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i 
THE CROE PRODUCING O.7R OF LIMITED UANTITIES 

OF ESSENTIAL PL.NT NUTRIENT. 

INTRODUCTION. 

In a complete nutrient solution lackinr one of the es- 

sential plant food elements a study wa made of an initial 

increment and succeeding increments of the lacldng essen- 

tial element. 

Just what effect the total absence of' an element and 

the addition of succeeding increments of this element (in 

parts per million) plays in the nutrition and growth of a 

crop, whether there is a direct or indirect effect from 

this element, whether it can be replaced. by other elements, 

partially or completely, and the consequent bearing as a 

limiting factor in crop production, has been the subject 

of these stud1e. 

By obtaining such relative values in parts per mil- 

lion of the essential elements that are necessary for the 

proper nutrition and growth of plante and. y comparison 

with the available nutrients of soils and their solutions 

it is hoped that the choice and rotation of' crops, the 

rate, application, aM time of fertilizing may be better 

understood. 



HIS1'ORICÂL R1SUM1. 

The development of modern methods o± water culture 

experimentation is here outlined as Indicating conditions 

necessary in control of experiments such as here reported 

to avoid masking of results of treatments under investi- 

gation. 

"ater cultures were first ernDloyed in the year 1859 

when Kiiop and Sachs (1) began to investigate the Liebig 

theory that soil solutions are insufficient for the needs 

of plants which derive their food directly from the soil 

particles as well as from the soil solution. Sachs(2) 

(1860) proposed the first standard formula for a nutrient 

solution. 

Knop (3) (1865), as a result of extensive investi- 

gations, proposed what Is now recognized as one of the 

standard formulae for nutrient solutions. 

The early work with water cultures has been severely 

criticized because of lack of technique and uniformity 

0± methods employed. This early work was summarized by 

Pfeffer, Czapek and Duggar, who recognized the Impor-. 

tance of a physiologically balanced solution. The im- 

portant results of this period induis: 

1. The c-eneral belief that nutrient salts are ab- 

sorbed by the plant vithout dissociation. 

2. The belief that the composition of the nutrient 

salts could vary widely without detrimental effects to 



the plant; hence the conclusion: no single optimum sol- 

ution. 

3. The proposed standard formula of Knops. 

4. The optimum total salt concentration o± the nu- 

trient solution was found to be O.33 or lower if the so- 

lution was renewed frequently. 

5. Differentiation of the essential from the non- 

essential nutrient elements was accomplished as far as 

has teen obtained today. The list of essential elements 

included nitrogen, sulphur, potassium, phosphorus, cal- 

cium, magnesium and iron, while chlorine and silicon were 

classed as supolemental. 

Following these studies, renewed activities resulted 

in water cultures, they being used on current problems in 

plant nutrition. Among recent workers we may cite Shive 

(4) who proposed and used the three salt solution composed 

of three ions calcium, potassium and magnesium and three 

cations phosphorus, nitrogen and sulphur. The three salt 

solution method with the addition of small and frequent 

applications of iron is in general use today. Totting- 

ham (5) made important studies with nutrient solutions 

which concerned their physiological chemical effects. 

IilcCall (6) introduced the use of sand cultures, from 

which he concluded that the proportions that held. for 

water cultures did not hold for sand cultures; as sorne 

salts tied up with the quartz and were not in the true 

solution. He obtained higher average dry weights for 



both roots and tops in sand cultures than did Shive in hi 

water culture solutions. Livingstone ( in his studies 

found that concentration was not important within wide li- 

rnits expressed as osmotic concentration. He also found 

that the salt solution used in sand. cultures had eight 

times the osmotic concentration compared to the same salte 

used in water cultures. 

Hall, renchley and Underwood (7) and others studied 

the effect of aeration in water culture solutions. They 

found that yields were greatly increased by aeration. On 

the other hand, Free (8) in his studies with buckwheat 

found that aeration had little significance to yield. t'Te 

may also cite Knight, (9), who showed that maize in soil 

cultures showed an increase in dry weight if the soil was 

aerated but in water cultures failed to respond to aera- 

tion. 

After True, R.H. (lo) studied on the harmful action 

of distilled water, Merrill (ii) carne to the conclusion 

that distilled water was not toxic to plant growth and 

that plants grown in distilled water because of their 

static condition relative to growth were easy prey for 

fungi, mold and bacteria. 

About this time numerous investigators studied root 

excretia and its effects upon succeeding crops but fur- 

ther wor1 must be ione before an,v definite conclusions 

can be drawn. That there is an exchange of ions between 

the roots and the solution has been show'n, plants being 
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atle to excrete and reabsor1 ions, depending upon the na- 

ture of the cultural. solution, the maturity and needs of 

the plant. 

Antagonism and its effects upon water culture solu- 

tions drew the attention of many investigators. Various 

salts are known in pure solutions to exert harmful effects 

upon plants, as for example certain magnesium salts. That 

an antagonistic or antitoxic effect results when salts are 

mixed, one salt counter-balancing the toxicity of the 

other, has been shown to hold. Stiles and Jorgensen (ii') 

showed that antagonism existed tetween ions in the asorp- 

tion of salts by plants. The toxic effect of magnesium in 

the absence or deficiency of calcium led investigators to 

believe that there existed a definite calcium magnesium ra- 

tb. This idea, however, has not strong following and if 

euch a ratio does exist it has a wide range. Jost (12) 

came to the conclusion that calcium plays an antagonistic 

role which prevents toxic and injurious substances from en- 

tering the cell. That calcium pectate, colloidal and vis- 

cous in nature, formed in the intercellular walls is re- 

sponeftie for this antagonism has 'ceen shown in later ex- 

periments. Tottirigham (13) (1914) found that the occurr- 

ence of magnesium injury depends upon the proportions of 

all the salts in the solution rather than the mere ratio 

of calcium and magnesium. Gericke (14) found that magne- 

slum injury was favored y high transpiration where maeeium 
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sulphate was present in relatively high concentrations. 

He pointed, out two factors related to magnesium injury: 

first, that there is a lack or deficiency of calcium in 

the nutrient media; and second, that the addition of 

phosphate salts proves beneficial to nutrient solutions 

that are toxic due to excessive amounts of either mag- 

nesium or potassium. 

By use of the physiologically balanced soiutions 

of today in which all the essential elements are pre- 

sent in sufficient quantities the antagonistic effect 

contained therein is generally sufficient for most nu- 

trient solution experimentation. 

The relation of the eoncntration of the nutrient 

media to the growth of lants has been the cause of 

numerous investigations. Stiles '7. (15) found that be- 

low a certain concentration the growth rate drops, but 

within very wide limits the concentration had little 

effect on dry weight. He also found in thie connection, 

and as estimated by Cameron, (16) that at concentrations 

similar to those of the soil solution the salts were 

present in sufficient quantity to produce healthy plaxits. 

The total osmotic pressure of the soil is not necessarily 

directly proportional to the quantity of salte added to 

the solution, as sorne salts may ionize to a greater ex- 

tent than others, as pointed out by Greaves, J.E. and 

Lund, Yeppa (17). In their use of the cryoscopic and 



7 

electrical conductivity method for determining the osmo- 

tic pressure they indicate that the most reliable resulte 

were obtained by the use of the conductivity method. 

Harvey, .B. and True, fl.H. (18) concludes that the ab- 

sorptive minimum for the same plant seems to have nearly 

the carne value, independent of the volume of the eo1utio 

the concentration of the sal8, or kinds of nutrient 

salts used, provided they are below the toxic concentra- 

tion and present in sufficient quantities for the re- 

quiremente of the plant. He points out two factors: 

external, the relation of the carbon dioxide in the air; 

and internal, the plant itself--the chemical character 

of the cell wall and the deeper lying cell membranes and. 

other structures. Hoagland, D.R. (19) who carried on 

extensive investigations with nutrient solutions points 

out that concentration of the salts and. their IOniC ra- 

tios, the size of the cultural vessel per plant, fre- 

quency 0±» changing the solution, reaction of media, the 

plante to be Rrown, and the rapidity of growth are fac- 

tors entering into best concentration. There extremely 

high concentrations are used the effect upon the plant 

Is similar to that of drought. He concludes that there 

is no sufficient evidence to prove that the plant re- 

quires for optimum yield any specific ratio of ions or 

e1'ents within wide limits provided the total supply 

ar 2oncentration of essential elements are adequate. 



L!J 

The hydrogen Ion an1 Its index of acidity brought 

a new Etudy into the field of riutri.ent o1ution work. 

Hoagland. (20) (1919) in his studies with barley found 

with an acid reaction of Ph 5.0 to 5.5 that the ab6orp- 

tion of several lone was greater than from a neutral so- 

lution (Ph 6.8) of similar composition and the same total 

concentration. He indicates the possibility that at cer- 

tain perioìs of growth excretion of electrolytes may take 

place ar1 that this Dhenomenon is depement on the reac- 

tion and concentration of the nutritive Eolution. An 

acid. reaction of Ph 5.0 was not found to be injurious to 

the barley plant at any period of its growth. There was 

a tendency toward the production of a neutral reaction 

in the solution as a result of changes in the equilibria 

due to absorption and of excretion of carbon dioxide. 

Then the plant was placed in a very dilute nutrient so- 

lution, excretion of electrolytes, especially calcium, 

magnìesium and phosphorus took place at first. This was 

followed by absorption which continued until the solution 

had a resistance comparable to that of the distilled wa- 

ter used in making the solution. 

Duggar, (21) (1920), B.L, found that when the nutri- 

ent solution reacted strongly acid, the plants tended to 

chance it toward neutrality, rapidity depending upon the 

cultural solution and the plant. He found that wheat, 

corn an peas are sensitive in the order named to high 



hydrogen ion concentration. he kind. and. variety of 

plants were found to vary as to strength and sensitive- 

ness of the hydrowen ion concentration. 

Salter, R.I. and Mcllvaine, T.C. (22) (1920) In 

their studies foumi that maximum rowthe of seedlings of 

wheat, soybeans, aìvI alfalfa occurred in cultures having 

a Ph value of 5.94, whIle corn produced greatest growth 

at a Ph of 5.16. reaction of Ph 5.16 was decidedly 

less favorable for the growth of alfalfa. A reaction of 

Ph 2.96 was below the critical point for all plants stu- 

died, causing the death of the plants within a short 

time, but favored. the growth of molds. A reaction of 

approximate neutrality Ph 6.97 was slightly less favor- 

able to wheat, corn and soybeans than a slightly acid. 

reaction. The hydroxyl ion was comparatively more harm- 

ful than the hydrogen ion in equivalent concentrations. 

Leasurernent o the reactions of the solutions before and 

after the growth o± wheat seedlings showed. a general 

tendency of the plant to adjust the reaction toward a 

point s1iht1y below neutrality. errnInatIng seeds on 

the whole were less sensitive to acid reaction than the 

seedlings. 

Parr and. Noble (23) (1922) who used potassium acid 

phthalate in their nutrient solutions to serve as a buf- 

fer, state that once the reaction of a solution was es- 

tablished it remained. reasonably constant. Dustman 
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(24) comes to the conclusion that potassium acid phthal- 
ate has an injurious effect on the early growth of toma- 

to plants when the concentration is aboe 500 parts per 

million. Indications of other experiments point to the 
fact that where potassium acid. phthalate is used in 
higher concentrations it may prore detrimental to tue 

growth of plants. The results of Tarr and oble on the 

hydrogen ion concentration were in general the same as 

those o± Salter and Mcllvaine in that the Ph -alue 3.0 
was prohibitii'e to growth and the range in Ph in which 

a plant could do best was about the same, but the 2h 

alues in the case o± Salter and iIcIlraine viere cor- 
respundingly higher. 

Theron (25) concludes that plants have a tendency 

to change acid nd alkaline solutions toward neutral- 
ity. The rate of absorption of the cations is increased 
by :i decrease in the hydrogen ion concentration, while 

the ability of the plant to secrete carbon dioxide from 

the roots permits the selecti'-e absurption of anions 
from the acid solutions. 

PLAIT OP INvESTIGATION. 

The plan of the inestigation was diided into six 
parts, namely: 

1. Growing wheat seedlings in a complete nutrient 
solution lacking nitrogen and studying the effects of 
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the addition of an initial increment of nitrogen and. 

succeeding increments in parts per milliun until a suf- 

ficient quantity has been added for the proper nutrition 

of the plants. 

2. Growing alfalfa seedlings in a complete nutri- 

ent solution lacking sulphur, and studying the effects 

of the addition of an initial increment of sulphur and 

succeeding increments in parts per million until a suf- 

ficient quantity has been added. for the proper nutri- 

tion of the plants. 

3. Growing alfalfa seedlings in a complete nutri- 

ent solution lacking phosphorus, and studying the effects 

of the addition o± an initial increment of phosphorus 

and. succeeding increments in parts per million until 

a sufficient quantity has been added for the proper 

nutrition of the plants. 

4. Growiiig alfalfa seedlings in a complete nutri- 

ent solution lacking calcium, and studying the effects 

of the addition of an initial increment of calcium 

and nucceeding increments in parts per million until 

a sufficient quantity has been added. for the proper 

nutrition of the plants. 

5. Growing alfalfa seedlings in a complete nutri- 

ent solution Licking magnesium, and studying the effects 

of the addition of an initial increment of magnesium 

and succeeding increments in parts per 
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million until a sufficient quantity has been added, for 

the proper nutrition of the plants. 

i. Growing alfalfa seedlings in a complete nutri- 

ont solution lacking potassium, and, studying the effects 

of the addition of an initial increment of potassium and 

succeeding increments in parts per million until a suf-. 

ficient LjUUfltt has been added for the proper nutrition 

of the plants. 

GERMIiFTION A1D CAi (J]? SEEDLIiGS. 

Grimm alfalfa and. Federation wheat of well estab- 

lished -arieties, largely grown in this section o± the 

country, were chosen for the inestigations, Ten times 

the number of seeds were germinated than wore to be used. 

in the experiment. The seeds were allowed to germinate 

and. grow in pure quartz sand. until the fourth leaf was 

well out. t the time of transplanting the roots were 

washed free of sand with distilled water, the selected. 

plants being chosen for uniformity of size and. root de- 

elopinent, and freedo from injury. During the first 

few days of their growth in the cultural th1utions the 

plants that died were replaced with others of the saiiie 

age and. like size. 
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CULTURAL M9TEODS. 

The plants were grown In common mason quart jare 

which held. approximate1 900 cc. The jars were washed, 

vaisparred inside, and. wher dry were wrapped with three 

layers of heavy brown wrapping paper to exclude the light 

from the roots. In the flat cork stopper five holes a 

quarter inch in diameter were bored. The corks were then 

given a light coating of paraffine to prevent infection 

of bacteria and mold. A small wad of bsorbqnt cotton 

was used to hold the plants in Diace during their growth. 

The plants were grown in the college green house 

where the external conditione could be controlled. Dur- 

Ing the winter months and dark cloudy days the length of 

daylight and. intensity of light was increased by the use 

of a 1000 candle power nitrogen electric bulb, to which 

the plants readily responded. 

The Ph value for all the solutions was made up to 

between 5.6 and 5.8. Plante were gTown in the same so- 

lution for the entire duration of the experiment, and 

the Ph values of the solutions were determined at in- 

tervals but no radical changes were found. The solu- 

tions were buffered by the use of monobasic and diba- 

ei' phosphates. TTo et period of growth was main- 

tained, the length of run depending upon the differ- 

ences shown in the cultures of different parts per 
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million. ,hen these differences became significant the 

plants were remoed, washed and rewashed with distilled 

weiter, and the dry weight of the roots and. tops was de- 

termined. Photographs were taken before the crops were 

har'ested to show the relation of growth in each series 

to the parts per million of the limiting element. 

PART i : NITROGEN 

In discussing the nutritie and physiological im- 

portance that nitrogen plays in plant growth vie deal 

with a nutrient whose functions are many fold. 

The lack of nitrogen causes a long fibrous root 

system. The tops appear chlorotic, turn yellow and. die 

away. ,,ithout nitrogen plants are unable to mature and 

decrelop seed. ,.here copious quantities of nitrogen are 

present the root system is much smaller in proportion to 

the tops, the too growth becoming dark green, succulent, 

mnk, and. sappy. The rapidity o± growth may cause a 

thinning of the walls and. changes in the composition of 

the sap, the plants thus Lecoming liable to insect and 

fungous pests. ipening is retarded, the tendency in 

general being to produce straw instead o1 seed. 

iTitrogen is genLrally taken into th plant in the 

form of nitrates but conclusie experimente have been 
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conducted showing that nitrogen may be assimilated by 

sorne dante in the form of ammonia. There there is a 

deficiency of nitrogen older mature leaves may release 

the nitrogen for translocation and further use in the 

d.eve1opmnt of other parte. Nitrogen may be found 

in the nucleus of each Celi and in the seed. It plays 

an important role in protein synthesis. 

The plants were grown in various parts per million, 

each series consisting of six jars of 5 plants each. 

The large number of plants (thirty) in each series were 

grown to reduce the individual variability of the seed- 

linge. 

The total number of parts per million O± nitrogen 

was ca1cu1ted for the experiment and since i mi1liram 

in 1 liter is equal to i part per million the numer of 

grane of nitrogen in celcl.urn nitrate was calculated, 

male up to i liter, each c.c. of which eruale a number 

of rt3rt5 ner million. 

since the molecular weight of Ca(NO3)2.4H20 is 

p36.18, and since the total parts per ili1Ofl of nitro- 

gen is 756 or .756 grame of nitrogen, the number of grame 

of calcium nitrate that wou_ì contain .756 grams of ni- 

trogen would be 236.18 X .756 or 6.372 grams made up to 
28.09 

i liter, every 1.323 c.c. containing i part per million 
of nitrogen. 
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The following table shows the parts per million per 

Jar, parts per million per series, aivì number of C.C. 

calcium nitrate solution added. 

Series P.P.M. Total P.P.M. C.C. Calcium 
in series Nitrate Added 

N-A 0 0 0.0 
N-B 2 12 15.8 
N-C 4 24 31.7 
N-D 8 48 63.5 

16 96 127.0 
N-F 32 192 254.0 
N-G 64 384 508.0 

Total 756 1000.0 

The nutrient solution for each series was made up 

of the following salte, previously made up in stock so- 

lutions of molal strength. Their strength in the cul- 

turai solution in parts per million follows: 

Salt 

MgS 04 

K2HPO4 

2 °4 

CaSO4 

No. cc 
o1ai solution 

7 

2 

5 

eatur. solution 

Parts per million 

Total parts per million 

Mg 170 
S 224 
K 156 
P 62 
K 196 
P 155 
Ca 245 
s 198 

1 4C 6 

The h value of each series was regulated between 
5. 
5.6 and 5.8 by changing the ratio of the monobasic and 

debasic phosphates. The h value changed slightly dur- 

ing the growth of the plants, tending toward neutrality; 

the addition of i c.c. N HOi was added to each jar dur- 
14 

ing its growth. 

The wheat plants were grovm to maturity, observations 



17 

being taken from time to time on the growth and general 

appearance of' the plants. The tabulated results o± their 

growth in grams follow: 

SRIiS N-A. O PARTS . :ILLION OF NITROcN. 

Serles Dry weight tops ntlre Plant. 

N-Al .26 .49 

N-A2 .20 .38 

N-AZ .26 .39 

N-M .31 .51 

N-A5 .25 .42 

N-A6 .25 .40 
Total 1.53 2.9 

verae 5 plants .255 .43 

All the plants in this series died before maturity, 

no heads being produced. The roots were large in pro- 

portion to the tops, being long, slender, and tortuous. 

The tops were very scrawny in appearance and o± a yel- 

lowish green color, many of' the tips turning yellow. 

Later these leaves turned completely yellow, browned, 

and died. The plants made renewed efforts to put out 

nei leaves, but before they attained a height of 8-10 

cme. they yellowed and died. 2he stalks were very 

thin, almost transparent and very light in color and 

weight. 



PTS 2 PAP9 P' 'I1I0N OF NIPRON. 

Serles )ry weiht tons itlre plai,t 

N-Bi .43 .63 
N-B2 .4 .62 
N-B3 .63 .87 
N-B4 .64 .85 
N-B5 .43 .70 
N-B6 .52 .77 

Total 3.13 4.44 
Average 5 plants .52 .74 

All the pints in this series died tef'ore maturity, 

no heas beig prouced. The entire crop was much the 

same as Series A except that they were from 3 to 5 ems. 

taller. They lived on an average a little longer than 

the atove series. 

SBRIS N-C. 4 PARTS PT'R MILLION NITROGEN. 

Series Dry wt. tops Entire plant 

_T-C1 .64 .92 
N-C2 .76 l.l 
N-C3 .84 1.20 
N-C4 .71 .95 
N-CS .73 .98 
N-C6 .72 l.(3 

tmotal 4.40 6.29 
verage 5 p1nts.73 1.05 

ll the plants in this series iied. before matur- 

ity, there being tut one email, seedless, eformed 

head formed. Turing the first two weeks the 9iants 

appeared normal ut iuring the third week yellowing 

of the tips occurred, there was a generai slowing 

of the groth, ana. later the outer leaves died., new 

ones being formed with a yellowish green appearance. 
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These in turn died. The persistence of new leaves put 

out was weaker than that of the former ones. The plants 

grew to about 24 cms. in height. 

STIS N-J: 8 PARTS PR MILLION OF NITROGEN. 

Series Dry wt. tops ntire plant 

N-Dl .84 1.47 
N-J2 .40 .58* 
-D3 .93 1.45 

N-D4 .81 1.23 
N-D5 .94 1.38 
N-D6 .76 1.17 

Total 4.28 6.70 
Average 5 plants .86 1.34 
*3 plants died not included in the average. 

In the entire series but 5 small deformed heads 

were formel, none of which were entirely unsheathed. 

Outside of being much stockier they were not much dif- 

ferent from the plants in series C. The average height 

of the plants was 24 cms. 

SEPLIS N-s: 16 PARTS PER MILLION OF NITROGU 

Series Dry vt. tops. Entire plant. 

N-;il 1.27 1.99 
N-E2 1.29 1.91 
N-E3 Culture developed mold. 
N-4 1.31 1.94 
N-B5 1.64 2.34 
N-E6 Culture_developed mold. _____ 

Total 5.5l 8.18 
Average 5 plants 1.38 2.05 

In this series 2 cultures developed mold which hin- 

dered. the growth of the plants and are not included in 

the experiment. The average height of the plants was 

30 cms., the difference in growth over the preceding 
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series being rery noticeable. Ten of the pltnts in this 

series attempted to form heads but none of them were corn- 

oletely unsheathed.. 

SE.IS N-J? : 32 PiTS PE MIILION OP NIThOGEN. 

Series Dry wt. tops Entire plants liead.s 

formed. 
N-Fl 2.97 3.92 3 
N-F2 2.85 3.88 2 

N-F3 3.24 4.6 4 
N-P4 3.51 4.24 5 

N-F5 3.12 4.12 4 
N-F6 i.24 4.11 3 

Total 18.93 24.53 2T 
Ave. 5 plants 3.16 4.09 3.5 

In this series the toos liore a much wider ratio to 

the roots than any in the former series, The a'erage 

height of the plants was 41 crns., the egetat ive growth 

being orer twice that of series L. 70% of the plants 

formed heads but no seeds were formed. 

SERIES N-G : PARTS PEi MILLI01 0F NITROGEN. 

Series Dry wt. tops Jntire plants Heads formed 

N-cil 3.66 ±.56 5 
N-2 3.84 4.43 b 
N-G3 3.48 4.30 5 
N-G4 3.82 4.67 5 

N-Gb 3.90 4.72 5 

N-G6 4.02 4.89 5 

Total 2.72 27.62 30 
A'e. 5 pts. 3.73 4.61 5 

In this series the tops bore a still wid.er ratio to 

the roots. All th plants formed, heads vihich were un- 

sheathed but only a few shrunken kernels were found.. :he 

aerage height of the plants was 44 cras. 



RATIO O' TOES TO ROOTS AND 2NT PLANT. 

Series Ratio entire p1nt Ratio of tope 
to tope to roots 

N-A 1 .59 1 .69 

N-B i : .70 J. .42 

N-C i .70, 1 t .44 

N-D i .64 1 t .56 

N-E 1 .67 1 ; .49 

N-F 1 t .77 1 t .29 

i : .82 1 t .22 

The ratios shown in the above table indicate that 

with increasing' parta per million of nitrogen the root 

system becomes less extensive and the tops more exten- 

si ve. 

"Then differences in growth were noticeable, a 

21 

group photograph was taken of a typical culture of each 

series to show the comparison of the relative growths 

made. 

The average yield of each series is plotted below 

with the milligrams of nitrogen in an endeavor to show 

the yield and increasing yield per adiitional increment 

of the limiting element nitrogen and to indicate the 

aproximate concentration needed. 

The average yields of the nitrogen experiment is 

suìrnnarize in the foi1owin table: 



i:_m_ 

. 

..- 

I 
h 

. J 
i 

z:i_;w ffL 
:qr 

2L.:r- ; 



oD S° O\\\ 'cL g 
- 

O 

5o 



22 

Series P.P.M. A-e. Dry Vt. A-erage Dry t. Yield, per 
o± tops entire plant Increment 

1g-A 0 .255 .43 
N-B 2 .52 .74 .37 
N-C 4 .73 1.05 .2b2 
N-D 8 .86 1..34 .168 
N-E 16 1.38 2.05 .128 
N-F .32 3.16 4.09 .128 
N-G 64 3.78 4.16 .Obb 

DEDUCTIONS FROM NITROGEN EPEIMNT. 

1. That the growth 0±' wheat plants respond to suc- 

cessi?e increments of nitrogen is cono1usie1y shovi'n. 

Little growth can be expected where nitrogen is deficient. 

2. Jnd.er the conditions 64 pìrts per million o± 

nitrogen was not sufficient for the proper formation and 

maturity o± seed. 

3. The lack of nitrogen de-e1ops an extensie fi- 

brous root system which becomes less apparent as nitro- 

gen is add.ed., the ratio of tops to roots wideni as 

each increment of nitrogen is added.. 

4. L'he lack of nitrogen causes a chiorotic, sickly 

looking plant, the tips of the 1eaes first turning 

yellow, the 1ea'es yel1owin and. finally wilting and d.y- 

ing. uccessiie leaves are deeloped, each set becoming 

less igoroiis as the others die, until the plant itself 

succumos. 3uch a procedure might indicate that wheat 

plants may hare the power to transfer nitrogen from the 

dying 1eaes to the growing parts of the plants for reuse. 
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5. The effect upon the nutrition and growth of the 

plant in the experiment shows that the effect of nitrogen 

on the Diant is direct and that no other nutriente pre- 

sent can be substituted for nitrogen. 

6. At approximately 30 parts per million a decided 

decrease in yield is apparent for each additional part 

per million added. 

7. ?or each increment and. succeeding increment of 

nitrogen added the yield is increased but as each incre- 

ment of nitrogen is added the increase is not so marked. 

This is in accordance with the law of diminishing re- 

turns and the law of the soil. 

PAP T 2. SULPWJR. 

Professor Powers o± the Soils Department has kindly 

supplied the crop yields for sulphur from his studies at 

the University of California during the spring of 1924. 

Sulphur is riot only an eeentia1 plant food. element 

but is considered a soil amendment, having a stimulating 

effect on plant rowth. 

Sulphur is found in the soil in the sulphate form. 

It is generally apnlied. as a fertilizer in the form of 

sulphate of ammonia, calciur, or potassium fertilizer. 

The application of sulphur as a fertilizer and 

amendment for alfalfa in the form of CaSO4 has given re- 

markatle results on some Oregon soils. The stimulating 
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effect of CaO4 is thouht to be due in part to the 

chqne in the soil solution increasing the absorDtive 

power of the plante by the ionic changes which take place. 

Besides its invigorating effect the role of sulphur 

in the plant is to take part in protein synthesis, and 

to help form aromatic compounds,being present in much 

larger quantities In such plants as cabbage, kale, nions 

and the legumes. 

There sulphur Is lacking a light brown pitted ap- 

pearance develops on the leaves, which retards ohotoen- 

thesis and hinders the growth of the plant. 

The plants were grown as outlined previously. A Sat- 

urated solution of CaSO4 was made up, of vvhich 7.7 c.c. 

per liter equalled 5 parts per million. 

The following table shows the parts per million per 

jar, per series and number of c.c. CaO4 solution aided. 

eriee C.C. P.PM. Total P.P.. 
added In Series 

S-A o o t) 

S-B 46.2 5 30 
5-C 92.4 10 60 
S-D 138.6 15 90 
S-E 184.8 20 120 
S-F 231.0 25 150 
s-c; 277.2 30 180 
S-H 5544 60 360 

The nutrient solution for each series wa made up 

of the following salts; their strength In the cultural 

solution In parts per million follows: 
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K2H04 K l.t 

P b 

2PO4 K 19b 
P 155 

Mg(NO3) Mg 170 
N 196 

Ca(NO3)2 Ca 281 
N 196 

Total parts per million 1412 

The alfalfa plants were grown for a period of 4b 

days, obserr-ations being taken on the growth end. general 

appearance of the plants. 

The tabulateu. results of their growth in grams fol- 

lows: 

SERIES S-A : O PARTS R MILLION OP SULPHUR. 

Series Dry wt. tops intire plant 

S-Al .80 1.45 
S-A2 .52 .92 
S-A3 .40 .69 
S-A4 .56 1.01 
S-AS .47 .81 
S-A6 .30 .46 
Total 30 plants 3.05 b.4 
A'rerage 5 plants .51 .89 

The plants grew normally for about lO days, at 

which time the 1ees seemed faded a yellowish green 
color, and yellowish brown pits finally dee1oping 

near the end. of the experiment. By their appearance 

the plants seemed to lack igor. 
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SERIES S-B 5 PARTS PER MILLION OF SULPHUR. 

Series Dry wt. tops Entire plant 

S-Bi 1.00 1.78 
S-B2 .88 1.60 
S-B3 .85 1.51 
S-B4 1.00 1.b 
S-B5 .86 1.46 
2ota1 25 plants 4.59 8.I 
A-erage 5 plants .92 1.64 

There was a decided. difference in growth and. ap- 

pearance of the plants in this series compared to Series 

S-A. They had a normal green color and made almost twice 

the growth. During the last 2 weeks of growth the plants 

lost their i'rid green, vihich paled and. showed. a yellow- 

ish tinge in some of the lea'-es. 

SERIES S-C : 10 PARTS PER MILLION 0F SULPHUR. 

Series Dry wt. tops ntire plant 

S-Cl .80 1.40 
S-C2 1.05 1.87 
S-C3 1.05 1.85 
S-C4 1.10 1.95 
S-05 1.10 1.98 
S-C6 1.00 1.71 
Total 30 plants 6.10 10.76 
A'erage 5 plants 1.02 1.80 

There was little noticeable difference between this 

series and the preceding one except a gradual increase 

in yield. both in tops and. roots. 



SERIES S-D: 15 PARTS PR MILLION OF SUL2HUR. 

Serles 

-Dl 
S-D2 
S -D3 
S-D4 
- 

Total 25 plants 
Average 5 olants 

Dry wt. tops 

1.16 
1.25 
.90 

1.35 
1.16 

1.16 

27 

Dry weight 
entire plant. 

2.02 
2.20 
1.50 
2.35 
2.06 

10.1 
2.02 

The plants in this series were healthy, robuet,* lark 

green in color. The leaves were large, and thick. The 

invigorating effect of the sulphur could be easily seen 

in this as well as the preceding series. 

SERIES S-E: 20 PARTS PJR MILLION OF SULHTJR. 

Series Dry wt. tops Dry weight 
entire plant. 

S-i1 .75 1.31 
S-E2 1.07 1.95 
S-E3 1.20 2.10 
S-E4 1.35 2.35 
S-E5 .95 1.69 
S-E6 1.06 1.88 
Total 30 plants 6.38 11.28 
Average 5 plants 1.06 1.88 

There was little noticeable difference between this 

and. the two preceding serles, although the yield was less 

than in Series S-E. 

SEPIES S-F: 25 PAPTS PR MILEION OF STJLPBP. 

Series 

S -Fl 
S -F2 
S -F3 
S-F4 
S-F5 
Total 25 plants 
Average 5 plants 

Dry wt. toDs 

1.13 
1.11 
.98 
.94 

1.10 

1.05 

)ry welht 
entire plant 

2.04 
2.01 
1.58 
1.74 

. 

2.00 
9.37 
1.87 



There was no noticeable difference between this 

series and the preceding one. 

SERIES S-G: 

Series 

30 PARTS PER MILLION OF SULP}IUR. 

S-Gl 
S - G2 
S - G3 
S-G4 
S-G5 
Total 25 plants 
Average 5 plants 

Dry wt. tops 

1.18 
1.02 
1.08 
.95 

1.06 
5.29 
1.06 

Dry weight 
entire plant 

2.05 
1.78 
1.88 
1.72 
1.77 
9 .2C 
1.84 

There was no noticeable difference between this 

series and the preceding one. 

SERIES S-H: COMPLETE 6D PARTS PER MILLION OF SULPHUR. 

Series Dry wt. Dry weight 
of tope' entire plant 

S-Hi .85 1.53 
S-H2 .86 1.50 
S-H3 .95 1.67 
S-H4 .86 1.50 
S-H5 1.19 2.09 
Total 25 plants 4.71 8.29 
Pverare 5 plants .94 1.66 

The check with 60 parts per million of sulphur did 

not produce the yield of Series C to G inclusive but 

apparently was just ae healthy in every respect. 

TATI0 0F TOP TO ROOTS ANJ NTIP PLANT. 

Series Ratio entire plants Ratio of tops 
to tops to roots 

S-AS 1: .57 1: .745 
S-B 1: .56 1: .78 
S-c 1: .57 1: .77 
S-D 1: .57 1: .74 
S-E 1: .56 1: .77 
S-F 1: .56 1: .78 
S-G 1: .58 1: .74 
S-H 1: .57 1: .77 
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It woull. seem from the above table that the proper 

tion of sulphur does not stimulate any individual portion 

of the plant to the neglect of the remainder. here there 

is an increase in roots there is a proportional increase 

in tops. 

The average yield of each series is summarized in the 

folloin table. 

er1ee P.P.M. Ave. Dry "'t. Average Dry '7t. Yield Fer 
of tops entire plant Increment 

S-A 0 .51 .89 
S-B 5 .92 1.64 .328 
S-C 10 1.02 1.80 .18 
S-T) 15 1.16 2.02 .135 
S-E 20 1.06 1.88 .094 
S-F 25 1.05 1.87 .075 
S-G 30 1.06 1.84 .061 
S-H 60 .94 1.66 .028 

DDUCTI0TS FROM SULPHUR EXPERIMENT 

1. Alfalfa plants made a larger growth where suinhur 

was entirely lacking than where any other element studied 

was entirely lacking. 

2. As each increment of sulphur .as added there was 

no noticeable difference in the ratio of tops to roots 

and entire plant to tops. The entire lack of sulphur 

- 
may retard root growth slightly. 

3. The effects of a deficiency of sulphur were most 

noticeable in the leaves, which had small brownish pitted 

areas, with a general yellowish green color. 

4. 15 parts per million of sulphur produced the beet 
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yield, the additional increments after this haing no 

beneficial efíect on yield. Up to this point sulphur 

produced a stimulating effect characterized by healthy, 
large, thick, dark green leaes. 

5. For each increment and succeeding increment of 

sulphur added, up to 15 parts per million, the yield is 
increased., after which each additional increment doeS not 

pro'e beneficial. This is in accordance with the law of 

diminishing returns and the law of the soil. 

PART 3. PHOSPHORUS. 

t Phosphorus in the soil is present in organic combin- 

ations deri'ed from plant and animal residues and aLo in 
inorganic compounds, caused by the decomposition o± phos- 

phorus bearing minerals and. rocks such as apatite. It 
exists in a combination of formis of comelex silicates 
with calcium, pota siu.m, sodium and magnesium, most of 
which are rather stable compounds. The phosphates of 

these ions are mor soluble and are applied as fertilizer 
in this form, the calcium phosphates and potassiwri 

phosphates being most generally used. The effects 
of phosphorus on the plant are mainly two fold; first, 
it promotes root growth in a remarkable way during the 

early growth of the plant, and, secondly, it hastens 
the ripening processes and forms a portion of the seed. 
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in the last stages of plant growth. 

The close connection between cell division and phos- 

phate supply may account for the large amount of phos- 

phorus compounds stored up in the seed for the use of the 

young plant and also for the relatively large amounts of 

phosphorus used during the early stages of plant growth. 

Phosphorus is aleo a constituent of the nucleus of the 

cell. It plays an important part in the normal trans- 

formation of starch. Loew (26) (1999) found that fat 

and albumen accumulated in absence of phosphates, but 

the color was yellow and there was no cell division; 

and that as soon as a trace of potassium phosphate was 

added, energetic cell division took place. 

peed (27) showed that starch was formed in the ab- 

sence of phosphorus but did not change to sugars. An 

abundant supply of phosphorus increases the yield of 

grain to that of straw and also raises the quality and 

feeding value of the crop. 

The total number of parts per mil.ion of phosphorus 

was calculated for the experiment and since one milligram 

in i liter is equal to i part per million the number of 

grams of phosphorus in K2HPO4 was calculated, made up to 

a liter, each c.c. of which equals a number of parte per 

million. 

since the molecular weight of F2HPO4 is 174.31 and 



since the total parts per million 

or l.5'4 grams of' phosphorus, the 

K2HPO4 that would contain 1.524 g 

be 174.31 X 1.524 or d.5583 graimi 
31.04 

every .656 c.c. containing i part 
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o± phosphorus is 1524 

number of' grams of' 

rams of' phosphorus would 

made un to 1 liter, 

per million. 

The following table shows the parts pr million per 

jar, parts per million per series, and. nwber o± c.c. 

K2HPO4 solution added. 

Series P.P.M. Total P.P.M. c.c. K2HPO4 
in series athied 

P-A o o O 

P-B 2 12 7.b7 
P-c 4 24 15.75 
P-D b 48 31.50 
P-E 16 96 62.99 
P-F 32 192 125.98 
P-G 64 384 251.97 
P-H 128 7t58 503.94 

Total 1524 I.)00.00 

The nutrient solution for each series was ¡nade up 

of the folLowing salts, previous1 made up in stock so- 

lutions of' molal strength. Their strength in the cul- 

turai solution in parts per million o1lOws: 

'a1t No. c.c. Parts per million 
molal sol. 

CaU0'3)2 7 Ca 280 
N 196 

2SO4 5 K 391 
s 160 

Mg(NO3) 7 Mg 170 
N 196 

Total parts per million 1393 

Obser»-otions viere taken from time to time on the 

growth and general appearance of the plants. The tao- 

ulated. results o± their growth in grams follows: 
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SERIES P-A: O PARTS PER MILLION OF PHOSPHORUS 

Series 

P - Al 
P-A2 
P-A3 
P-A4 

P-A6 
Total o± 30 plan 
Average 5 Plants 

Average dry wt. 
of tops 

.04 

.03 

.03 

.03 

.03 

.03 
ts .19 

.032 

Average wt. 
entire plant. 

.08 
08 
.08 
.08 
.09 
.075 
.485 
.081 

Indeed, with no phosphorus present there was prac- 

tically no growth of tops, the leaves present being 

very small, turning brown at first around the edges 

and then dyin away. It will be noticed that the root 

growth weighs more than the tops; the energy of the 

plants to put out roots in search of food Is very ev- 

Ident. 

The roots had a dark brown color which could not 

be attributed to the Ph value of the solution aS the 

same Ph prevailed in all series throughout the exper- 

irnent. 

RIES P-B: 2 PARTS PR MILLION OF PHOSPHORUS. 

Series average dry weight tops Dry weight 
entire plant. 

P-Bi .47 .76 
P-B2 .49 .72 
P-B3 .50 .83 

' P-B4 .49 .77 
P-B5 .42 .72 
Total 25 plants 2.3? 3.80 
Average 5 plants .47 .76 

A very decided increase in growth was observed with 

2 parts per million of phosphorus. The plants grew weil 
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for 2 weeks but the growth finally slowed down, so:e o± 

the 1eares turning brown and. dying. after another two 

weeks the roots turned a light brown color which had. been 

pre'-iously white and. lustrous. 

Series P-C 4 PARTS PER MILLION OF PHOSPHORUS. 

Series Awe. dry wt. Ae. dry wt. 
of tops entire plant 

P-Cl .65 .97 
P-C2 .78 1.10 
P-C3 .71 1.00 
DC4 .60 .92 
P-05 .UO 1.12 
P-C6 .2 1.13 
Total 30 plants 4.36 6.24 
A-erage 5 plants .73 1.04 

Umost a like increase in growth was obser'ed with 

4 parts per million of phosphorus. 

healthy, the roots remaining white 

out the experiment. The proportion 

much wider than in the two pre'ious 

ment of the roots being as great as 

parts per million of phosphorus was 

The p1ants appeared 

md lustrous through- 

of roots to tops was 

series, the dei-elop- 

Series G where 64 

present. 

SERIES P-D : 8 PARTS PER AILLION OF PHOSPHORUS. 

Series Ae. dry wt. ire. dry wt. 
* of tops entire plant 
P-Dl .85 1.16 
P-D2 .86 1.13 
P-D3 1.01 1.33 
P-D4 .82 1.13 
Total 20 plants 3.54 4.75 
A?erage 5 plants .885 1.19 

* 

A majority of plants died. in 2 jars and. are not 

included in the experiment. 
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In this series it will be obser'ed that the yield of 

roots was approximately the same as in Series C, while a 

substantial increase in tops was obtained. 

SERIES P-E : 16 PARTS PER LIILLIONOP PHOSPHORUS. 

Series Ae. dry wt. A'e. dry wt. 
of tops entire plant 

P-El .82 1.12 
P-E2 .86 1.22 
P-E3 .75 1.09 
P-E4 .83 1.14 
P-E5 .76 1.08 
P-E6 .75 1.05 
Total 30 plants 4.77 6.70 
Aerage 5 plants .80 1.12 

There was no response to a further addition of 

phosphorus in series F-D, P-E, P-F, and P- being nearly 
the same in both root and top Vield.. 

SERIES P-F : 32 PASTS PER L1ILLION OF PHOSPHORUS. 

Series A'-e. dry wt. Ae dry wt. 
of tops entire plant 

P-Fl .84 1.10 
P-.i'2 .87 1.14 
P-P3 .79 1.07 
P-F4 .81 1.17 
P-ES .83 1.17 
?-F6 .72 .99 
Total 30 plants 4.86 6.64 
A-erage 5 pl'mnts .81 1.11 

SERIES P-G : 64 PARTS PER 1iILLION OF PHOSPHORUS. 

Series Ae. dry wt. Am-e. dry wt. 
of tops entire plant 

P-G1 .77 1.10 P-G2 .87 1.23 P-G3 .76 1.05 P-G4 .96 1.35 ?_G5 .76 1.05 Total 25 plants 4.12 Arerage S plants .82 1.15 



3EIS P-H 128 PARTS PER LIILLION O PHOSPHORUS. 

Series 

P-if' 

P-H2 
?- E3 
P- H4 
P- H5 
Total 25 plants 
A-erage b p1ant 

'--e. dry wt. 
of tops 
1.39 
1.44 
1. 14 
1.17 
1.25 
6.39 
1.28 

A'e. dry wt. 
entire plant 

1.92 
1.94 
1.67 
1.60 

1.25 

8.78 
1.76 
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A substantial increase in yield s obtained both in 

top and. roots in this series ow-er 3eries G. In general 

the p1nts were no taller but somewhat bushier, each plant 

sending out more shoots. he plants were --ery robust in 

appearance. 

RATIO OF TOPS TO ROOTS AND ENTIRE PLANT. 

Serios P.P.ì.. 

P- A 
P- B 
P- C 
P- D 
P- E 
P-F 
P- G 
P- H 

O 
2 

4 
8 

16 
32 
64 

128 

Ratio entire plant 
to tops 
i : .40 
i : .62 
I : .70 
i : .74 
1 : .71 
i : 73 
i : .71 
1: .73 

Ratio of tops 
to roots 
i : 1.53 
1 : 

1 : .425 
1 : .35 
1 : .40 
1 : .37 
1 : .40 
J_ : .375 

'Jhere no parts per million of phosphorus are present 

the root yield was 1?- times as great as the tops but 

as each increment of phosphorus is added the tops out- 

yield the roots until a nearly uniform ratio is established. 

o± 1 part o± top to .4 o± roots at 16 parts pr million. 
.hen differences in grov.'th were noticeable, a group 

photograph was taken o a tìpica1 culture of each series 

to show the comparison of the relatie growths made. 
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The a-erage yield o± each series is plotted, below 

with the milligrams of phosphorus in an endea'-or to show 

the yield and increasing jield per additional increment 

of the limiting element phosphorus and to indicate the 

approximate concentration needed. 

The aerage yield of the phosphorus experiment is 

summarized in the following table: 

Series P.D.LI. Tops total Yield. per increment 

P-A 0 .032 .Odl 
P-B 2 .47 .7 .380 
P-C 4 .73 1.04 .260 
P-D 8 .88 1.19 .l9 
P-t lb .80 1.12 .070 
P-P 32 .81 1.11 .035 
P-G 64 .82 1.15 .018 
P-H 128 1.28 l.7b .014 

DEDUCT I Oils PROM PHO $Pll0U S FXP1RIME.NT. 

1. Plants v;ill not grow where there i a lack of 

phosphorus but will respond. rapidly to a small addition 

of phosphorus. 

2. xcept for rapidity of growth there was no iio- 

ticeable physiological effect on the tops, except where 

there is an entire lack o phosphorus. 

3. That phosphorus is important in the de'-elop- 

ment of the roots is shown by the narrow ratio where 

phosphorus was limitel, a larger portion o± the plant 

gro\.'th taking place in the roots. 

4. The increase per increment was greatest when 

the initial increment 0±' parts per million vías added, 
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a good. yield being secured with 8 parts per million. 
5. It seems e-ident from the experiment that but 

a few parts per million of phosphorus if maintained. for 
plant growth will meet the requirement. 

PAZtT 4. CALCIUM. 

Calcium is an essential plant food element, its pre- 
sence being necessary for the proper derelopment of all 
the higher forms of plant life. 

Calcium occurs in the intercellular wall in the form 

of calcium pectate, materially aiding in the selecti'-e 
ubsorption and metabolism o± the cell. In its absence, 
magnesium iay take its place in part, but only to the 
detrimental effect of the plant. 

Calcium is known to gi'e tone and "igor to the plants 
as has been shown in the experiment and. it also counter- 
acts the effects of excessi-e amounts of sliìc iaaterial 
in alkaline soils. 

Calcium plays an important part in protein metabo- 
lism combining with the acids formed. by the process, thus 
aroiding injury to the plant. 

ixcessie amounts o± calcium produce a strong, healthj 
looking plant with good. root de'elopment while d.eficient 
amounts greatly redUces the root deelopment, re- 
tarding seriously thegrovith of the pl:.int. 
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The plants were grown as outlined previously. The 

grame of Ca(N04R20 was calculated so that the calcium 

contained therein equalled the total parts per million 

in the series. 

Since the molecular weight of Ca(TO3)2.4Hp0 is 

236.18 and since the 

is 855 or .855 grams 

calcium nitrate that 

would be 236.18 X 
40.07 

ter, every 1.17 c.c. 

e i um. 

total parte per million of calcium 

of calcium, the number of grams of 

would contain .855 grams of calciam 

855 or 5.048 grams made up to i li- 

containing i parts per million cal- 

The following table shows the parte per million per 

jar, perte per million per series, and number of C.C. 

calcium nitrate solution added. 

Series P.P.M. Total P.P.M. c.c. Calcium Ni- 
inseries. trate to aId. 

Ca-A O C O 

Ca-B 1 9 10.5 
Ca-C 3 18 21.0 
Ca-D 6 36 42.1 
Ca-s 12 72 84.2 
Ca-F 24 144 168.4 
Ca-G 32 192 224.6 
Ca-Ii 64 384 449.2 

855 1000.0 

The nutrient solution for each series was made up 

of the following salts, previously made up in stock so- 

lutions of molal strength. Their strength in the cul- 

turai solution in parts per million follows: 



salte No. c.c. molal Parts per million. 
s oint ion. 

K2HPO4 i K 78 
P 31 

I7P0A 5 K 196 
P 155 

Mg(NO3)2 8 Mg 194 
N 224 

K2SO4 4 K 313 
S 128 

Total .arts Per :.iillion 1319 

Observations viere taken from time to time on the 

growth and general appearance of the plants. The tabu- 

lated results of their growth in grams follows: 

P.P.M. No. ?iants Dry wt. tops Dry wt. entire 
plant 

25 .125 .130 
O-Series A 
Average 5 plants .025 .026 

30 .150 .174 
1--Series B 
Average 5 plants .025 .029 

30 .150 .174 
3-Series C 

Average F plants .025 .029 

30 .354 .402 
6-Series D 
Average 5 plants .059 .067 

The plants in the above series made little or no 

growth. In a few days the roots turned dark brown. The 

leaves became ehlorotic with a reddish tinged dying pre- 

maturely. In the series containing 6 parts per million 

the few leaves put out were de±'ormed,forming a whorl ef- 

fect. It is very evident that the lack of calcium 
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retards all growth processes. 

SIS Ca-s: 12 PARTS PER MILLION OF CALCIUM. 

Series Dry weight tops Dry wt. entire pit. 

Ca-El .70 .94 
Ca-E2 .67 .90 
Ca-E3 .58 .81 
Ca-E4 .60 .85 
Ca-5 .55 .73 
Ca-E6 .66 .88 
Total 3.76 5.11 
Average 5 plants .63 .85 

The plants in this series still showed a decided 

effect from the lack of calcium. The leaves in many in- 

stances were small and chlorotic,in some instances a 

whorl o± deformed leaves being formed. 

SERIES Ca-F: 24 PARTS ?R MILLION O CALCIUM. 

Series Dry wt. of tope. Dry wt. entire plant. 

Ca-Fl .80 1.08 
Ca-F2 .68 .98 
Ca-F3 .88 1.18 
Ca-F4 .70 1.05 
Ca-F5 .81 1.15 
Ca-F6 .80 1.12 
Total 4.67 6.51 
Average 5 plants .7S 1.09 

SERIES Ca-s: 32 PARTS PR MILLION OF CALCIUI. 

Series Dry wt. of tope. Dry wt. entire plant. 

Ca-al 1.04 1.39 
Ca-G2 .90 . 1.19 
Ca-G3 1.01 1.40 
Ca-4 .92 1.28 
Ca-5 1.04 1.39 
Ca-6 1.05 1.43 
Total 5.96 8.o 
Average 5 plants .995 1.35 
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SPIiS Ca-H: 64 PARTS PER MILLIOU OF' CALCIUM. 

Serles Dry wt. of tops. Dry wt. entire plant. 

Ca-Hl 1.02 1.42 
Ca-H2 1.10 1.53 
Ca-R3 .87 1.32 
Ca-114 .85 1.20 
Ca-H5 .99 1.21 
Total 4.73 6.68 
verae 5 plants .95 1.34 

Ju$t before the close of the experiment Series F 

showed a chiorotic effect which hindered growth to some 

extent. Series H had a shorter, stockier root system 

than Series , otherwise they appeared about the same. 

RATIO OF TOPS TO ROOTS AND tTTfl PLANT. 

Series Ratio of entire plant Ratio of tops 
to tops. to roots. 

Ca-A 1: .96 1: .04 
Ca-B 1: .86 1: .16 

Ca-C 1: .86 1: .16 
Ca-D 1: .88 1: .14 
Ca-Bi .: .74 1: .35 
Ca-F 1: .72 1: .35 

Ca-G 1: .74 1: .35 
Ca-H 1: .71 1: .41 

From the above table it can te easily seen that the 

ratio of top to roots gradually narro.vs,showing that in 

the absence of sufficient calcium root growth is seri- 

ously retarded. 

r!hen differences in growth were noticeable, a group 

photograph was taken of a typical culture of each series 

to show the comparison of the relative growths made. 

The average yield of each series is summarized in 

the following table. 
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Series P. P. M. verage dr wt. Ave dr wt. Yield per 
of tops. entire plant. increment. 

Ca-A 0 .025 .026 
Ca-B ij- .025 .029 .02 
Ca-C 3 .025 .029 .01 
Ca-D 6 .059 .067 .011 
Ca-E 12 .63 .85 .071 
Ca-F 24 .78 1.09 .045 
Ca-a 32 .995 1.35 .042 
Ca-H 64 .95 1.34 .021 

The average ,yield in each series is shown telow 

plotted with the milligrams of calcium in an endeavor 

to show the yield an increasing yield per additional 

increment of the 1imitin element calcium and to indi- 

cate the approximate concentration needed. 

D XJCT IONS FROM CALC IUM EXPER IMNT. 

1. More parts per million of calcium are nece- 

ssary for the first sutetantial increase in growth than 

for any other of the essential elements studied. 

2. A deficiency of calcium greatly hinders the 

root development of alfalfa plants, the ratio of tops 

to roots narrowing as each successive increment of cal- 

cium is added. 

3. Excessive amounts of calcium causes a stocky 

healthy looking plant with a stout excellent root. 

4. ach increment from 6 to 12 parts per million 

produced the greatest yield per part per million while 

increments added after 32 parts per million did not fur- 

ther the srrowth to any great extent. 
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5. The presence of large quantities of marnesiurn 

in proportion to the calciin present up to an3. including 

6 parts per million is probably a li.mitin' factor in 

plant growth. Other portions of the experiment show that 

a t'ide ratio of calcium and magnesium can exist, little 

harm teing done if an adequate amount of calcium is 

present. 

PLRT 5. MA.GIESflJI. 

1agiesium is en essential plant food element and like 

phosphorus, finally moves to the seed, and is thus in con- 

trast with calcium and potassium which remains behind in 

the leaf and straw, 

Although magnesium plays a role in the formation of 

chlorophyll and oils, it later roves to the seed being 

present in larger quantities in seeds of an oily nature. 

Magìesium salts may become toxic to plants here 

there is a aeficiency of calcium, but that plants require 

a definite calcium-magnesium riìtio is doubtful. That 

magnesium is an esEential element is substantiated by the 

experiment in the behavior of the plants grown in the 

absence of it. 

Magnesium Is generally presented in soils in suÍ- 

ficierit quantities for plant growth in the form of sUl- 

phates, carbonates, phosphates, aluminates and sili- 

cates. It is applied as a fertilizer in the form of 
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magnesium nitrate and magnesium sulphate. 

The plants were grown as outlined previously. The 

grams of magnesiulri nitrate was calculated so that the 

magnesium contained therein equalled the total parts per 

million in the series. 

since the molecular weight of Mg(NO3)2.6H20 is 

256.476 and since the total parts per million of magne- 

sium is 1524 or 1.524 grams of magnesium, the numter of 

grams of magnesium nitrate that would contain 1.524 grams 

of magnesium would be 256.476 X 1.524 or 16.072 grams 
24.32 

made up to 1 liter every .656 c.c. containing i part per 

million of magnesium. 

The following table shows the parts per million per 

jar, parts per million per seiiee, and number of c.c. 

magnesium nitrate solution added. 

Series ppM Total P.P.M. Magnesium nitrate 
in series. to add. 

Ig-A o o o.oc 
Mg-B 2 12 7.88 
Mg-C 4 24 15.75 
Mg-D 8 48 31.49 
Mg-E 16 96 62.99 
1g-F 32 192 125.98 
Mg-G 64 384 251.97 
Ig-H 128 768 503.94 
Total 1524 1000.00 

The nutrient solution for each series was made up 

of the fo1lo"ing salts, previously made up in stock 

solutions of molal strength. Their strength in the cui- 

turai solution in parts per million follows: 
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Salt 1o. c.c. molal 
solution 

K2HPO4 i K 
P 

2PO4 5 K 
P 

KIIO3 7 K 
N 

CaSO4 saturated olut. Ca 
S 

Total parts per million 

Parts Per Million 

78 
31 

196 
155 
273 
100 
245 
198 

1276 

Observations were taken from time to time ori the 

rowth anI general appearance of the plants. The tab- 

ulatei results of their growth in grams follows; 

SRIiS Mg-A: C PARTS P2R MILLION MANSIULI. 

Series Dry wt. tops. Dry wt. entire plant. 

Mg-Al .20 .26 
Mg-A2 .14 .18 
Mg-AZ .14 .19 
Mg-A4 .15 .20 
Mg-AF .24 .26 
Total .84 1.09 
Average 5 plante .17 .22 

The lack of magnesium was very evident from the 

growth of the plants, the leaves becoming chiorotic, 

later dropping off, leaving the bare stem. growth 

practically ceased after the first 10 days. 

SIS Mg-B: 2 PARTS PR MILLION MGNSIUM. 

Series Dry wt. tops. Dry wt. entire plant. 

Mg-Bi .68 .89 
Mg-B2 .64 .84 
Mg-B3 .69 .90 
Mg-B4 .53 .77 
Mg-B5 .52 .74 
Total 3.06 4.14 
Ave. 5 plants.61 .83 



There was a very decided increase in growth in this 

series; the effect of a deficiency of magnesium b came 

evident only during the later part of the growth of the 

plants. 

SERIES Mg-C: 4 PARTS PR :iILLIO TSImI. 

series Dry wt. tops 

Mg-Cl .60 
Mg-C2 .66 
Mg-C3 .67 
Mg-C4 .71 
Mg-05 .60 
Total 3.25 
Average 5 plants .65 

Dry wt. entire plant. 

.82 

.90 

.91 

.97 

.82 
4.42 
.88 

5zRIs Mg-D: 8 PARTS R MILLIOì MAJSIUM. 

Series Dry wt. tops 

Mg-Dl .67 
Mg-D2 .64 
Mg-D3 .60 
Mg-D4 .86 
Mg-D5 .60 
Total 3.37 
Average 5 p1ns .67 

Dry wt. entire plant. 

.92 

.90 

.86 
1.12 
.82 

4.62 
.92 

SERLES Mg-E: 16 PARTS PR MILLION MAGNESIIThI. 

Series Dry wt. tops 

Mg-sl .68 
Mg-E2 .75 
Mg-E3 .60 
Mg-4 .59 
Total 2.62 
Average 5 plants .655 

Dry wt. entire plant. 

.92 
1.08 
.84 
.84 

:3 . 68 
.92 
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SEIES Mg-F: 32 PARTS PR MILLIOIT MAGNSILTM. 

Series Dry wt. tops 

Mg-Fl .66. 
Mg-F2 .77 
Mg-F3 .61 
Mg-F4 .75 
Mg-F5 .75 
Mg-F6 .73 
Total 4.27 
Average 5 plants.71 

Dry wt. entire plant 

1.00 
1.08 
.91 

1.10 
1.09 
i .06 
6.24 
1.64 

sRIS Mg-G 64 PARTS PiER MILLION MAaNSIUM. 

Ser1e Dry wt. tops 

Mg-1 .77 
Mg-G2 .91 
Mg-G3 .90 
Mg-4 .70 
Total 3.28 
Ave. 5 plants .82 

Dry wt. entire plant 

1.07 
1.24 
1.26 
i .02 
4.59 
1.15 

SERIES Mg-H: 128 PARTS PR MILLION MAGNSIU1L 

Series Dry wt. tops Dry wt. entire plant 

.90 1.35 
Mg-H2 .91 1.33 
Mg-H3 .91 1.36 
Total 2.72 4.04 
Ave. 5 plants .91 1.35 

A slight increase in growth was observed. as each 

additional increment of magnesium was added. In 

Series c an H there seemed to be a stimulating effect 

produced. 



PATIO OF TOP TO ROOTS AND NTE PLUT. 
Series Patio of entire plant 

to tops. 
Mg-A 1: .77 
Mg-B 1: .735 
Mg-C 1: .734 
Mg-D 1: .73 
Mg-s 1: .71 
Mg-F 1: .68 
Mg-G 1: .71 
Mg-H 1: .67 

Ratio of tops to 
roots. 

1: .29 
1: .36 
1: .36 
1: .37 
1: .405 
1: .46 
1: .40 
1: .48 

As each increment of magnesium was added there was 

a tendency for the proportion of tops to roots to narrow. 

The root development was rather poor when magnesium was 

lacking. 

"Then differences in growth were noticeable, a group 

photograph was taken of a typical culture of each series 

to show the comparison of the relative growths made. 

The average yield o± each series is summarized in 

the following table: 

Series P.P.M. Average dry wt. 
of tops 

Mg-A O .17 
Mg-B 2 .61 
Mg-C 4 .65 
Mg-D 8 .67 
Mg-E 16 .655 
ißg-F 32 .71 
Mg-G 64 .82 
Mg-H 128 .91 

Average dry wt. Yield pa' 
entire plant. increment. 

.22 

.83 .415 

.886 .222 

.92 .115 

.92 .058 
1.04 .032 
1.15 .018 
1.35 .011 

The average yield in each series is showr below 

plotted with the milligrams of magnesium in an endeavor 

to show the yield and. increasing yield per additional 

increment and to indicate the approximate concentration 

needed. 
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DEDUCTIONS FROM MAGNSIUM IXPERIM3NT. 

1. 'There there wae a total lack of mageeium the 

leaves became chlorotic, wilted and dropped off, leaving 

the bare stems. This was noticeable to a slight degree 

with 2 parts per million of magnesium. 

2 A narro'iing of the ratio of tops to roots was 

evident with increasing parts per million. 

3. Two parts per million gave by far the largest 

increase per increment with a slight increase in yield 

per additional increment up to 28 parts per million. 

The increase in yield for each additional increment 

diminished, which is in accordance with the law of di- 

minishirw returns and the law of the soil. 

4. There was no noticeable magnesium injury with 

128 parts per million of magnesium, the nutrient so- 

lution containing 245 parts per million 0±' calcium. 

On the other hsnd, in the calcium experiment there was 

136 parts per million of manesum, and no substantial 

growth occurred with O parts per million of calcium. 

This lack of growth may be either from the lack of cal- 

cium or from magnesium injury. 

PART 6. POTASSIUM. 

Potassium is an esentia1 element whose physiolo- 

gical role in plant nutrition is the development of the 
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starchy rnateri8l of plants; the leaf stock and starchy 

portions of the seea. 2otaeeium starvat1oi cari be rea- 

dily detected as the effect upon the plant is localized. 

A chiorotic appearance of the leaves, weak stems which 

do riot stand up well and lo of weight of the seed are 

apparent where potassium ie lacking. There is a large 

loss in efficiency through impaired photo-synthesis 

translocation activitlee due to the absence of potassium. 

Potassium is applied as a fertilizer in the form of 

potassium nitrate, sulphate, snd phosphates. 

Heliriegel has shown that equivalent amounts of the 

solule compounds of potassium have practically the same 

nutritive value. 

The plants were grown as outlined previously. The 

grams of K2H204 was calculated so that the potassium 

contaïne. therein equalled the total parts per million 

in the series. 

Since the molecular weight of K2HO4 Is 174.31 

and since the total parts per million o± potassium is 

1998 or 1.998 grams of potassium, the number of grams 

of Y2HPO4 that would contain 1.998 grams of potassium 

would be 174.31 X 1.998 or 4.4536 grams made up to i 
78.2 

liter every .5 c.c. containing i part per million of 

potassium. 

The following table shows the parts per million 

per jar, parts per million per series, and number of 
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c.c. K2HPO4 solution added. 

Series P.P.M. Total P.?.M. Potassium nitrate 
in series to add 

K-A O O O 
K-B 3 18 9 

K-C 6 36 18 
K-D 12 72 36 
K-3 24 144 72 
K-F 48 288 144 
K-G 96 576 288 
K-H 144 864 433 
Total 1998 1000 

The nutrient solution for each series was made up 

of the following salts, previously made up in stock 

solutions of molal strength. Their strength in the cul- 

turai solution in parts per million follows: 

Salt iTo. c.c. molal Parts per 
solution million 

CaHPO4 6 Ca 240 
P 186 

MgSO4 6 Mg 146 
5 192 

Ca(NO3)2 7 Ca 280 
N 196 

Total parts per million 1240 

Observations were taken from time to time on the 

growth and general appearance of the plants. The tabu- 

lated results of their growth in grams follo's. 

SflRI3S K-A: O PARTS PR MILLION POTASSIUM. 
Series Dry wt. tops Dry wt. entire plant 

K-Al 
K-A2 
K-A3 
Total 
Average 5 

The plants 

being small and 

.23 .30 

.28 .38 

.22 .29 
;-73 .97 

p1!nts.24 .32 

were chiorotic in appearance, the leaves 

dwarfed. The stems were thin and tendéd 
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to rec1ne on the jare. The series had. a decided unheal- 

thy appearance. 

SERIES K-B: 3 PARTS PR MILLION POTASSIUM. 

Serles Dry wt. tops Dry wt. entire plant 

i-Bl .81 1.11 
I-B2 .51 .80 
-B3 .64 .93 

K-B4 .48 .76 
7-B5 .60 .85 
Total 3.04 4.45 
Avera'e 5 plants .61 .89 

A general lack of uniformity in the growth of the 

plants was observed. Some of the plants maintained a 

fairly good growth while others were chiorotic and. of 

a spindly nature. The lack of potassium, however, was 

evNent. 

SERIES K-C: 6 PARTS PR MILLION POTASSIUM. 

Series Dry wt. tops Dry wt. entire plant 

K-Cl .70 1.05 
K-C2 .84 1.21 
K-C3 .57 .87 
Total 2.11 3.13 
Average 5 plants .70 1.04 

SIRIFS K-D: 12 PARTS PR MILLION POTASSIUM. 

Series Dry wt. tops Dry wt. entire plant 

K-Dl .90 1.23 
K-D2 .62 .98 
K-D3 .70 1.06 
K-D4 .72 1.05 
Total 2.94 4.32 
Average 5 plants .735 1.08 
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T-:I:s X-: 24 PARTS P MILLION POTASIUM. 

Serles Dry \vt. tope Dry wt. entire plant. 

K-El .81 1.09 
K-E2 .81 1.12 
K-E3 1.00 1.46 
K-E4 1.01 1.41 
K-E5 .78 1.12 
Total 4.41 6.20 
Average 5 plants .88 1.24 

3iRITS K-F: 48 PARTS PR MILLIOI POTASSIUM. 

Series Dry wt. tops Dry wt. entire plant. 

.80 1.09 
K-F2 .86 1.20 
K-F3 .97 1.34 
Total 2.63 3.63 
Average 5 plants .88 1.21 

SEPIS K-G: 96 PARTS PR MILLIO1 POTASSIUM. 

Series Dry wt. tops Dry wt. entire plant. 

K-al .77 1.11 
K-42 .81 1.10 
K-G3 .92 1.27 
K-4 .70 .98 
Total 3.20 4.46 
Average 5 plants .80 1.115 

SERIES K-H: 144 PARTS PER MILLION. 

Series Dry wt. tops Dry wt. entire plant. 

K-Hi 1.01 1.38 
K-H2 .91 1.25 
K-H3 .83 1.17 
Total 2.75 
verae 5 plants .92 1.27 

In general a s1tht increase in yield was evident 

as each increment of potassium was added. The general 

health and vigor of the plants increased, shown chiefly 

by the size and color of the leaves, and by the size 
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and strength of the stem. A number of jars were exclu- 

deel from the experiment due to the mortality of one or 

more plants, and the development of mold. 

PATIO OF TOPS TO ROOTS AD ENTIRE PLA1T. 

Series P.P.M. Ratio of entire plant Ratio of tops 
to tops. to roots 

K-A 0 1: .75 1: .33 
K-B 3 1: .685 1: .46 
K-C 6 1: .67 1: .486 
K-D 12 1: .68 1: .483 

24 1: .71 1: .41 
K-J? 48 1: .73 1: .376 
K-G 96 1: .72 1: .39 
K-H 144 1: .724 1: .38 

Starting with a wide ratio at O parts per million 

there is a rapid narrowing remaining rather constant be- 

tween 6 and 12 parts per million, where it radua1ly 

widens again. This ;vould seem to indicate that potassium 

furthers root development in the plants. This accomp- 

lished, it develops the vegetative growth, consequently 

widening the ratio considerably. 

The average of each series is summai'ized in the 

following table: 

series P.P.M. Average dry Average dry wt. Yield per 
wt. tops entire plant increment 

K-A O .24 .32 
K-B 3 .61 .89 .297 
K-C 6 .70 1.04 .173 
K-D 12 .735 1.08 .090 
K-E 24 .88 1.24 .050 
K-F 48 .88 1.21 .025 
K-G 96 .80 1.115 .012 
K-H 144 .92 1.27 .009 

The average yield in each series is shown below 
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plotted with the milligrams of potassium in an endeavor 

to show the yield and increasing yield per additional in- 

crement of the limiting element potassium and to indicate 

the approximate concentration 'rieeted. 

DEDUCTIONS FROM POTASSIUM EXPERIMENT. 

1. without potassium plant growth was seriously im- 

paired. The leaves vere small, dliii and. chlorotic. The 

stems were spindly and reclined for support. 

2. A wide ratio was found between the tops and oote 

which rapidly narrowed remainin constant between 6 and 

12 parte per million where it gradually widened aeain. 

From the results it would seem that potassium furthers 

the proper development of the root system after which its 

effect is shown by the increase in vegetative growth. 

3. An initial increment of 3 parts per million 

caused a decided increase in yield, a substantial increase 

being shown with 24 parts per million. 

4. For each increment an succeeiin- increment of 

potassium added, the yield is increased, the increase in 

yield dirninishirw as each increment is added. This is 

in accordance with the law of diminishing returns and 

the law of the soil. 
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ET:AL DISCUSIOIT. 

The experiment involved the ue of approximately 

300 cultures each containing 5 plante. The methode em- 

ployed with the different elements were the same 

throughout. Since the olants in each part were not grown 

at the same time of the year the yields are not compar- 

able with each other. he cultures grown in the spring 

un'ler rapid growing conditions showed marked differences 

in growth much sooner than the winter grown plants, re- 

ducing the oossibility of experimental error. 

Then mold or bacterial growth retarded the growth 

of the plants or where plants were injured or 'lied the 

culture was discarded from the experiment. 

It should e made clear that the nutrient contained 

in the seed should not e overlooked in considering the 

results of the solutions where there is an entire lack 

of the element. This would also have an effect on suc- 

ceeding series depending upon the use of the element in 

question in relation to ite presence in the seed. 

The results obtained should be valued conservative- 

ly, since the seeds of different crops are similar in 

composition and respond to a different proportion of the 

essential elements. xternal factors and the conditions 

under which plants are grown should be taken into con- 

siderat ion. 



There was a general tendency for the plants in all 

cases to s1iht1y change the Ph of the solution toward 

neutrality. The addition of i c.c. ! HOi was used to 

correct this change. 

The following ta1e shows the crop producing power 

of 1inited quantities of the essential elements studied. 

NITRON SULPHUR 

P.P.M. Total Yield per P.P.M. iotal Yield per 
Yield Increment Yield Increment 

o .43 0 .89 
2 .74 .37 5 1.64 .328 
4 1.05 .262 10 1.80 .180 
8 1.34 .168 15 2.02 .135 

16 2.05 .128 20 1.83 .094 
32 4.09 .128 25 1.87 .075 
64 4.16 .065 30 1.84 .061 

60 1.66 .028 

PHOSPHORUS CALO I1ThI 

o .081 0 .026 
2 .76 .380 1 .029 .02 
4 1.04 .260 3 .029 .01 
8 1.19 .149 6 .067 .011 

16 1.12 .070 12 .85 .071 
32 1.11 .035 24 1.09 .045 
64 1.15 .018 32 1.35 .042 
128 1.76 .014 64 1.34 .021 

AGNESIUI POTASSIUM 

0 .22 0 .32 
2 .83 .415 3 .89 .297 
4 .836 .222 6 1.04 .173 
8 .92 .115 12 1.08 .090 

16 .92 .058 24 1.24 .050 
32 1.04 .032 48 1.21 .025 
64 1.15 .018 96 1.115 .012 

128 1.35 .011 144 1.27 .009 

For convenience and round numbers, parts per million 

were used in the above table; i P.P,M.=.9 milligrams. 
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SU1IARY. 

1. Under the conditions of the experiment 64 parte 

per million of nitrogen wa not sufficient to mature 

wheat. At approximately 30 parts per million a decided 

decrease in yield is apparent for each additional part 

per million added. 

2. The lack of nitrogen causes a chlorotic, sickly 

looking plant, the tips of the leaves first turning yel- 

low, the leaves yellowing and finally wilting and dying. 

Successive leaves are developed, each set becoming less 

vigorous as the others die, until the plant itself suc- 

curnbs. Such a procedure might indicate that wheat plants 

may have the power to transfer nitrogen from the dying 

leaves to the growing parts of the plant for reuse. 

.3. Alfalfa plants were able to make a fairly sub- 

stantial growth where sulphur was entirely lacking. 

4. A beneficial effect seemed apparent for each 

succeeding increment up to 15 parts per million after 

which further additions resulted in no further increase 

i_n yield. 

5. The alfalfa plants remained practically dormant 

where phosphorus was entirely lacking. he plants re- 

sponded well with the addition of 2 parts per million 

with a gradual increase to 128 parts per million. 

6. The development of the roots in preference to 
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the tops was outstanding even with 2 parts per million of 

phosphorus. 1is was in direct contrast with the lack 

of calcium. 

7. Under the conditions studied, the experiment in- 

iictes that as long as calcium and other nutrients are 

present in sufficient quantities the detrimental effects 

of magnesium was not observed. However, with less than 

6 parts per million of calcium the toxic effect of mag- 

neium waE evident. 

8. The presence of sufficient calcium produces a 

strong, healthy plant with a stocki root syetem as ob- 

served with 32 and 64 parts per million. 

9. The lack of magnesium was very evident from the 

growth of the plants, the leaves becoming chiorotic, 

later dropping off, leaving the bare stems. 

10. The small increase in yield after 2 parts per 

million was aridei would seem to indicate that only a 

small quantity of magnesium is necessary for the proper 

development of the plants. 

11. There was an unhealthy spindly appearance of 

plants grown in solutions lacking 

resnonded readily to the adition 

lion of otaesium after which the 

gradual. 

12. The first increment of 

ments except calcium was the most 

potassium. The plante 

of 24 parts per mil- 

increase in yield was 

all the essential ele- 

ef±icient in crop 
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producing power, calcium being most efficient with 12 

parts per million. 

13. 3ince plants use a large proportion of their 

nutrients for plant growth during the first six or eight 

weeks, the initial concentration of the soll solution and 

the rate In which it recovers these losses is indeed Im- 

portant. 
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