatol' awal'e of tl1f' 
factors that IUlll't Ill' ('ollsi(l('I'('d Hnd to prompt ftll'thel' iuwl'tigatioll in 
all attempt to elarify tlw I'p]atiotlships 1"0 fal' J'('('ognizr(l and !n l1TICOyer 
f1ll'tht'1' I'rlatiom:lllps that may l'xi:.:;t. 

S(-MMARY 
The efferts of YHrying; [('\'(>!i' and l'ati(11" or ('ulrium, I1wgm'siul11. and 

pota,c:siulIl Oil till' gl'OwtlJ und millPl'Hl ('olllpusitioJl of the ]e'aves of • 
s('edHng tllng tJ'N'S grown in ,.;and rult\ll'p wrl'!' !:'tuciie'd in nn t'x]1l"l'im('J)t 
haying a (,ClHlpl(,t(, hloc·k dp:,ign of fllul' l'Ppli('((.tiolH; find il\\'{)]"ing u 
3 by 3 b\' :1 fadorial IU'J'flllgC'l1H'llt of tirP n!>o\,('-llllllJf"(1 ['utionf'. 

'rhe l'('~11](:-; show that ('tId I Dr tll!'sl':3 ('\('))1('nt" have a highl~' :-;ignifi('1mi 
fll'imar'y ('free! a:' wpH :I:' int('l'tH'tiCllw Oil all ('I'ilc'ria of tr('(' growth and 
nil thc' HC'c'1I1l1111atioJ) of t )I!' ]:2 (']C'/l1('nt" studiNl. 

Thl' b('aring of tIl<' I'P"lllt,.: Ill' thi,- I'xpprinwnt Oil the ini!'rJlrl'tatinll of 
It'af analy"(',, Hl'(' <ii:-;I'USS('11. ft i:-: Plllpha:,iz(,d that til{' primary pfTpdf; 
and rO/l1plC'x ilJtprartioll": bl't\\'('PI1 tlll' lp\'('l of :-;lIppJ~' of the' ntl'iOllS 
(,jpllll'nts nlHl t hpir dT('('t;; on INtl' 1'!l1llJlll:,ititllj and grow! h do not im'ali­
dntt' (Il(' 11"P of I<'uf anal~'''(,~ a,.: a llH'un:' of dp(pl'lllining nlltritional statu" 
of plunif:, but mtlH'l' dt'llloJl"tl'att' flll' importance' of 11 1lI0l'(' ['ornrJete 
tmdpl':'tnnding of tlll'l'(, plll'JlOllll'nn in ()J,rit'l' III itH'l'ril>'p thp "uhl(' of 
rolia\' ltnaly:.:il'. 
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