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The Detection, Distribution and Mobility of Certain 
Elements in the Tissues of Plants Growing Under 

Different Conditions as Determined by 
the Spectrographic Method 

l\. P. HIBBAHD 

INTl~ODUCTlON 

Increased interest in thc detection and determination uf the so-called lllillur 
elements, which occur in plants in only minute quantities, brings to attention 
the necessity for a better, more rapid, and more accurate method for their 
determination. This is not an attempt to discount gravimetric methods of 
the ordinary type because these are recognized as being unsatisfactory for the 
estimation of the exceedingly small quantities of certain elements found in 
plants. The modern spectrographic technique for analysis is a possibility for 
use with plant tissues. If that technique can be applied with sufficient accu
racy, the way to a better knowledge of the mobility, the distribution, and the 
role of the e1ements-- especially the minor ones - in the physiology of the 
plant, may be opened. 

The detection and determination of impurities in metals, alloys, and solu
tions have been accomplished formerly by the use of the spectograph. The 
advance and improvements in this direction since the time of Lockyear (1874), 
when the first attempts in spectral analyses were made, are described in a 
thesis by Day (10). 

Spectrographic determination of the elements in plant tissues was first 
successfully attempted by Lllndegardh (27, 28) in 1928, but the oxyacetylene 
flame method used by this author has been superseded because the non-metals 
were not revealed and a very poor spectrum was obtained. This leaves the 
arc and spark methods as the only reliable ones to use . 

Vvay and Arthur (45) enumerated the errors to be expected in studies of 
this sort. In a recent paper by Ewing, \Nilson and Hibbard (11) further 
improvements have been reported and in the paper noted above by Day, a 
new procedure of photographic plate control, incorporating internal control 
without the use of computed ratios of spect ral intensities, or photographic 
blackenings, was offered. 

This puulicatiull is a report ur: the dctcrll1illatiull u[ SUlllC ash CUllstitllents 
found in piglllcnted al\(I llon-pigmented parts uf certain plallts, and a study 
of the distribution, mohility and possible rt>lcs of certain elemcnts in variolls 
tissues of the garden pea, as revealed by the method of spectrographic deter
mination previously worked out at this institution (11). 
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MATEl~IALS AND METHODS 

SPECTHOG){i\PlIlC METHOD 

The instrument v\-as a Bausch and Lomb quartz spectrograph having a 

dispersion varying from' 7 A per 111111. at 2500 A, to 21 A per mm. at 3500 A. 
The spectra of impurities in metals can he obtained by arcing electrodes made 
of the metals , but material from biological sources must be treated in other 
ways. In these studi es, Acheson graphite electrodes were found to be th e 
best, but for calcium determinations even these electrodes were specially 
treated to free them of metallic impurities. In the preparation of the electrodes 
for plant material , holes 7 mm . deep were drilled into the ends of the elec
trode, and into these the test solution was carefully pipetted. These drilled 
rods ,,"ere the anodes and were always the lower electrode. The cathodes 
were from the same lot of rods. The arc was excited by a IS -ampere, 300-volt 
motor generator. A revolving sector -was used to regulate the fraction of 
incident light reaching the slit. 

One entirely new feature in the general method was the preparation o[ 
the standards. Preparation of the test sample also received special attention. 
The base solution in which the sample was dissolved was sodiu111-ammonium 
chloride, consisting of 5 grams of sodium chloride, 45 grallls of ammonium 
chloride, and 4.5 grams of hydrochloric acid in a liter of water. Of a large 
number of solutions tested, the cll lorides of the metals gave sharper spectral 
lines than other negative radicles. Zinc chloride vaporized too quickly and 
lead was too insoluble. Sodium chloride caused the arc to flare, thus produc
ing uneven exposures . A lthough ammonium chloride gave even exposures 
and a good arc, it did not create sharp and clear spectral lines; consequently 
various mixtures of ammonium and sodium chloride were tried until sharpness 
and clearness of lines was obtained. The base solution, sodiulll-ammonium 
cll loricle, served two purposes-first as a "filler" giving a greater amount of 
solid substance in th e electrode, and, second, as a means for holding back most 
of the carbon spectra until volatilization of the sample was complete. 

Because no two elements under identical arcing conditions give the same 
line blackness fo r an equal change in concentration, it became necessary to 
try various concentrations until a series of dilutions was obtained which would 
give gradations of line intensities suitable for analysis. Standards were, there
fore, made from the purest chemicals available. For calcium studies, 2 grams 
of calciulll nitrate were di ssolved in a liter of base solution and then diluted 
again so as to give a series of solutions,-milliliter quantities of which would 
contain 1.0, 0.5 , 0.3, 0.2, 0.1 , 0.075 , 0.05, 0.03, 0.02, 0.01, 0.005, and 0.0025 
mg. of calcium. The series of solutions for magnesium ,vas made up in the 
same way, using magnesium chloride dissolved in the base solution. The 
series contained 5.0, 2.5, 1.0, 0.5 , 0.3 , 0.25, 0.2, 0.1 , 0.05, 0.025, 0.01, and 
0.005 mg. of magnesium per m1. 

Potassium behaves differently in that larger amounts can be used to show 
a marked gradation of lin e intensities . The higher concentrations may be 
success fully analyzed direc tly from the sample without employing a "fi ll er" 
or a dilutiun of the sa1llple. Ttl the base solution cll(Hlgh potass ium c11loridc 
was diss()l ved to y ield 30 grams of potassiu1ll in a liter. 11y cl ilutiol1s witl1 
the base solution a series of concentrati ons was made up containing 30, 25, 
20, 17.5, 15, 12.5, 10, and 5 mg. of potassiu111 per liter. Phosphorus as potas
.. ium acid pllOsphate \\-as dissolved in the base solution. The concentrations 
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made up were 2.0, 1.0, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 mg. of phosphorus 
per 1111. Iron, as ferrous ammonium sulphate, was diluted in the base solution 
and the concentrations made to contain 1.0, 0.5, 0.25, 0.10, 0.05, 0.025, 0.01, 
0.005, and 0.0025 mg. of iron per ml. 

For the analysis of plant ash, the procedure was to add a 0.05-gram 
sample to one ml. of concentrated hydrochloric acid and allow it to stand 
for one hour. Then enough of the base solution was added to this to make 
a total volume of 10 m1. The potassium samples were similarly prepared with 
the exception that the sample of ash was 0.2 gm. per 10 m1. of solution instead 
of .05 gm. For checks, synthetic ash solutions were prepared by dissolving 
the salts in a 4.5 per cent hydrochloric acid solution so that the resulting 
concentrations \'Vere 0.7 gram of calcium, 0.4 gram of magnesium, 0.15 gram 
of phosphorus, 0.05 gram of iron, and 14 grams of potassium per liter. 

The spectra were photographed. No condensing lens was used between the 
arc and the slit of the spectrograph. The arc was set at a distance of approxi
mately 30 inches from the slit. A revolving sector was placed in front of the 
slit to regulate the percentage of light. No increase in the quantity of sample 
was needed at this distance, and there were no difficulties from "arc wander
ings." Sufficient light was used to keep the heaviest lines employed for analysis 
well under maximum blackening. Eastman "33" plates were suitable for the 
conditions of these experiments, except \'Vhere iron interfered with potassium 
and then the Wratten-Wainwright panchromatic plates gave the best results. 
Both types of plates were developed in Eastman developer D-11 for 5 minutes 
at ] 8° C. The method of "continuous exposure" extensively employed here 
was used to determine the behavior of the five elements while volatilization 
was going on. The current was maintained at 10 amperes. 

The intensity or relative blackness of the lines was determined with a 
Bausch and Lomb density comparator. In quantitative analysis the intensity 
of the light in a given spectral line rather than the photographed image is 
considered. The intensity of the light in the source depends on the amount 
of the element in that source that is giving forth the light. However, the 
photographed spectrum is the best means available to measure the relative 
intensities of the light of different wave lengths. 

Very few lines or "raies ultimes" are suitahle for quantitative analysis by 
the method of arc excitation because they often show maximum blackening in 
comparatively low concentrations. A line, to be used effectively, must he 
persistent even in very Imv concentrations, and it must show a definite change 
in line density for small changes in concentration. Such effective lines give very 
satisfactory standard curves over even a short range of concentration. 1\I[any 
lines for each element were studied therefore before final selections were made. 

The potassium lines were 3446.37 A and 3447.38 A. These were very 
effective between concentrations of one to 50 mg. per mI., and gave smooth 

standard curves. The calcium lines ~were 3158.87 A and 3179.33 A. These 
were effective between concentrations of 0.001 and 5 Illg. per Illl. and gave 

good standard curves. The iron lines 259R39 /\ and 2599.-+0 /\ \\-ere go()cl 
for the rallge of concentratiolls uf 0.0005 t() 2 mg. per 1111. The magnesiu1ll 

lines were 2776.71 }\ ane! 2779.85 A an<1 the hest range of concentration 

was 0.001 to 5 mg. per 1111. 'fhe phosphorus line was 2536.38 A, and was 
easily read since impurities ,,-ere lacking anel the lines of other substances 
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were not close by . A sati sfactory standard curve was obtained for concen
trations between .01 and 10 mg. per m1. 

E valuations of these line intensities or blackness of spectral lines were 
made only on clear or unfogged plates. First, a reading was made when no 
light was allowed. to enter the slit. Each line was read independently until 
an accurate check was obtained. The plate was then moved to a clear back
ground in the same region and the reading recorded as "background." The 
differences between the blackness of the line and absolute blackness and 
between the "background" and absolute blackness were calculated. The ratio 
of these differences was plotted against the logarithms of the concentrations 
to obtain the standard curve. Each plate then held a set of spectra of 
standards, from which the standard or working curve was formulated, and 
th e spectra of a number of unknowns, which were evaluated from thi s curve. 
Dupli cate plates were made to check results. 

PL /\N T lL". TE1U A L AN D PHE Pi\l~ATJON OF A S H 

1\ vari ety of ti ssues 'frOlll selected species of plants \,vas elllployed. The 
nrst studies were made with colored leaves of Iresine, and the green and \Vhite 
areas in tbe variegated leaves of E uonymus, Aegopodiu11l, and Traclescantia. 
Water extractions were made from these leaves or leafy parts to obtain the 
sap pigments and, on furtber extraction of the residue with acetone, th e 
plastid pigments were isolated. The several extractions in each group were 
combined and evaporated to dryness, and then ashed in a furnace. Tbus, 
ashes of sap pigments and of plastid pigments were obtained and these were 
studied spectrographically to determine the relative abundance and distrihu
ti on of certain elements. 

Two separate experiments were conducted in different years using tissues 
of the pea plant, A laslw variety. A t first the selected young seedlings were all 
grown in a so-called complete soluti on under usual daylight conditions, and 
then transferred to different light conditions and nutrient supplies. \~hen 
harvested later the various tissues, such as the roots, stems and leaves, were 
separated, dried, ashed and studied spectrographically as previously indicated. 
F urther details in the methods will appear in their proper places . 

EXP E IU ME N T ATION 

EXPE RI MENT 1. STUD I ES \iV 1T H ll\.ESINE LEAVES 

Leaves from greenhouse-grown Iresine plants were selected for this stud y 
because they contained an abundance of anthocyanins as well as plastid pig
Illents. T hey were shaken, then brushed to rid them of adhering particles 
and finally dried in an ove]) . After they had been ground to pass a forty-mesh 
screen, a magnet was run through the powder to remove any possible metallic 
iron. T en grams of this air-dried material were then weighed out and ex
t racted in the following manner: The sample was added to 250 cc. of warm 
( 500 C.) 85 % acetone fo r about a half-hour with frequent shakings . T his 
was filtered and the filtrate saved. The resiclue was now extracted with warm 
wate r as already described, and filtered. This filtrate was saved and the residue 
again extracted with warm 85 % acetu11<.~ . T hese uperatiolls ,\velT repeated a 
sufficient number of times to insure a complete extracti on of all color, plastid 
(lS well as sap pigments. All the filtrates were combined and evaporated down 
nearly to dryness. Then the material was taken up in a mixture of 50 cc. of 
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c.p . dietbyl ether in 50 ce. of water. The ether had previously becn stored 
over metallic sodium anel was of the highest purity. 

After stancling over night in a separatory fuune! the etber extract was 
\vashcd [nre timcs with \,vatcr until thc water, after passing through, remained 
clear. The water extract was next washed with ether about 40 times until the 
ether came through colorless. Each extract was then evaporated down. The 
plastid sample, in a mushy condition, was transferred to a platinum crucible 
and dried down in the oven over night. The material remaining in the 
evaporating dish was washed with ether and again transferred to the platinuJ1l 
crucible. This operation was repeated many times until all material possible 
hacl been transferred from the evaporating dish to the crucible. This was dried 
to constant weight and finally ashed in a muffle furnace. 

The sap sample was more easily removed from the evaporating dish to the 
platinum crucible than the other sample, but this material was so hygroscopic 
that considerable difficulty was encountered in obtaining a final constant 
weight. In this treatment the evaporating dish was also washed with water 
several times in order to transfer all the material possible to the platinum 
crucible. After drying to constant weight, the sample vvas set in the lllu fHe 
furnace and ashec1. Data for the amounts of ash , from the three sources, are 
g'lven 111 Table 1. 

T /\ HLE 1. j Jrrcclll u,l/l'S of A sh in flther alld TVa ler n :1:irocls alld 'i'iss ll c Nl'sidll l' fr(/ 1l1 
j() ( ;nIlIlS of Ui1cll -dried lr('s ill e Leaf Powder. 

Gralfls Per Ce llt (;ml1l;; I'( ~ r ('PII t J';xLr,LCtion Ma,teri,Lis Ma,teriab 
l{e l110 V(')ll Ile moved Ash ARII 

-----

Ether. . . . .. . ;, ]02 .'i .1 0 . 007.') O.:lS 

Water .... . - . .... .... . . 2. FWRR 2R.GR 1. ] 814 GO I (i 

Iles iuuc .. . G. G2 20 fi6.22 . 774fi :lD .'\I]· 

----- --_._--

. -, ... . . .... . . . . 10 . 0000 JOO . OO 1 .()G:1 5 !HJ. DS 

Table 1, colUl1lll 3, shows that approximately one-third of the sample vvas 
extractecl by the combined ether and water treatments, with th c allloullt cx
tracted by water far greater than that by ether. Likewise the ash from thc 
watcr extraction was greatly in excess over tbat obtained from thc cthcr 
cxtraction. The figure for the ash of til e residue shows that nearly two-fifths 
of thc total ash was insoluble in these two solvents. 

Thc results from the spectrographic analysi s of the sample of Ircsine leaf 
powder appear in Table 2. 

TABLIC 2. Perccllta.r;e Composilioll of Cer lain Elelllcllts in the Ash of Sal) alld Pluslid 
ilial erial and Residlle of 10 C1'O IIlS of /resill e Leaf Powder. 

Ash or Lea r Ash of Leaf Ash of Lear 
Rap PhRtid \{f'sidtl e Element 

--------------------- ------------1-------1------

CalciulIl . .. . . . .. ... . .. . .. .... . ] .9GO D. :}.')O 22 . (iOO 
Magnesium . .... .. .... . . .... . . :l .440 1i. 8 ()() Ifi .200 
Potass ium . .')().200 IWII( ) lion. , 
Iron .... . . . 0.01.') O. OH] 0 . 2.')() 

0.:100 n . .')()() O.DGO 
n.OOI n . OO:~ 0 . 002 

Phosphorus. . ..... . .. . . . . ... .. . .... . . .. . . .. . 
Manganese. 
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Table 2, column 2, gives the percentages of the several elements in the 
sap ash of Iresine leaf pmvder. The most abundant of these elements in the 
ash of mature leaves are potassium, calcium and magnesiu1ll. Iron, pbos
phorus, and manganese arc not nearly so abundant. A lthough the 'Nater 
extract from the leaf (Table 1, column 4) gave the greatest percentage of ash, 
this excess was due to the large amount of potassium present. No potassium 
was detected in the ash of the ether extract (Table 2, column 3) or in the 
ash of the residue (column 4). Potassium in this plant was, at this phase 
of growth, in the ionic form and all water-soluble. 

Much higher percentages of calcium, magnesiurll, iron, phosphorus and 
manganese were found in the residue and the ether extract, than in the water 
extract. In the plastid pigments, calcium and magnesium were two to four 
times as abundant in the ether-extracted material and the residue. The 
presence of magnesium in comparatively large quantities in the plastid pig
ments was expected, since magnesium occurs in the chlorophyll molecule. 
Calcium also was more abundant in the plastid pigments than in the sap 
pigments but because it is not a constituent of chlorophyll, it must exist free 
when absorbed by the roots and moved to the leaves, or chiefly in some 
organic combination. It is apparent, however, that the leaf contained ether
soluble organic constituents. A glance at Table 2 also reveals the presence 
of ether-soluble magnesium, phosphorus and iron derivatives. Manganese 
was present in minute amounts but more in the plastid and residue material 
than in the sap. It may also form organo-compounds. 

EXPERIMENT II. STUDIES ON THE GREEN AND \NHITE 
AREAS Of' VARIEGATElJ LEAVES 

Three species of plants showing variegated leaves were selected for this 
experiment on the possibility that there would be differences in the elemental 
content of the different areas. The leaves from the woody Euonymus were 
taken in the mid-forenoon from a large bush on the campus and from a height 
convenient to reach, on the east side. Samples were approximately of the 
same size and, therefore, of similar age. Aegopodium, an herbaceous plant, 
growing as a margin in a large flower bed was the next choice and the larger, 
healthy leaves were taken. The third plant was Tradescantia, growing in a 
greenhouse. 

In all three cases, the leaves were first brushed and then the white and 
the green areas cut out. After drying in the oven, the samples were ground 
to a powder and treated as in case of the Iresine samples. The extractions 
were made with acetone and \vater and then with ether, so as to separate the 
plastid and sap pigments which were present. The residue was discarded. 
The operator's chief concern was to find, approximately, the distribution of 
certain elements in the two different areas when extracted with \vater, acetone, 
and ether. From the preceding experiment, it was evident that considerable 
mineral matter is tied up in organic combinations. 

The amounts (expressed in milligrams) of potassium, calcium, and mag
nesium present in the green and white areas of three variegated leaf species 
tested may be found in Table 3. 

As shown in Table 3, the elements considered were potassium, magnesium 
and calcium. Here, as in the preceding experinJent, potassium was the most 
abundant and it was also found to be absent from the plastid material both 
in the green and yellow areas. Again. it is evident that potassium is entirely 
water-soluble inasmuch as it is absent in the ether extract. 

>.: 
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(If Certaill {/ arictics of Flallts. 

Plall t Sarnv1e .Elelllents Aegopodium Tmd escant ia E uollymus 

--~-~-----
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~ J) K :'8:\ . 0 :~ 80 . 0 380. 0 
~ 

Qi 
<l.l 

('.1 1n .2 12.2 23 .8 /3 if! Mg 7 . 1 8. 6 11 . 2 
"" p; J\: nOll e none none 

rJ) c:. ( 'a, 0 . 9 1.1 1.2 
CIl cO Mg 1.2 2 . 6 1.7 
e if. K 47.') . 0 :ri'o .o 230.0 
~ 

i:: ----------
B 

~ ;3. J 4.8 ~ Ca 1. 6 
~ :Il Mg '2 .') 2 .9 3. 2 

p; K 1l0lle none Ilone 

It is sho\\'11 in the table that Aegopodium contained a higher percentage 
of potassium than either Tradescantia or Euonymus. This is not surprising 
because species differ in their absorptive powers even while growing in the 
same soil or the same nutri ent solution. Some plants absorb certain elements, 
c.g., potassiull1, in proportion s applied to the nutrient medium (16a) , up to 
a certain limit of course, while others may be fed considerable but absorb only 
small amounts. Finally the plants used here were from different habitats 
and could, therefore, reveal variations in the amount of the different elements 
absorbed. In addition , it is well known that plants may take up elements in 
excess of their requirements. Finally, potassium was found to be slightly 
more abundant in the green area than in the yellow except in the case of 
Trac1escantia where the percentage difference is only slight. 

The next most abundant clement was calcium and thi s occurred both in 
the plastid and sap material. It "vas present, however, in greater percentages 
in the plastid material from the green area than in that of the yellow. The 
total amount of calcium ~was very l1luch less, of course, than that of potassiulll. 
It was found in larger percentages in the green areas of the sap material than 
in th e yellow'. As in I resine, the ash of the ether extract contained a greater 
percentage than the ash of th e water-soluble material. 

Magnesium was present in lesser concentrations than calcium in these 
plants with th e exception of Tradescantia, where there appears to be hardly 
any difference . It was more abundant in the green areas than in the yellovi 
and also more plentiful in the plastic! material than in the sap. Magnesium 
occurred most abundantly in Euonymus, next in Tradescan6a, and least in 
;\ egopodiulll. 

EX PERIMENT III . FIRST EXPERIMENT WITH THE GA RDE N PEA, 
, {LI S /": .-l VA1~IETY 

1n the fall of 1935, the first of t\Vo \yater culture experiments was set up . 
Approximately 2,000 pea seeds were germinated and as the hypocotyl broke 
through they were set with th e hypocotyl down, on paraffined wire netting, 
laid over large crocks fill ed to ove rflowing with a complete nutrient solution. 
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Tbis afforded a good supply of seedlings with straight roots and shoots of 
any length desired. From this lot, 560 seedlings with roots 4 cm. long were 
transferred to tIl ree-gallon earthenware crocks, 40 seedlings to each crock. 
These seedlings \vere all grown for two weeks in a complete solution, previ
ously found to be suitabl e for the growth of the pea plant. The cotyledons 
were then removed. At the end of a week, most of the seedlings had survived 
the treatment. The few that did not were replaced by others growing in a 
jar held in reserve. These had had their cotyledons removed at the same time 
as the others. The removal of the cotyledons was designed to leave the 
seedlings no other supply of carbohydrates and minerals than that obtained 
from their environment. 

At this time, with a large number of uniform, vigorously growing seed
lings, the differential treatments were started. First a group of 40 seedlings 
was harvested. The leaves, roots and stems were grouped separately, and 
fresh and oven-dry weights determined. Each group was ashed separately 
and reserved for later spectrographic analysis for the elements. The data 
collected from this group of 40 seedlings, represented the distribution of the 
various elements at the start of the experiment. At the end of the experiment, 
similar data from groups of 40 seedlings under various conditions of growth 
make a comparison possible and from this might be deduced the distribution 
of the various clements in certain tissues of the plant for tha t period. The 
leaves as well as the stems were separated into two groups. Those on the 
upper half of the plants are designated in the tables as terminal leaves and 
stems; and those on the lower half of the plants as basal leaves and stems. 

Some of these cultures were put under long-day light conditions (regular 
day length plus electric light until midnight). Others for a light period of 
9 to 10 hours and still others for a day length of 6 hours. A t the time the 
experiment was conducted (October 12-November 18), the length of day was 
between 9-10 hours. The long-day light condition was obtained with the use 
of three 1000-watt lamps under Benjamin reflectors placed at approximately 
3 feet from the top of the plants. These lights were automatically regulated 
to go on at 6 :00 p. m. and off at 12 :00 m. The short-day period "vas an 
exposure of 6 hours, starting at 7 :00 a. m. For the rest of the 24-hour period, 
the plants were housed in a large, well ventilated, cubical dark box, 40 feet 
on edge. 

T he short-light period did not inhibit the growth and development of the 
pea plants because exposure to light was in that part of the day when photo
synthesis was believed to be most active. The final result, however, \;vas some 
reduction in dry weight of the plant when compared with the check. The lack 
of calcium was the chief factor that interfered with the growth an(l develop
ment in all these plants since root and top growth almost stopped when calcium 
was wi thheld. 

A ll three sets were placed together in the center of the greenhouse. \"'Then 
the short-day plants were exposed to light in the morning all three groups 
were under approximately the same environmental conditions. Into each of 
these light conditions, three groups of cultures of 40 plants each were placed. 
One group consisted of 40 plants growing in a complete solution and this 
ctllture was considered the check on the others. The second group consi sted 
of the same number of plants growing in a solution containing all of the 
elements found in the complete solution with the exception of calciu111. The 
third group v,'as Olle otherwise like the complete solution hut lacking potas
siu111 only. \ i\fhen the first sign of injury appeared on th e plants in any of 
the cultures, they were harvested. 
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I)lants ill the cakiIl1l1 -ddiri cll! soIutiulI shmved i11jury bdu rc thuse ill the 
putassiu1ll -defici ent, the mot showing the injury sooner than the leaf. Thc 
latter loses color and hegins to dry, and the plants grow very little in length 
(Fig. 1). The roots soften, do not lengthen and may become bulbous at the 
tips. These and other sympto1ll s are reported by several workers. ( 11 A, 

17, -+5 .) 

. Fig. ]. Pea pla nt, A laska variety growing in w ater 
cultures. Plants 0 11 the ri g ht ill calcium-cle fici ent solu 
t ioll, th ose 011 th e left ill complete solution. D efic iency 
(Jf calciulll a lmost immediately inhibits elongation. The 
d iffe r cnce ill he ig ht was ohiained in a two-week llCri ()d. 

VVhen harvested, the tendril s were di scarded but the roots, terminal leaves, 
basal leaves and terminal stems and basal stems were placed in separate piles, 
dried and ashed separately. The ash was examined for the presence of calcium , 
potassium, and magnesium. During the period covering the last 16 days, tbe 
solutions were changed twice. The data are shown in Tables 4, 5, and 6. 

Of the three elements under consideration, potass ium was the most 
abundant. A glance at Table 4 will show that in the original seedlings and 
the seedlings in the complete or check solution, there are not such marked 
differences in percentages between the various ti ssues as might have been 
expected, although it is quite evident that the terminal leaves ]lavc more 
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LOII~ Li gh L Dr y 
Hool s 'i'enllill;!1 B<l s;!,1 'i'enTlilial Ha,s.Li 

'W c igilt * st elli S sl elTlS le;t\·cs le.LVe" 

% K % K % K % K % K % K 

1. At start . . . . 6, 50 .'i(i . 20 60 , 00 .'i8 . 50 
~. C omplet e . . . 19 . 17 .54 , 00 57.00 50.00 .'i9 . 60 54 .30 
:~. Minus K . ] 8. 45 as. :30 42 . 60 :>9.00 ;')(i . 20 ;')9 . 00 
4 Minus e a . fi . n 4(i , .'i0 GO . OO 60 . 00 57 . 00 fiO . no 

Intermediate Light 

1. At start .. 6 . 50 .5G. 20 fiO .OO 58. 50 
2. C omplet e, . ... ... . .... .. J8.2!i ;')(j . 00 .'i4 . 60 60 . 00 fiO . OO 57.30 
:~. Minus K . ... .. ] 7. 91 4;') .00 60 , 00 60 . 00 60 . 00 47 . :~O 
4. Minus Cft . .... G. 75 4fl . 70 60 . 00 (iO . OO !i8. 30 59 .00 

Short Ligh t 

1. A t st ar t 6. 50 5G . 20 60 . 00 .')8 , !i0 
~. C omplet e. l!i . 71 :)7 .80 58 . 00 GO . OO .'i8 . 00 !ifi . :(() 
:3. Minus K . l!i . 12 48. :~U Mi . OO 60.00 40 . 50 4H . :H) 
4. Minus Cn.. ... .. ... . . . 5 . ()L 4:3 .40 !i8 . GO 5\) . 60 58. :30 60.DO 

* 40 plants. 

than the basal in all three light conditions in the "complete," and that the 
basal stems or older stem tissues contain the higher percentages. 
. The two weeks' additional growth period in the "complete" had not appre

CIably affected the potassium content, showing, it seems, that this element was 
absorbed in large quantities early in the life of the plants. 'This substantiates 
the general opinion that potassium is very mobile and is widely distributed 
throughout the plant, and is accumulated in greater amounts than those needed 
for growth. It is chiefly absorbed in the transpiration stream, and then, if in 
abundance, stored as a reserve in older tissues. 
. In the potassium-deficient solutions, the quantity of potassium is reduced 
111 the roots and younger ti ssues, but few reductions occur in. the older stems 
and leaves. Light duration appears to have no marked effect in this experi 
ment on the distribution of potassium or the amount present in the tissues . 
The smallest amount occurs in the roots in all three solutions and at all three 
light intensities, and is the highest in the stems. In the calcium-defici ent 
soluti ons the same general results seem to hold. 

Magnesium was the second most abundant element of those considered. 
The three-week-old seedlings, as indicated in Table 5, had accumulated a 
considerable amount in the roots and not much had reached the stem and 
leaves. Sixteen days later , much of the element was in the aerial portions of 
the plant and much less was in the root. Apparently, there was a ready trans
location by means of the transpiration stream. It is also apparent that the 
terminal leaves contained the most magnesium while the terminal stems 
follow with slightly less . The basal leaves had even more than the basal stems, 
a ready confirmation of the belief that magnesium accumulates in leaves . Its 
necessity, early in the life of the plant, is apparent. 

A drastic reduction in light duration decreased in general the amount of 
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'1'1\1:1.1·: 5. 1'('r(('I/III.II( of J1/ll,llllCsill1ll ill Ihi' Ash of 1)/((111 jJarls (f ilii(/' Ci'I"/ (/ill C(lliditiol/s. 

LO llg Light 

l. At st<Lrt ... 
~. ('olllplete. 
:~ . Minus K .. .... . ... . 
4 i\ Iinus C'L . 

Dr.\' 
\\,( :igl ll * 

c l 
10 i\Ig 

6 . .')0 
10 . 17 
JS . 46 
(in 

IlootCl 

'10 i\lg 

1 . 2%0 
. 4!)20 

1 . :{S% 
.1 1 fi7 

' 1' l: rlllilJ;I.1 

s t (:III S 

% Mg 

. 0042 

. 05:34 

. :3(ifi ;-; 

.4 08.') 

1\;I,sal 
I; t( : 111 1; 

'10 i\Ig 

. OO!)D 

.02 10 

.0 11 S 

'I'(:rllJilJ;I I 
leaves 

/'I 
, 0 ;\lg 

.0078 

. 2740 

.1;,88 

. 1:W2 

IIa,s,Ll 
le;l"e8 

'10 l\lg 

. 038.') 
. O;';'~ 
. ()(i(i9 

----- -- ---------------- ------------- - -----

I nterme<1iate Light 

l. A t start .. 
2. COilip lete. 
3. Minus K 
4. M inus C'L. 

(i . .')0 
18 .~ :; 
17 . Dl 

" . 7;) 

J.2%O 
. !)O:3:3 

J . I770 
.1:;S8 

. 0042 

. OOS\) 

. 087.", 

.8800 

.OODI 

.002.') 

.06:H 
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. 04 ;j (i 

. 0:300 

. ;,,~O 
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.0 1S9 

.0.')78 

------------------------------1--------1-------- 1--------1·------·-

Short Light 

1. At start .. 
2 . Com pl ("te. 
:{ . Minus K . .. . 
4. M inm; C'L . . . 

* 40 pln,nt s. 

(i.')0 
1.').7J 
];) . I ~ 

(i . Hl 

1 . 2%0 
. :{840 

I . :{8.')0 
. 4220 

.0042 

. O():n 

. OIDI 

. 4708 

.00,,:3 

. ()()-Hi 

. ()()24 

. 0078 
. ()2l~ 

.017x 

. 27:{S 

. 0072 

.0:HJ4 

. ()04.') 

magnesium present in the roots of plants growmg 111 the complete solutions. 
j n the aerial portions of the plant much Jess magnesi um was found under 
similar light condition.'. The effect of deficient solutions on the 1ll:lgnesiu1l1 
content of the various tissues was very stri \.::ing. In the roots, magnesium 
was especially high in the potassium-deficient solution and low in the calciulll
deficient, when comparisons were made with check plants. Since antagonistic 
relationships exist between magnesiulll ancl potassium, plants in potassium
deficient solution would therefore absorb and transfer more magnesium. This 
topic vvill be dealt with later. 

As compared 'with the checks, the accumulation of magnesium was heavy 
in the aerial ti ssues of plants grown in the deflcient solutions, either potassiulll 
or calcium, and especially heavy in the younger tissues (terminal stems and 
terminal leaves) . Eeduction of Jigh t in the case of potassium-deficiency seems 
not to influence the accumulation of magnesium in the roots but it does have 
a marked reducing effect on the accumulation of this element in the aerial 
tissues . In the case of calcium deficiency, a reduction in the duration of light 
increased the amount of magnesium in the roots as well as in most of the 
aerial tissues, confirming the belief that light increases the absorption and 
transfer of calcium to the aerial parts of the plants. 

In the plants at this age, calcium was the least abundant of the three cle
ments studi ed . Data in Table 6 shmv that in plants three \h,Teeks old, calcium 
occurred more abundantly in the roots than in the stem or leaf. S ixteen days 
later, as shown in the check plants, its amount was lower in the roots hut 
greater in the stems and leaves than in the case of the plants at the start. 
As was expected, calcium was more ahundant in the leafy tissues than any 
of the other tissues above ground . The transfer of calci um in the transpiration 
stream was evidently heavy, and its movement into the leaf of young plants 
is known to be faster than that of most other elements. Not only is this true 
of the complete solutions, hut also of the deficient solutions. 
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TABU: (). / >l'rCt' III(I .iJ(, oj C (I/(/'/l1II ill lite . I sit IIJ jJ/(I II I jJorls U llill'r C alaill Cll ilililin /ls . 

LOllg Light -I 
Dry 

Hoot::; TI'r1llilla.l I las;LL 'I'u[IIlin ;d I laNal 
\\ 'ei g ht * NI (' IIIN Nleill S le;L ve,; leaves 

--------- - -----
% Ca. % Ca. 'Iv Ca. % (';L 'Iv ('a % Ca 

l. At sta.rt . • .. .. . .. ....... 6.50 .0891 . 0002 . 0028 
2 . Complete .. . ... . . .....•. 18.71 .0224 . 0011 .0005 . 008!) . 017H 
3. Minus K .. .... .... ... .. 18.46 . 2240 . 0084 . 0037 . 01g8 . 007!) 
4. Minus Ca . .. - , . .. . . .. .. n.n . 02!)1 .0013 . 0021 . 01R2 . O07l! 

- ----------- - ----- ---- ---- -----------1--- --

Intermecliate Light 

1. At start . .. . . .. ... . . 6.50 . 0801 . 0002 .0028 
2. Complete . . .. . .. ... . 18 .25 .0200 .0006 . 0030 . 0200 
3. Minus K .. . . ... ... 17 . 91 . 0820 . 0106 .005n . 0100 . 074l 
4. Minus ea .. . ... 6 . 75 . 0178 .0042 . 0063 . 0141 . 0178 

Short Light 

1. At sta,rt ..... . ... .. . . 6.50 . 0891 . 0002 . 0028 
2. Complete .... . . . . .... . . . 1.') . 71 .01l2 .0018 . 0005 . 0100 . 00G7 
3. Minus K . ........ . . . . .. J5 .12 . 0562 . 0047 . 0021 . OL88 . O:WH 
4. Minus Ca . . ... . . . . . . , . . 6 .61 . 02(iO .0012 . 0004 .0050 .00:{2 

* 40 pLants. 

Shortening of light duration reduced the amount of calcium in the roots 
but showed no effect on the leafy tissue of the check plants. T bere are some 
exceptions to this generalization. The differences are not so consistent as 
those for magnesium. In the potassium-deficient solutions, a short light ex
posure reduced the supply of calcium in the plant but did not apparently affect 
its supply in the calcium-deficient solution. 

The story of the effects of the deficient solutions on calcium distribution 
and similar phenomena is in the main similar to tbat of magnesium. When 
comparisons are made with checks, it is observed that in the roots calcium 
was higher in the potassium-deficient solution and approximately the same 
in the calcium-deficient solution . The younger tissues, especially the leaves, 
showed the most calcium. Apparently potassium-deficiency did not bring 
about any injurious effect for this two-week period. More than enough had 
been accumulated for the need of the plants. In the case of calcium-deficiency, 
the need of calci um was quickly observed. Calcium is evidently not storec1 
in available form , and is needed continuously. 

EXPERIMENT IV. SECOND EXPERIMENT WITH THE GARDE N P l~ . \. 

ALASKA VARIETY 

In the fall of 1936 a second similar experiment was conducted in the green
house. In this case the plants were older at the start (5 weeks) and the 
experiment was terminated two weeks later when injury to roots and leaves 
appeared in the plants in the calcium-deficient solution. 

In certain details, thi s experiment differed from the former. Two light 
periods, designated as "long-light" and "s110rt-light" were used. In addition 
to the elements studied in the first experiment, iron and phosphorus were 
included. No attempt was made to study nitrogen and sulphur hecattse in 
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P . . 
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TABLE 7. Jl!illigrallls of Ca, F e, 1I1g, P and K in 100 Gra'rns of TisS1,te of P ea Plants, 

elL . 
Mg . 
Fe. 
P. 
K . 

}:;lemcnts 

elL ...•. .... 

J"Ig .. 
Fc .. 
P .. 
l~ . 

Ca. 
Mg. 
F e .. 

ToL<11,;. 

P ..... . . 
1( . ...... .. .. . .. . . . .... . 

ToLals ... 
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leaves leaves stems 
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:"jri . OO 
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Long-Light, Calcium-D ehcie nL Series 
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D.20 .')1).00 7D.00 55.00 
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2210.00 
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:{Ol .00 

28.')8 . 00 

:1612 . 10 
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13 . 20 
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1446 . 00 

----

2l5\J 20 

this procedure these elements volatilized easily on ashing. During the last 
tvvo weeks, solutions were changed twice a week and between changes the 
solutions were aerated for three hours daily. 

A luxuriant growth was obtained in this way in the check plants. The 
growth in long- and short-light and deficient solutions varied according to 
the effects of the conditions. The milligrams of calcium, magnesium, potas
s iulll , iron and phosphorus in the roots, terminal leaves, basal leaves, terminal 
stems and basal stems are shown in Tables 7 and 8, the former showing data 
for "long-light" conditions and the latter that for "short-light". In view of 
the fact that the former experiment with peas was more of an exploratory and 
preliminary type, this one will be treated in greater detail. 

The plants in this experiment were two weeks older than those of the pre
ceding experiment but 'vere still actively absorbing the dements of the solution 
in which they were gro\\·ing. These plants at harvest time sho'v\'cc1 the salllC cor
respullding differellce ill appearallce as those of the I-lrst experi ment. Decreases 
in height of plants according to different light cunditions were apparent, and 
these differences were also registered in differences in dry ·weight. P lants in 
the potassium-deficient solutions differed very slightly in height from the 
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cbecks, but a sligbt reduction in dry 'weight \\'as apparent later. T hose in 
calcium-deficient solutions were mllch shorter. The dry weights of the latter 
plants were much less. The terminal or younger leaves were pale g reen color. 

It is apparent that under long-light conditi ons the total content of the five 
clements was highest in the plants growing in the calcium-defi cient soluti ons, 
next highest in those in the complete solutions and least in the potassium
defi cient solutions. U nder long-light conditions and in all solutions, potass ium 
uccurred in larger quantities in all th e plant ti ssucs th an any of the other 
elements investigated . In th e check plants in long-ligbt, potassium was 79 
per cent of the tota l ash of fi ve elements; in the calcium-defi cient plants, 
78 per cent; and in the potassium-deficient plants, 65 per cent. Because in 
the latter case potassium vvas not in the solution for a peri od of t\\'o \-\'Ccks, 
this would account for the slightly lov\'er percentage (65 per cent ) in these 
plants. O ther th an in the case of potass it1lll-C.1 d iciency it is plain that approxi
mately th ree-[ourths of the ash in all these plan ts is potassiulll . P otassium 
occurs in large r percentages in the calcium-defi cient solutions th an in either the 
cbeck or potass ium-defi cient solution. In its di stribution thi s clement is more 
abundant in the stems, then in the leaves, and , finally, leas t in the roots. 
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Phosphorus, the second element to be considered, occurred in much lmver 
quantity than potassium. It was found in all the tissues but in greater quan
tities in the younger tissues and in the roots. In the various cultures uncler 
the long-light conditions, it varied in percentage from approximately 3 to 1 +. 
In all cases it was most abundant in the roots. The percentage of phosphorus 
in the entire plant under long-light conditions, was highest in the plants 
growing in the calcium-deficient solution and lowest in those growing in the 
check solution, while those g rowing in the potassium-deficient solutions con
tained an intermediate quantity. Though the differences were slight betvveen 
the last two, there is a significant difference between the checks and calciu11l
deficient solutions. This will be discussed later. 

The third element, magnesium, averaged much higher in plants in the 
cleficient soluti ons than in the others. It appears that a deficiency of either 
calcium or potassium increases the absorption of magnesium. A reciprocal 
relationship is indi catecl as in the cases of potassium and phosphorus. l\1ag
ncsium is more abundant in the terminal leaves and stems, therefore in the 
younger ti ssues . It is fairly abundant in the basal leaves . lZoots contain the 
least. 

Calcium vvas present in percentages usually greater than those of thc other 
clements, potassium excepted. and was more abundant in the leaves and roots 
than in the stems. In plants in both deficient solutions, there was significantly 
less calcium than in the check plants. This would be expected in the calcium
deficient solutions at any rate, but calcium should be high in the potas
sium-deficient solutions. This will be discussed later. 

Iron was the least plentiful of the elements studied. In the various tissues, 
it totaled slight ly more than one-half of one per cent. The total iron in the 
aerial tissues ,vas not so much affected by a deficiency of calcium as by a 
deficiency of potassium. T he percentage in the roots was considerably cur
tailed by a deficiency of calcium as well as potassium, while a greater percent
age was observed in the aerial tissues. 

Reviewing briefly the preceding statements relative to the total amounts 
and distribution of ce rtain elements in the pea plant growing in a complete 
solution under long-light condition (the check). one may conclude that potas
sium was vcry abundant. It was found in all ti ssues but occurred in g reatest 
amount in the ae rial parts of plants and usually in the older tissues. The 
remaining clements occurred in fa r less quantity. Doth calcium and magnesium 
wcre fo und in the younger tissue and chiefl y in the leaves. Phosphorus was 
a lso present in the younger tissues but predominated in the roots. Iron was 
111 0re abundant in the roots than in the aerial parts of the plant and in the 
latter it "vas more plentiful in the g reen leafy tissuc. These results check 
\\·ith th ose of the first experiment vl ith pea plants. 

DISCUSSION OF RESULTS 

THE INDIVIDUAL ELEt-.'l:ENTS 

Six only of the metallic clements found in plants were cletermined spectro
graphically. ' \l ith the exception of sulphur. which is volatile and diffi cult to 
determine hy th e method used. and th e inclusion of manganese. they were the 
usual O1l es li sted in th e old and \\·ell ]..;:no\vn group of " 10 essential elements." 

j \ . P OTASS I U IVI . This clement was found in g reater abundance in the tis
sues examin ed than any of the others. It \-vas v.r iclcly distributed and accumu
lated in large amounts, bearing (Jut the general conclusions that it is easily 
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absorbed and in quantities much beyond immediate requirements (12, 12A) 
~nd exceedingly mobile. It was easily extracted by water and was absent 
111 the ether extract as well as in the residue in Iresine leaf powder. Potassium 
therefo~-e is present in plants in the ionic form as was shown by Kostytschew 
and Ehas~erg (19) two decades ago. Although this view is now generally 
accepted, It has only recently been questioned by Mason and Phillis (30) 
who state that at least 25 per cent of the total potassium is insoluble, held in 
an adsorb~d form, and not released except by hot water extraction. 

PotassIUm, as a rule, was most abundant in the stems, least abundant in 
the r?ots and intermediate in quantity in the leaves under long-light conditions 
~nd 111 the complete solution. Under short-light conditions most was found 
111 the roots, next in the stems, and least in the leaves. From this it may be 
~o~cluded that. light is in sO.me way connected with potassium absorption. 
ThIs. agrees wIth the conclusIon of Hoagland (18A). In a calcium-deficient 
solutIOn the amount of potassium was larger in all tissues with the exception 
of the basal stems, when compared with those of the checks. Therefore, in 
the absence of calcium more potassium is absorbed. A reciprocal relationship 
an adsorbed form, and not released except by hot water extraction. 

The short-day period affects the total content of potassium in this plant, 
as revealed by a marked reduction of approximately 20 per cent in the total 
amount of the element, and also causes an accumulation of potassium in the 
root and basal stem and losses in the leaves and terminal stems. This same 
effect appeared in check plants exposed to short-day conditions. 

In potassium-deficient solutions this element is less abundant for obvious 
reasons. The greater reductions in amounts were in the basal stems and 
terminal leaves, although there were sizable reductions in all other tissues 
except .in. the root where an increase occurred. Transfer was clearly impeded 
and thI~ IS one effect of lack of balance in this type of solution. A reduced 
absorp~IOn .of p.otassiu~11 was apparent which was attributed to the presence 
of calcIUm 111.111IS solutIon. The element reduces permeability and is negatively 
correlated wIth potassium. The effect of a short-light period on potassium 
cont~nt and distribution in the tissues of these plants cannot be definitely de
terl11111ed because of the loss of one sample, but it appears to be slight. 

Potassium was slightly more abundant in the green areas of leaves of 
~egopod.ium .. Tradescantia and Euonymus than in the yellow, and evidently 
IS essentIal clJrectly or indirectly to the proper functioning of the leaf. The 
difference in percentages of potassium in the green and white areas was so 
small that it was doubtful If this element functions in photosynthesis. Its sup
posed rMe in this process has been questioned (31). Other than forming salts 
with organic acids, potassium does not enter into organic complexes, and there
fore it is questionable to apply so many important roles as have been applied to 
this element. Evidence has been given that it maintains the proper tone and 
activity of the protoplasm (17) and prevents the breakdown of cytoplasm (39). 

B. CALCIUM, in contradistinction to potassium, was in the "fixed" or 
organo-complex form. It occurred in much smaller amounts than potassium 
and was only to a slight extent in the ionic form and then it was 110t clear 
that any of this had previously been in the fixed form. J n all the experiments, 
evidence was clear that calcium existed in large part in the organic for111. It is 
apparent that the element could be present in the ionic form in the transpira
tion stream. ChilJllal (6.7) not long ago detected in cabbage leaves a calcium 
salt of phosphatidic acid. Steele (42) has stated that this "is the first et11er
soluble calcium derivative found in nature." Chibnal also found magnesium 
and calcium phosphatidates. 
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SlIch compounds soluble in ether and at the same time insoluble in water 
are present in the rat phase or the living cell. On the other hand, sodium and 
potassium salts arc soluhle in water hut insoluble in ether and therefore exist 
in the aqueous phase (7). rrhey are believed to be concerned in cell permea
bility and regulate the different phase relationships in the protoplasmic colloids. 
These studies also indicate that the tissues examined contained ether-soluble 
organic magnesium, phosphorus and iron derivatives. 

In young pea plants calcium was more abundant in the roots and young 
leaves, but soon decreased in the root and increased considerably in the leaves 
where the total amount exceeded that in the stems. This element, then, has 
its chief function in the leaf. When calcium was removed from the nutrient 
solution the young leaves became chlorotic, and so calcium either directly or 
indirectly was essential in the formation of chlorophyll, although it is not a 
constituent of that compound. This chlorosis of the young leaf also indicated 
that no transfer of calcium in the ionic form from an organo-calcium com
pound existed. Thus in a similar way the hypothesis that calcium is immobile 
has arisen. Under short-day conditions the total accut'nulation of calcium was 
reduced 17 per cent, but in its distribution the element differed from that in 
the check plants by increasing in the leaves and decreasing in the roots. 
It appeared that the root had donated heavily to the leaves but had not in 
turn recuperated its losses from the external solution. Absorption had de
creased under short-day conditions. Light and calcium absorption as well 
as potassium absorption are in some way connected. 

In Iresine leaves most of the calcium was in the residue, but the ether 
extraction contained hvice as much as that taken out by water. Significant 
quantities are found therefore in the plastid materials. In the green areas of 
the variegated leaves of Tradescantia, Euonymus and Aegopodium it was 
more abundant than in the yellow areas, showing direct or indirect connection 
with chlorophyll. The greater percentage of calcium in the pea plants than 
in the others mentioned bears out the information already known that legumes 
are rich in calcium. 

'I'he distribution and total content of calcium in the tissues of plants grow
ing in the deficient solutions showed that losses had occurred when the plants 
\vere compared with checks and that these losses were considerable in some 
tissues. The terminal leaves and stems had lost the most in plants in calciul11-
deficient solutions. The greatest gains were in the basal leaves and stems. 
In the roots the loss amounted to about one-haH. The loss in the terminal 
leaves and stems is naturally attributed to the lack of calcium in the external 
solution and the inability of the young tissue to draw calcium from the older 
tissue. 

The tissues of the plants growing in potassium-deficient solutions contained 
a reduced amount of calcium when compared with those of the checks. Most 
of the losses were in the basal stems, roots and the terminal leaves. Terminal 
stems and basal leaves did not vary much. 

Calcium-deficiency symptoms were more quickly indicated than potassium
deficiency symptoms. The injurious effects of calcium exhibited themselves 
in an almost immediate stoppage of stem elongation, a delayed root develop
ment and a loss of green color in the new leaves. 

C. IRON. With the exception of manganese this element occurred in the 
smallest amount of all. Judging from the work on Iresine leaves, and leaves 
of the variegated type, iron was more plentiful in the plastid than in the sap 
material. As in the case of the other elements, iron was found in higher per
centages in the residue. Therefore ether-soluhle organic iron derivatives are 
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present in certain Ilant tissues. The fact that iron \\·as al so found in the water 
extraction is c-v idcnce of its prescnce in th e ionic form . 

In the pea plant, iron ,,·as 1ll0st plentif111 in the roots and hasal stcms, ll cxt 
in the leaves, and least in the terminal stems \\"hen th e plants ,,"e re grown 
under long-day conditions and in the complete solutioll . U ncler short-clay 
conditions the reverse was the case. The roots and stems held the least and 
the leaves the most. Light seems to be necessary for the absorption of iron, 
but its transfer to the aerial parts of the plant appears to be more rapid under 
short-day conditiolls. Geriche ( 14) wrote that the greater the light quantity 
the greater the need for iron. Thi s should explain why the quantity of iron 
in the root under short-day conditions was 26 per cent less than in the checks. 
Light is essential for calcium, potassium and iron absorption. 

Pea plants growing in the deficient solutions under the long-day conditi ons 
have the same total amount of iron in one case and a little less in the other 
as the checks, but the distribution differs . The tissues of the plants in the 
calcium-deficient solutions have less iron in th e roots , terminal leaves and 
basal stems, and more in basal leaves and terminal stems. Several factors 
are operative here, it is believed, but a change in permeability, and an imbal
anced condition in the nutrient solution have both at times been suggested 
as reasonable explanations. If there is any truth in the hypothesis of reciprocal 
relationship, as many workers believe, these studies show that iron is nega
tively correlated with calcium. Under short-day conditions the total amount 
exhibited an increase of 16 per cent. Other than a large reduction in the root 
and a good increase in the terminal stems, the iron in the other ti ssues re
mained about the same. A bsorption was impeded here as in the case of the 
check plants under short-day conditions. 

In the tissue of plants growing in the potassium-deficient solution, the iron 
is reduced in the basal stems and roots , but increased in the terminal stems 
and both types of leaves. The evidence is clear that some reduction has 
occurred in the total iron content also . This also accords with the author's 
findings in the cases of calcium and potassium accumulation in the plants 
in deficient solutions. The effect of short-day conditions on the total iron 
content and its distribution cannot be predicted because one sample was lost. 

D. MAGNESIUM. This element was more abundant in the sap and less so 
in the plastid material than was calcium. The inference is that less magnesium 
occurs in an organic complex form than calcium; nevertheless, ether-soluble 
magnesium compounds were present in the leaves of Iresine, Tradescantia, 
Aegopodium and Euonymus. Only 2.7 per cent of magnesium is found in 
the chlorophyll molecule and the percentage of thi s element in the leaf is much 
above the chlorophyll requirement. The literature (34) concerned with the 
chemical composition of plant tissues reveals that magnesium is present in 
pectic substances, in such forms as phosphatides, phospholipin, and proteins. 
Pollacci (38) has recently shown that Chlarella vulgmcis grows well and rc
mains green in a culture solution devoid of iron but containing the magnesium 
salt of pyrrole carbonic acid. If thi s can be confi rmed, then considerable mag
nesium can be used in building up the pyrrole compounds. 

Magnesium was more abundant in the green areas of the variegated leaves 
than in the yellow ones and more in the plastid material than the sap where 
the percentage was only half so much. In Iresine leaves the residue containecl 
the largest amount, the plastid material next largest, and the sap the least. 
Although widely distributed, there is much less magnesiulll than potassiu111 
and in most cases a less percentage of magnesium than that of calcium in 
the tissues studi ecl. 

DETECT TO~ \, 

Thc m ots of young PC'<l ~ 
Il cs iu1l1 , hut a few \yccks latcl 
and considerahle more in til 
transfer, prcsumahly in the tl 
there was little or no effec t, 
It appears in these studi es til;: 
tion. This element seems to 

U nder long-clay condition: 
the pea plant contained mor 
more abundant in the termim 
the older. The basal leaves 
Green leaves and young tis~ 
chiefly in the leaf; no atteml= 
condition to short-day, one d( 
of magnesium or its distribu 

Large accumulations of r 
deficient solutions was observi 
of the potassium-deficient pIa 
ones, but in both the percental 
uted to the fact that here, as 
tionship or modified permeab 
more magnesium was found 
solutions than in those in the, 
the more thrifty condition of 

E. PHOSPHORUS. This ele 
but is twice as abundant in thE 
this element is found in the rl 
soluble organic phosphorus c( 
by facts in the literature. Th 
than in Iresine, largely bccau 
tain phosphorus. 

In the ti ssues of the cheel 
was high in the roots, low in 
Phosphorus is known to be e~ 
conditions led to a decrease 01 
basal stem as well as in the te 
ing, and presence or al~sence 
appear to exert much mfiuel 

The ti ssues of plants gro' 
ditions contained more total 1 
under the same condition. In 
age was greater. than. in potas 
reciprocal relatlOllshlpS hut I 
other elemen ts. 

F. IVIANGANESE. This elE 
It occurred in the least amoun 
on such little evidence any c 
worthwhile to knOll" that mal 
terial and therefore ether-sol 
in the Iresine leaf. Mangan( 
and is directly or indirectly 
enough work is here reporte( 



DETECTION 0[<' CERTAIN PLANT ELEMENTS 21 

The r()ots of young pea seedlings contained an abundant supply of mag
nesium. but a few v\'ccks later there ",vas 111llCh less of the elemcnt in the roots 
and considerahle more in th e stems and leaves. This implies rath er rapid 
transfer, presumahly in the tran spiratio1l stream . U nder short-day conditions 
there was little or no cffect, possibly there was a slowing up of transfers. 
It appears in these studies that light is not connected with magnesium absorp
tion. This element seems to be indifferent to light. 

U nder long-day conditions and in the complete solution the aerial parts of 
the pea plant contained more magnesium than the roots. Magnesium ",vas 
more abundant in the terminal stems and leaves of the younger tissue than in 
the older. The basal leaves contained only a little more than did the root. 
Green leaves and young tissues require more magnesium, which functions 
chiefly in the leaf; no attempt is made to show how. By changing the light 
condition to short-day, one does not induce much change in the total amount 
of magnesium or its distribution. 

Large accumulations of magnesium in the tissues of plants growing in 
deficient solutions was observed. This accumulation was greater in the tissues 
of the potassium-deficient plants than in the tissues of the calcium-deficient 
ones, but in both the percentages far exceed those in the check. This is attrib
uted to the fact that here, as with other elements, there is a reciprocal rela
tionship or modified permeability, or an unbalanced nutrient solution. That 
more magnesium was found in the plants growing in potassium-deficient 
solutions than in those in the calcium-deficient solution is thought to be due to 
the more thrifty condition of the plants in potassium-deficient solutions. 

E. PHOSPHORUS . This element occurs in small amounts in the Iresine leaf, 
but is twice as abundant in the ether extraction as in that by water. Of course, 
this element is found in the residue in a large amount. It is clear that ether
soluble organic phosphorus compounds are present, which can be confirmed 
by facts in the literature. This element was more abundant in the pea plant 
than in Iresine, largely because legumes are high in proteins and these con
tain phosphorus. 

In the tissues of the check plants under long-day conditions, phosphorus 
was high in the roots, low in the basal stems and intermediate in the leaves. 
Phosphorus is known to be essential for young tissue. A change to short-day 
conditions led to a decrease of that element in the root and an increase in the 
basal stem as well as in the terminal leaves. Those differences were not strik
ing, and presence or absence of light, as in the case of magnesium, did not 
appear to exert much influence. 

The tissues of plants growing in deficient solutions under long-day con
ditions contained more total phosphorus than the tissues of the check plants 
under the same condition. In the case of calcium-deficient plants, the percent
age was greater than in potassium-deficient plants. There is evidence here of 
reciprocal relationships but probably not so striking as in the case of the 
other elements. 

F. l\1ANGANESE. This element was sought for only in the Iresine leaf. 
It occurred in the least amount of any studied. Although it is doubtful whether 
on such little evidence any conclusion should be drawn; nevertheless, it is 
worthwhile to know that manganese was more abundant in the plastid ma
terial and therefore ether-solubl e. There are manganese-organo compounds 
in the Iresine leaf. Manganese is now believed to be an essential element 
and is directly or indirectly connected v"ith chlorophyll formation hut not 
enough work is here reported to confirm thi s belief. 
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~rOIHUTY 0 1" ELEMENTS 

The pca experilllent affords SOll1e information as to the lllubility of ~he 
various elements. It has been generally believed that of the element~ studIed 
calcium and iron are immobile and potassium, phosphorus, magneslUm and 
manganese are mobile, though a study of the literature does not reveal much 
unanimity of opinion, with the possible exception of potassium. When ~b
sorbed and taken up in the transpiration stream, the elements must be mobll.e. 
Potassium in these experiments was unquestionably mobile, for it was .avatl
able at all times. Calcium, however, could not be drawn from older tIssues 
to supply the young chlorotic pea leaves. The latter remained chlorotic until 
calcium was added to the external solution. The older leaves had accumulated 
slightly more calcium but that may only be becau~e they we~'~ n~arer the 
source of supply. Amar (3) believed in this general VIew of mobIlIty 111asmuch 
as he demonstrated that no diminution in quantity of calcium oxalate occurred 
in the older leaves when certain plants were transferred to a calcium-free 
solution. His inference was that calcium was not in available form to migrate 
to the younger leaves. Mason and Maskell (29) found a considerable con
centration of free calcium in the living cell of the bark of the cotton stem 
and concluded that in the living cell permeability was inhibited and the calcium 
could not <Yet out. This accords with Loeb's (25) idea that calcium "tans" 
the membr~ne and makes it less permeable or, according to the idea of Oster
hout (36), increases the resistance to the passage of an ~on or decreases 
permeability. Sodium, on the other har:d, woul~ d~cre~s~ res.lstance and make 
the membrane more permeable. PotaSSIum, whIch IS s11111lar 111 many respects, 
would act in this case like sodium. 

On the other hand, it is known that cabbage leaves at storage time (37) 
contained 60 per cent of their calcium in water-soluble form, while six weeks 
later only 40 per cent was water-soluble. Ames and Boltz (2) f<:>und that 
40 per cent of the calcium in alfalfa was water-soluble. In the Ires111e le~ves 
reported here, about 6 per cent of the calcium was water-soluble; AegopodlUm 
contained 2 per cent1 and Tradescantia and Euonymus 30 per cent of the 
total in the water-soluble form. 

Not only do reports differ for calcium but the same i~ true f~r the oth~r 
elements. Sixty to eighty per cent of the phosphorus 111 certam plants IS 
water-soluble (2, 37, 16), and its reutilization is said to be as rapid as that 
of potassium or nitrogen. Again a recent report (40) ?n th.e oak indi~ates that 
phosphorus is mobile. Phosphorus then might be classIfied 111 the .moblle group 
(13), yet it n:ust be c?ncec~ed that there are. many p.hospho-orgal:l1c c~mpoU1~ds 
such as phyt111, nucleIC aCId, and phosphatIdes whIch are certa1l11y ImmobIle. 

Immobility of phosphorus can be confused with the phenomenon of inter
ference of transfer. When strawberry plants are grown in a phosphorus
deficient solution, a recent report (9) affirms an injury is produced in certain 
tissues which slows up the movement of phosphorus from the older to the 
younger tissues . Mobility is here modified by injury. 

The movement of elements, according to recent studies (18, 43), can also 
be facilitated by aerating the roots. 

Magnesium is considered by some (1). to be immobile while others think 
it mobile (26). Iron is another element 111 the same category (12A, 14,35, 
44) and it is reported to be relatively abundant in soluble form and even 
the organic compounds are easily separated out. In the experiments reported 
here iron was found more abundantly in the ether extraction and the residue, 
but it also was present in the ionic form, as shown by its presence in the 
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water extraction. In the pea experiment the mobility of iron was influenced 
by day length and elemental deficiencies in the nutrient solution. In the case 
of magnesium, the water-soluble form reached 13 per cent, although it varied 
slightly from this in the other experiments. 

To recapitulate, it is possible to find the elements in organic combinations 
as ,vell as in the ionic form in the plant sap, inasmuch as absorption and 
transfer from the external medium through the process of transpiration are 
available. \iVhether this ionic form could have another source, such as in 
previously formed organic compounds, has been demonstrated in many cases 
because reutilization is a very common phenomenon. The matter of mobility 
or immobility seems to be a relative one, and it would appear that it depends 
on several factors, the sum total of which expresses metabolic activity. 
Elements may make organic combination under one set of conditions and 
then disaggregate under others; this property hinges on the activity or tone 
of the living matter (17, 39). 

RECIPROCAL RELATIONSHIP OF ELEMENTS 

The study of the effects of potassium and/or calcium-deficiency in the 
nutrient solutions, on the absorption, transfer, total content and distribution 
of the elements in the tissues of plants growing in these solutions brings to 
one's mind the problem of reciprocal relationship. 

According to Davis et al (9), calcium and potassium are negatively corre
lated and so also are potassium and magnesium and potassium and phosphorus. 
On the other hand, the same authors assert that magnesium and phosphorus, 
and magnesium and calcium are positively correlated. Fifteen years ago Haas 
and Reed (38A, 15) observed that more magnesium was absorbed in solu
tions containing an insufficient amount of potassium. This agrees with the 
result of the studies here reported. However, Brown (5) has recently shown 
that high concentrations of potassium decreased the absorption of magnesium. 
Bartholomew, \iV atts and Janssen (4) claimed in their experiments that the 
absorption of magnesium was not significantly influenced by the amount of 
potassium present. It is possible too that a solution in imbalance may interfere 
in absorption by increasing or decreasing it. Colby (8) has recently reported 
that a lack of calcium apparently prevented the absorption of a considerable 
quantity of any ion. These are quite divergent opinions. 

Liebig's Law of Minimum (24) asserts that when one salt is below the 
critical concentration the remaining salts are absorbed in decreased amounts. 
On the other hand, Legatu and Maume (20,21, 22, 23) recently came to the 
conclusion that an increased absorption of the remaining salts occurred when 
one was deficient. Thomas (48, 49) has now attempted to reconcile these 
different views and to show that they are not necessarily contradictory. 
He writes, "The onlission of an element, already abundant in the soil, from 
a fertilizer, results in an increased absorption by the plant of the remaining 
elements added in the fertilizer relative to the absorption of these from the 
complete fertilizer plot until the element omitted from the fertilizer becomes 
a limiting factor, i.e., until its concentration is reduced below the limiting 
concentration." The whole problem therefore is one of relativity. The laws 
of Liebig (24) and of l\![itscherlicb (33) are merely approximations. 

Tbe author's experiments do not lend support to one or the other of these 
t \vo views because when potassium "vas ahsent fewer total salts were ahsorbed 
by the plants and when calcium was absent more were taken up. That the 
absence of one salt causes either a decreased or increased absorption of all 
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the others is not borne out by the \vork of Hartt (16A) or Ginsburg (141\). 
The former observed a greater total salt content in a potassium-deficient 
solution, while the latter noticed a greater total salt content in magnesium
deficient solutions but a reduced total salt content in the potassium-deficient 
solution . The author's results agree with Ginsburg relative to potassium but 
do not harmonize with his results on calcium. Apparently more has to be 
done, but despite these divergent results and opinions, the works of LLlnde
gardh (27, 28), of Alway, Maki and Methley (1), Sampson and Samisch (40), 
:McHargue and Roy (.32), Thomas (49), Skeen (41) and others, do demon
:-:trate that the principle of reciprocal relationship and antagonism are tenahle. 

These phenomena formerly were explained by assuming a change in per
meability, as indicated by Loeb (25) and Osterhout (.36), or by postulating 
an influence of one ion on the other. It is now quite evident , as suggested by 
l-loagland (] 8) and Stevvard (4.3), that those statements are inadequate to 
explain all si milar phenomena. These phenomena must result from metabolic 
reactions controlled either by enzymes or protoplasm, or both. Aerating the 
solutions as previously mentioned faci litates the absorption by the root. Light 
has also its effect and any such modification must involve energy exchanges . 

Again the work of O,,-en (.361\) suggests that the repeated addition of the 
deficient element is not always essential, for even the presence of another 
clement is likely to make what remains of the deficient element more available. 
J~I e wrote, "that when phosphates are omitted from the manure, the potash 
content of the foliage is depressed, and that when the phosphates are added 
to a soil from which they had previously been withheld, the potash content 
was increased." He "'Tote elsewhere that "when foliage shows potash defi
ciency it may be necessary to add phosphates to the soil to enal5le the plant 
to make fu ll use of the potash." In other words, the availability of potash 
in a soil is considerably influenced by the phosphorus status of that soil. 
Furthermore the amount of phosphorus taken up is conditioned by the potash 
status of the soi l. This puts a rather new light on the subj ect and SllOWS 
the necessity for further study. 

In the author's expe riments, phosphorus and potassium were found tu he 
Ilegatively correlated with calciu111. Iron \vas positively correlated with cal
cium and potassiu11l. :Magnesiu111 was positively correlated with potassiu11l 
but negatively correlated with calcium. 

EFFECTS OF DURATION OF LIGHT 

A. SIJ ORT DAY. By exposing the check plants to short-day conditiolls, 
instead of long-day, certain marked variations in the total content of salt , 
their individual totals and their distribution, were observed but these were 
not so striking as the effects ShO\\'11 by plants in the deficient solutions . Shurt
clay periods reduced the total salt content in most cases and therefore on tIll' 
individual totals. In the distribution of the elements in the tissues marked 
effects were shown oy some elements, but few or none by others. Calcium 
and iron had decreased. the former] 7 and the latter 26, while magnesium had 
increased 22 per cent. Potassium and phosphorus shovved no significant varia
tions. Calciu111 hac! accu111ulatC'd in the leaves, while losses appeared in the 
routs and stems. The leaves had drawn ionic calciu111 front the roots and 
ste1lls, hut they in turn had apparently not ahsoroed calciulll from the external 
medium. The significance of these results is discussed under the heading of 
individual elements. Tron acted 111uch the same as calcium. 

rdagnesium, the on ly element to gain in amount, showed increases in the 
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root basal stems and leaves, mostly in the latter. The roots had absorbed in 
excess and therefore light did not appear effective in its absorption of mag
nesium as in the case of calcium, iron and potassium. 

Pllosphorus and potassium distrihution in the tissues varied from that in 
the checks. Phosphorus showed an incrcasing gradicnt from stem to leaf and 
also from stcm to root. It appears that root \vas absorbing from the external 
medium. Like magnesium, phosphorus absorption seems unaffected by light. 

The effect of short-day conditions on the plants growing in the deficient 
solutions showed that there was a reduction of total salt content of about 17 
per cent in the tissues of the plants growing in calcium-deficient solutions. 
The totals of some individual salts were increased-for example, magnesium 
.35 per cent and iron 15. Those reduced were calcium, phosphorus and potas
sium. The reduction in the former is probably not significant. Phosphorus 
had decreased however 36 per cent and potassium 21. These results show 
that the effect of short light is to reduce the total salt content and to change 
the totals of the individual elements. These changes are not in general so 
striking as those brought about by the growth of the plants in the deficient 
wlution. 

Considering the distribution of the elements in the tissues of these same 
plants, calcium was heaviest in the stems and lightest in the roots and leaves, 
while magnesium showcd marked increases in the terminal leaves and roots. 
The other elements did not differ much from the distribution under long-light 
conditions. Iron decreased in the root, but increased in terminal stem. The 
explanation of this is indicated in the discussion of individual elements. 
Phosphorus vvas distributed less abundantly in the terminal leaves and root, 
otherwise not very different from the check. 

Considering the data for plants growing in potassium-deficient solutions 
under short-day conditions, much of real value concerning the total salts con
tent and the variation in the individual totals cannot be obtained because one 
sample was lost. Something can be noted about the distribution of the ele
ments in the tissues. Losses of calcium were shown in both types of stems, 
hut accumulation was shown in the terminal leaves. Calcium content of roots 
showed no diff~rence from that of the check. Magnesium had increased appre
ciably in the roots and basal stems and very markedly in the terminal stems, 
but the leaves did not contain so much as did those of the checks. Iron 
increased in the roots and terminal leaves but varied little from the check 
in other tissues. The interpretation of these data is found under the discussion 
of the individual elements. 

B. LONG DAY. The long-day plants grovving in complete solution were 
characterized by a noticeably large amount of calcium and phosphorus. This 
was to be expected because legumes are high in calcium and proteins, and 
phosphorus is essential for the formation of the latter. An abundance of 
potassium is noted and this is also according to general belief. Magnesium 
and iron are not generally required in large amounts. Concerning the dis
tribution of these elements in the tissues, it may be said that calcium is more 
abundant in the leaves than in the stems or root. That leafy tissue contains 
considerable calcium was expected and that roots contain much is in accord
ance to theory. 

In the case of phosphorus, the greatest distribution was in the root and 
the next in the leafy tissue. The old stems contained the least. Phosphorus 
is known to be high in the regions of rapid growth. Magnesium is more 
abundant in green leafy tissue, less in the stem and least in the roots, and 
this is in accordance with general belief. Iron is heaviest in the roots and 
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the gradient is decreasing fro111 tbis point until the terminal or young leaves 
are reached and there the iron content is high again. Roots usually contain 
a high pH and absorb considerable amounts of iron. It is usual to find con
siderable amounts in the leaf. 

VJith those facts in mind, one finds considerable variation when compari
son is made with plants in the deficient solutions. First, the total salt content 
was increased 30 per cent in the tissues of the plants growing in caleium
deficient solutions and decreased 22 per cent in the potassium-deficient solu
tions over that in the check. In the calcium-deficient plants all elements except 
i ron increased, and this remained virtually the same. A significant reduction 
of 15 per cent in the calcium content was to be expected, because that element 
had been removed from the external solution. Magnesium had increased in 
the tissues to the extent of 30 per cent, phosphorus 11 and potassium 29. 

The distribution in the tissues differed from that in the check, as might be 
expected. Calcium was greatly reduced in the terminal leaves and stems and 
somewhat in the root and basal stem, but had accumulated in the basal leaves. 
The reason for this has been discussed under the individual elements. Iron 
was more abundant in basal leaves and terminal stems but, like calcium, 
was reduced in the terminal leaves, old stems and roots. Generally the losses 
\vere in the young tissues and gains in the older. 

Magnesium showed the most outstanding differences. All tissues with the 
exception of the roots showed large increases, especially in the young stems 
and leaves. 'Ihough phosphorus had increased slightly in all the tissues over 
those of the checks the greatest increases were found in the roots and stems. 
The leaves had not maintained their original amount. Potassium had increased 
21 per cent and this increase was spread over all the tissues except the older 
stems. Roots contained the least, terminal stems the most, and the leaves 
an intermediate amount. 

The losses in the potassium-deficient solutions were due to losses in cal
cium, iron and potassium. An increase was recorded in magnesium and no 
significant difference appeared in the phosphorus percentages. The increase 
in magnesium was even higher than that in the calcium-deficient plants. The 
loss in calcium amounted to 50 per cent, that in iron 33, and that for potas
sium 34. In the latter the reduction was expected since it had previously 
been removed from the solution. 

The distribution of the elements in the different tissues was different from 
that of the checks. Calcium and magnesium showed similar relationships but 
differed in degree. There was a decrease of calcium in both deficient solutions 
but less in the potassium-deficient solution. There was an increase of mag
nesium in both solutions but more in that which lacked potassium. In the case 
of calcium, the leafy tissues experienced the largest losses and in the case of 
magnesium the greatest gains were in the leaves, although in all tissues this 
clement had increased with the exception of basal stems. Iron had increased 
in the terminal stems and basal leaves. Phosphorus was low in the young 
leaves and roots and high in the basal leaves and stems. The greatest losses 
of potassium were found in the youngest leaves. These facts are noted under 
the discussion of individual elements. 

SUMMARY 

The modern spectrographic technique for analysis, with the modifications 
worked out at this institution proves to be a possibility for use with plant 
tissues. The detection, distribution, 1110hility and functions of the elements 
can now be given fuller study. 
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A variety of tissues was examined, and the ether, acetone and water-soluble 
extractions were obtained. The ash of these were studied for six different 
metallic elements, potassium, calcium, magnesium, phosphorus, iron and 
manganese. The ether extractions indicated that all but potassium were fixed 
in some organic complexes not easily extracted with water. The presence of 
these same elements in the residue added further confirmation of metallo
organic complexes. Potassium was not found in the residue or ether extract 
and it is improbable that it occurs in more complex organic combinations than 
that of salts of certain organic acids. It is possible that the role or functions 
of potassium has been greatly over-estimated. 

The general opinions held as to the distribution of the various elements 
in the different tissues of the plants under so-called normal conditions have 
been confirmed. The distribution of the elements under certain peculiar con
ditions such as a reduction in day length and the growth in calcium-deficient 
and potassium-deficient solutions have been noted and discussed in detail and 
certain generalizations may be given here. 

The mobility of elements is a matter of relativity. Iron and calcium are 
not to be considered immobile, and immobility is not merely a matter of 
chemical precipitation or one of inhibition of permeability. Protoplasm, 
through its own activity or that of enzymes which it produces, controls 
metabolic processes and ion-organo compounds are built up and later dis
aggregated. Energy exchanges, respiration and other vital processes are 
involved. Admitting that the older theories are not adequate, and the true 
explatation is more deep-seated augers for ultimate success. 

A short-day period slows up the total salt absorption by the root. Full 
light favors the absorption of calcium, iron and potassium while phosphorus 
and magnesium appear indifferent. Roots and basal stems are low in mineral 
content, but the gradient increases from there to the top leaves. 

Calcium-deficient plants are higher in total salt content than the check 
plants while potassium-deficient plants are lower. These phenomena formerly 
were explained by changes in permeability, reciprocal relationship or solution 
imbalance. It is now quite evident that the plant's activity regulates metabolic 
reaction and in some unknown way causes greater absorption with one element 
and less with the other, and changes or modifies the distribution of the 
clements in the various tissues of the plant according to a definite plan still 
to be discovered. 

The functions of these elements can only be surmised at this time and 
the data add little in this direction, but through the use of the spc '·trographic 
t.echnique, a better approach to the subject is possible and readily appreciated. 
The place of greatest accumulation "vould not then offer the key t() the roles 
that the clements serve. 

ACKNOWLEDGMENTS 

The writer takes pleasure in acknowledging the help and cooperation of 
those who made this work possible; to Prof. D. T. Ewing for directing the 
spectrographic work and for his cOl1l1sel and criticism; to H. C. Beeskow for 
the ashing and ether and water extractions; to Dr. Francis W. Lamb and 
Dr. Mable F. Wilson for spectrographic tests; and to Prof. F. C. Bradforcl 
for interchange of opinion and criticism of the manuscript. 



28 M I C HIG AN TECHNICAL BULLETIN 176 

LITEH.AT U HE CITED 

1. A lway, F. J. , .Maki, T . E . a mi Methley, W. J. Compos iti on of th e lea \'Cs of somc 
fo res t trees. A m. Soil Survey Ass n. B ul. 15, 1934. 

2. A mes,]. VV., a nd Boltz, G . E . N itrogen and mineral const ituents of the alfalfa 
plant. O hio Agr. Exp. S ta. B ul. 247, 1912. 

3. A ma r, M. Sur Ie role de l' oxala te de calci um dans la nutrition des vegetaux. Ann. 
des Sci. Nat. Bot. 8 ser. 195-291, 1904. 

~. Bartholomew, R. P., vVatts, V. M .. and] a nssen, G. The effect of va riati ons in th c 
llutrient media upon the nitrogen, phosphorus, a nd potassium content in planb. 
with special reference to the tomato. A rk. Sta. B u!. 288, 1933. 

5. Brown, D. D . T he effect of diffe rent pr oport ioll S of calcium nitrate a nd potassium 
dihydrogen phospha te on th e g rowth of w heat in sand culture. Soil Sci. 26: 
441-446, 1928. 

6. Chibna l, A. c., a nd Chal1no n, H. J . The ether soluble substances of cabbage kaf 
cytoplasm. Biochem. Jour. 21: 233-246, 1927. 

7. Chibnal , A. c., a nd Sahai, P. N . Obse rvat ions 0 11 the fa t metabolism of leavcs. 
1. Detached a nd star vecl mature leaves of brussels sp routs (B rass ica o leraceae). 
A nn . Bot. 45: 489-502, 1931. 

8. Colby, H. L. Seasona l absorption of nu t rient salts by the l<rench prune g rown ill 
solution culture. Plant Physiol., 8: 1-34, 1933. 

Y. Davis, M. B., H ill , H. a nd j ohn son, F. B. Nut ritio lla l studi es \\ith l7ragar i;.1. 11 . 
Sci. Agr., 14: 411-432, 1934. 

10. Day, M. J. A method of a nalys is by means of the spectrogr aph. A th (:s is. IVlichiga:l 
State College, 1937. 

11. Ew in g, D. T ., \ !\T il son, Iv[abel F. a nd Hibbard, R. P. Spectroscopi c determination of 
meta ls in small samples. Ind. E ng. C hel11. A na l. Ed. 2: 410-41.+, 1937. 

II A . Farr, C. H. Root Hairs a nd G rowth. Quart. R ev. BioI. 3: 343-376, 1928. 

12. Gericke, W. F. T he beneficial effect to plant growth of the temporary deple tio ll u[ 
some of the essentia l elements in th e so il. Sci. 59: 32 1-324, 1924. 

12 .'\ . Salt requirement uf whcat at different gruwth phases. not. Gaz. SO: 
410-425, 1925. 

13. T he bencficia l effect to wh eat g ruwth due to the dcpktion of availabk 
phosphorus in the culture m eclia . Sc i. 60: 297-298, 192.+. 

1'+. Effect of lig ht on avail ability of iron to w heat pla nts in \\ 'atcr cultu :-cs 
Bot. Gaz. 79: 106-108, 1925. 

1~ i\. Gi nsburg, J. M . Compos iti on and a ppearance of soybean plants g row n in cu ltu ra l 
solutions each lacking a different essentia l element. Soil Sc i. 2U: 1-15, 1925. 

15 . E eee!, H. S., a nd Haas, A. R. C. Nutrition a nd toxic effects of ce rtai n ions on c itrus 
and walnut trees with espec ial reference to th e concentratio ll alld pH of th :: 
m edium. Calif. Sta. Tech. Paper 17: 1-75, 1924. 

10. Hartwcll, B. L., Hammett, F . . S. a nd VVesscls, P. H. Eeactions o f phosphorus ol 
the thickened root of th e .flat turnip. J our. Agr. Res. 11 : 359-371, 1917. 

10". Hartt, C. E. Some effects of potassium upon the g rowth of sugar cane an d UP) ' l 
the abso rpti on a ne! migration of the as h constituents. P lant P hys iol. 9 : 399-'+5 1, 
1934. 

17. Hibbard, R P., ane! Grigsby, B. H. Rclation of lig ht, potass ium, and calc iu ill 
defi ciencies to photosynthesis, protein sy nth esis, a nel translocation. Mich. StZt. 
Tech. Rul. 141, 1934. 

lR. Tlua glancl , D. H .. , a nd B royc r , T. C. Ge llera l nature of th e process uf ~;a l t aCl'lllllul a-
ti o ll by roots with dcscription uf experimental IIldll()(k Plallt Physiol. J I : 
-171 -505, 1 ~3G. 

lK .\. Iloagla lld, I) . H. SOIllC }\ spects of thc Salt N utriti oll of Hig ber Plallts. But. He\'. 
3: 307-334, 1937. 

l Y. I,os tytschew, S ., a nd E li asbcrg, P. U ber die Form del' KalillIll H'I'h illc1ullge ll III 

lehcll(lcIl P AallZengewebe l1 . Zeitsc hr . f. PhysioI. Chelll. 111: 228-.235 . 19.20. 

2U. 

.2 1. 

II 

22. 

)' _ ,1. 

2'+. 

25. 

.20. 

27. 

2R. 

29. 

30. 

31 . 

32. 

J3 . 

.1 .+. 

3.1. 

,l(1. 

3(J.\. 

37. 

38. 

J.s.\. 

,10. 

'+0. 

~1. 

·12. 

'+3. 

DETECTION 0 

Lagatu, H ., ami 1TaUIllC, L. 
ell ce eles ellgrai s de cham 
Acacl. Sci. (Paris) 179: 

Evolution rcmal 
(chau x . l1lagnesic, potass 
Rend . Acad. Sci. (Paris 

----- Sur Ie cOlltrolE 
C'llgrais. COllll11U ll. au ( 
J uni pp. 1-15, 1927. 

Antagoll isme cit 
\,lglle . (oml1lun. faite la 
elu Pin M ar itilll e pp. 1-1 

I,icbi g, ] ustu s. Les lois Ilat" 

Loeb, J. Dynamics of Livi 
Press, Nevv York. 

Lutman, B. F, and Walbridg 
Vt. Sta. Bu!. 296, 1929. 

J ,l lllckga re!h , H. Die Quallt 
J e ll a, 1929. 

Die Nahr stoffa 

1\ I ason, 1'. G., and Maskel l, 
I. P rel imiliary observati , 
C1Ul11. A11I1. Bot. 45: 12: 

.\1 ason, T. G., and Phill is, E. 
of bound water. A nn. F 

i\ Ja i\\aJcl, K. Mcthocls of 11l( 

material by highcr pJant 

~ J cHargue, ]. S., anel Roy, 
some forest trees at differ 
1932. 

~ I itschcrlich, E. 1'\ !freel. r 
Jalll"b. 50: 71-92, 1921. 

Ons low, 1\11. V'/ . The Prill( 
"' ,(melon , 1931 . 

Oscrko\\'sky, J. Quantitativ 
chlorotic pea r lcaves. P 

Oste rh out, \ '1\1. J. V. A IllC 

tissue. J. BioI. ( hem. 3 
Owcn, O. The analys is of 

compos ition of tomato fc 
Pete rson \ !\T Hand Pcter 

phosl;hor~s ;;; cabbage. 
Pol lacci, G. I nfluencc of 

ncr. Bot. Ges. 53: 540-5 
need, H. S., aile! I-Iaas, A. 

calc ium on young orange 
1\ icharcls, F. J., ane! Templ( 

IV. Nitrogen I11 ctaboli sr 
leaves. Anll. Bot. 50: 3 

Salllpson, A. \ !\T ., and Sal11is 
oak leaves. P la llt Physi 

Skee ll, J. R E.\:jlcrillll'llb 
Pbysiol. .'1: 1 ()5 - ll ~, 193( 

~tcl'k, C. l'. ; \11 fntrud u 
LOIldoll, ] 93-L 

S te\\'a rd, F. c., and ]Jerry, \ 
plallt ce ll s. VIII. The e 
:-\ 1l11. Bot. 50: 3,+5-366, 1 



DETECTION OF CE RTAIN PLANT ELEMENTS 29 

20. Lagatu, H., a llCl ),1[ aume, L. Etude, par ['analyse, periodique des fe u illes, de ['iIlAu
ence des eng ra is de chaux, de magnes ie et de potasse sur la vigne. Compt. Rend. 
Acae!. Sc i. (Pari s) 179: 932-935, 1924 . 

.21. Evolution remarquablement reguliere de certains rapports physioligiques, 
(chau x. mag nes ie, potasse) dans les feuilles de la vigne bi en a li11l entee. Compt. 
Rend. Acael. Sc i. (Paris ) 179: 782-785, 1924 . 

.2.2. ----- S ur le controle chimique (Tu mode c1'alimentation de la vig ne par lcs 
C' ngral S. Commun. au Congo des Engrais Azote's de Synthesc a lV[ontpelli cr. 
Juni pp. 1-15, 1927 . 

.23. A ntagoni sme du calcaire de r egard de l'absorption de la potasse par ]a 
vlone Coml11un. fa ite la 22 ] uin 1928 a Bordeaux au Congo Intern. du \fin ci 
dL~ Pin Maritime pp. 1-12, 191 8 . 

.2-1-. I.icbig, ] l1 s tu s. Les lois naturelles de I' Ag riculture. Eel. 2, Chap. 2, Paris. W()3. 
25 . Loeb, J. Dynamics of Living Matte r. LeillCke a nd Buechner, agents. Columbia 

Press, New York. 

.20. Lutman, B. F .. a nd Walbridge, N. L. T he role o f magnes iulll in the ag ing of plal1ts. 
Vt . Sta. Bul. 296, 1929. 

27. Liindegardh , I-I. Die Quantitative Spektralanalyse del' E lcmente. Gusta v Fischer. 
]ena, 1929 . 

.28. Dic Nahrstoffaufnahm c der p,Aa m:e. Gustav Fischer. ] ella, 1932 . 

.29. j\! ason, T. G., a nd :Maskell, E. ]. Further studies or transport in the COt tOl1 pl a nt. 
I. Prelimiliary obse rvations on th e transport of phosphorus, potass iu11l a lld cal
cium. Ann. Bot. 45: 125-173, 1931. 

3{). .\Iason, T. G., and Phil/is, E. The concentration ill sap and ti ss ue and th e estimation 
of bound watc r. A nn. Bot. 50 : 427-454, 1936. 

3 1. :\1 ai\\a ld , K. :M ethocl s of measuring th e part pl ayed by potass ium in th e synth es is of 
materi al by hi g her plants. F ortschr. landyv. chem. forsch. 121-1 28, 1937. 

3.2 . ~!cHarguc,]. S., and Roy, Vol . n.. Mineral and nitrogen content of th e lea ves of 
S0111e forest t rees at different times of th e g row ing season. Bot. Gaz . 94 : 3RI-393 
1932 . 

. )3. :\1 itschcrli ch. E. l\ !freel. Das Wirkungsgesetz der vVachstu111sfaktoren. Landw. 
J ahrb. 56 : 71-92, 1921. 

3-1. O nslow, M. \/ll. The Principles of Plant Biochemist ry. Cambriclge U niv. Press. 
Lone/on , 1931. 

35. OSl' rk owsky. J. Q ua ntitative relatiuns bctwecil chloroplJyll and iron ill green and 
chl orotic pea r leaves. Plant Phys io1. 8 : 4-19-408, 1933 . 

.l(). Oste rh out, \V. J. V. A method of 111 easurin g th e electrical conductivity o f li vin g 
ti ssue. J . BioI. C hem. 36 : 557-568, 191 8. 

3() /\. Owe n. O. The a na lys is of Tomato. II . The effect of manurial treatment on th e 
composi ti on of t omato foliage. J. Agr. Sci. 21 : 442-451 , 1931. 

:37. Peterson, W. H., a nd Peterson, C. B. The water-soluble content o f calcium awl 
phos phorus in cabbage . Jour. Agr. R es. 33: 695-099, 1926. 

JR. Pollacci, G. IIJAuence of the pyrrole nucleus on the formation of chlorophyll. 
Der. Dot. Ges . 53: 540-542, 1935. 

,)~ . \. l~eecl, H. S ., a nd :I-Jaas, A. R. C. Stuclies on the effec ts of sodium potass iulll and 
calciul1l 0 11 young o range trees . Calif. Sta. T ech. Paper. 11: 1-23, 1923. 

39. I<. ichards, 17. J., and Templeman, V..r. G. Physiological s tudi es in plant llutrlt lOI1. 
IV. N itrogen metabolism in relati on to nutri ent defici encies and age in barley 
leaves. A nn . Bot. 50: 367-402, 1936. 

-10. Sampso n. A. W., a ncl Sami sch, R. Growth a11d seaso11al changes ill compos iti on of 
oak leaves. Pla11t Physiol. }o: 739-751, 1935. 

-11. Skee n. J. R. Experiml'11ts with Triallea Ull antagunism and ahsorption. Plant. 
P bysiul. 5 : 105 - 11~. 1930. 

-I..? Steele, C. C. ;\11 fntrudl1 L' tiUII to Plallt 1 :ioclic111istry. (;. n ell & SOilS, I .tel. 
LOll(loll , 193 -1 . 

-13. Ste \\'ard, F. c., a lld 11erry, \V. E . Absorption a nd accumulation of solutes by li\'in g 
plant cell s. VII T. The e ffect of oxyge ll upon res piration and salt acc umLllati Oll. 
A nil . Bot. 50: 3-15 -366. 1936. 



30 MIClllGAN TECllNlCAL BULLETIN 176 

-l-L S ti ebcling, 11. K. The iron content of vegetables and fruits. U. S. D. A . Cir. 205, 
1932. 

45. Sarokin, H., and Sommers, A. L. Changes in the cells and tissues of the root tips 
induced by the absence of calcium. Am. Jour. Bot. 16: 23-40, 1929. 

-lG. Thomas, Walter. The concepti on of balance with respect to the absorpt ion of 
nitrogen, phosphorus, and potassium by plants and the influence of the level of 
nutrition. Science 72: 425-427, 1930. 

-t7. . The reciprocal effects of nitrogen, phos phorus and potass iulll a~ 
r elated to th e absorption of these clements by plants. Soil Science. 33: 1-20, 193.2 . 

-ttL \Vay, Katharine, and A rtllur, J. M. Spectrographic determination of calciumiil 
plant ash. Contri . Boyce-Thomp. 111St. 7: 103-112, 1935. 



2-41: ~.5 i1 1 


