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TWELVE TEXT FIGURES

INTRODUCTION

For the development of higher plants the chemical elements

carbon, hydrogen, oxygen, nitrogen, phosphorus, sulphur, cal-

cium, magnesium, potassium, and iron are unquestionably neces-

sary. Carbon mainly derived from the carbon dioxide of the

air, together with hydrogen and oxygen, which enter through

the roots in the form of water, make up by far the greater por-

tion of the plant substance. But the other necessary elements

must be supplied and they also enter through the roots from
aqueous solution. With the exception of iron, of which but

little is needed, these essential elements must be furnished in

relatively large amounts.

That higher plants require nitrogen, sulphur, phosphorus, cal-

cium, magnesium, potassium, and iron in an aqueous solution

about their roots was pointed out very early by Bimer and
Lucanus .

2 These writers supplied the necessary elements in

1 Botanical contribution from the Johns Hopkins University, No. 58.
2 Birner, H., and Lucanus, B., Wasserculturversuche mit Hafer. (In

der agr.-chem. Versuchs-station zu Regenwaide i. J. 1864 durchgefiihrt.)

Landw. Versuchsst. 8 (1866) 128-177.
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the form of the salts monopotassium phosphate, calcium nitrate,

magnesium sulphate, and ferric phosphate. Oat plants grown

in solutions that lacked any of these elements were found to

have much smaller dry weights than those grown in the full

nutrient solution. Similar experiments by later workers with

many other kinds of higher plants have given the same general

results; namely, that the dry yield is much greater when all

seven of these elements are present in the culture solution than

when one or more of them are omitted.

Birner and Lucanus also showed that these seven are the

only elements that are necessary for excellent growth of oat

plants. There has been considerable discussion, however, among
various writers as to whether certain other elements may not

be essential for plants in general or for certain plants in

particular. Nobbe and others, for example, believed that chlor-

ine was necessary for the complete development of the buck-

wheat plant. 3 Beyer 4 reported that the fruiting of oats and
peas was not normal in culture solutions that lacked chlorine.

Also, Salm-Horstmar 5 was of the opinion that silicon and man-
ganese were necessary for oats. But from all the work that

has been done it may be concluded that for most higher plants

only the seven elements mentioned above are to be regarded as

essential constituents of the nutrient solution.

There still remains, however, the problem as to whether plant

growth may not be significantly accelerated in the presence of

nonessential elements, and modern investigators have studied

the effects of a number of such elements. Of course it is well

known that many unnecessary elements act as poisons and re-

tard plant growth when supplied in certain concentrations, and
the problem thus suggested has also been taken up by many
writers.

8 Nobbe, F., and Siegert, T., Ueber das Chlor als specifischen Nahrstoff

der Buchweizenpflanze, Landw. Versuchsst. 4 (1862) 318-340, and 5 (1863)

116-136; Beitrage zur Pflanzencultur in wasserigen Nahrstoff Losungen.

II. Ueber das Chlor als Pflanzennahrstoff, Landw. Versuchsst. 6 (1864)

108-120. Nobbe, F., Ueber die physiologische Function des Chlor in der

Pflanze, Landw. Versuchsst. 7 (1865) 371-386. Leydhecker, A., Ueber die

physiologische Bedeutung des Chlor in der Buchweizenpflanze, Landw.
Versuchsst. 8 (1866) 177-187.

4 Beyer, A., Bericht liber die im Sommer 1867 an der Versuchs-Station

Regenwalde ausgefiihrten Wasserculturversuche, Landw. Versuchsst. 1

1

(1869) 262-287.
8 Salm-Horstmar, Vers, und Resultate iib. d. Nahrung d. Pflanze. Braun-

schweig (1856).
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Among the generally unessential elements that have been

considered by investigators, chlorine is one of the commonest,

and it has attracted considerable attention among agriculturists

also. This element is frequently added to the soil as potassium

chloride in fertilizer practice, and it has even been maintained

that addition of sodium chloride to the soil results in an in-

creased yield of certain crops. The present study deals with

the influence of chlorine upon the growth of plants in a nutrient

solution that also contains the seven essential elements.

Chlorine is not required in large amounts, since plants are

able to grow and mature normally without appreciable amounts

of this element. Birner and Lucanus (1886) concluded that

chlorine was not essential; Knop,6 after growing many kinds

of plants, including buckwheat, also concluded that chlorine was
unnecessary for normal development. Wagner 7 obtained ap-

parently completely developed maize plants when no chlorine

was in the culture solution. Recently Prianishnikov, 8 employ-

ing both the water-culture and the sand-culture methods, was
unable to establish the necessity of this element. Shulov 9 con-

cluded after several years of experimentation that chlorine is

not necessary for the normal development of buckwheat plants.

Other investigators have found that many plants make very

good growth without a chloride in the culture solution, and in

no case has the necessity for the element chlorine been demon-
strated. Crone,10 using a nutrient solution without chlorine,

found that rape, barley, grape, and maize made excellent growth.
Shive 11 found that young wheat plants made better growth in

a three-salt nutrient solution, containing the same salts as em-
ployed by Birner and Lucanus, than in any chloride-containing

solution that he tested. Buckwheat also matured in Shive’s

8 Knop, W., Quantitative Untersuchungen iiber den Ernahrungsprocess
der Pflanze, Landw. Versuchsst. 7 (1865) 93-107. Knop, W., and Dworzak,
Ber. d. Sachs. Ges. d. Wiss. (1875) 61.

7 Wagner, P., Wassercultur-Versuche mit Mais. III. Vegetations-Versuche
mit chlorfreier Losung, Landw. Versuchsst. 13 (1871) 218-222.

* Prianishnikov, D. N., Results of vegetation experiments in the years

1901-1903, Abstract in Exp. Sta. Rec. 18 (1906-1907) 320 and 321.
9 Shulov, L. S., Various smaller experiments with fertilizers and soils,

Abstract in Exp. Sta. Rec. 22 (1910) 223.
10 Crone, G., Ergebnisse von Untersuchungen iiber die Wirkung der Phos-

phorsaure auf die hohere Pflanzen und eine neue Nahrlosung, Sitzungs-

ber. Niederrhein. Gesell. Natur- und Heilkunde, Bonn (1902) 167-173.
n Shive, J. W., A three-salt nutrient solution for plants, Am. Journ. Bot.

2 (1915) 157-160. A study of physiological balance in nutrient media,
Physiol. Res. 1 (1916) 327-397.
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three-salt solutions containing no chlorides. Apparently normal

seeds were obtained repeatedly by Johnston from buckwheat

plants grown in one of Shive’s solutions, without any chloride .
12

In spite of the fact that these experiments show that chlorine

is not required in any considerable amount, it is probable that

plants have never been grown without containing at least small

amounts of chlorine. Most plants contain some chlorine and,

besides typical saline plants, many contain relatively large

amounts of chlorine in their ash .

13 Since seeds probably always

contain small amounts of this element, it cannot be regarded

as actually proved that it is absolutely unnecessary. However,

the fact that chlorine is found in the ash must not, of course,

be considered proof that it is essential. Thus, sodium, silicon,

aluminium, barium, strontium, manganese, zinc, arsenic, copper,

boron, bromine, iodine, fluorine, cobalt, nickel, tin, and lead are

all found in plant ash, and yet no experiments have shown that

these are necessary to induce growth. But a very recent paper,

of which I have seen only a brief review, appears to furnish

evidence that very small amounts of chlorine are necessary for

buckwheat. Pfeiffer and Simmermacher 14 studied the signi-

ficance of chlorine in fertilization experiments. Chlorine is re-

ported as indispensable for the growth of buckwheat; but the

amount of chlorine considered to be required was very small,

and larger quantities of chlorine compounds were regarded as

injurious.

As with many other nonessential elements, plants may be

altered in their manner of growth by supplying them with

chlorine, in addition to the small amount contained in the seed.

Such alterations may result in accelerated or retarded growth,

increase or decrease in yield, etc., and chlorides may therefore be

12 Johnston, E. S., Seasonal variations in the growth-rates of buckwheat
plants under greenhouse conditions, Johns Hopkins Univ. Circular (March,

1917) 211-217.
13 Hopkins, C. G., Soil Fertility and Permanent Agriculture. New

York (1910) 603. Wolff, Emil, Aschen-Analysen von landwirtschaftlichen

Producten, Fabrik-abfallen und wildwachsenden Pfianzen. I. Theil. Berlin

(1871) ;
Aschen-Analysen von land- und fortswirtschaftlichen Producten.

II. Theil. Berlin (1880). Mangin, M. H., Sur la ficoideglaciale (Mesem-
brianthemum crystallinum)

,
Compt. rend. Paris 96 (1883) 80-83.

14
Pfeiffer, Th., and Simmermacher, W., Landw. Versuchsst. 88 105-120.

through Chem. Zentralbl. 1 (1916) 1186, and Chem. Abs. 11 (1917) 3365.
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considered as beneficial or injurious, depending upon the desir-

ability or undesirability of the changes produced by their use.

Tottingham 15 presents a review of the literature on the effects

of chlorides on plant growth, and reports experimental studies

on the influence of chlorides on the growth of a number of

agricultural plants. He reports that the introduction of potas-

sium and sodium chlorides into solution cultures had little effect

on wheat seedlings. Both yield of dry matter and length of

roots were depressed in buckwheat grown to maturity in similar

cultures. In soil cultures, radish was affected only slightly by

chlorides ; increased production of dry matter and sugar content

resulted with carrot, while the reverse was true of parsnip.

Sugar beet, in soil cultures, produced more watery roots and

a greater amount of dry matter; the roots contained more
glucose, but less sucrose. Similar responses followed the ap-

plication of common salt alone to beets grown in the field. The
potato produced increased yields of dry matter in the tuber

when potassium chloride was supplied in place of potassium

sulphate, in a complete fertilizer ration, to soil cultures in the

greenhouse. Different varieties responded differently accord-

ing to the percentage of starch. In field cultures in a dry

season the application of potassium chloride in a complete fer-

tilizer decreased the yield of dry matter in the tubers, but not

the percentage of marketable tubers, of the Triumph variety.

In a season that was very humid toward its close, no significant

differences in composition or cooking qualities were found be-

tween tubers of the Rural New Yorker variety produced, when
potassium sulphate and potassium chloride were employed
separately in a complete fertilizer ration. Sodium chloride ap-

plied alone altered the composition of the tubers only slightly,

but affected their quality seriously. It has, of course, been

found that growth may be retarded when chlorides are supplied

in very large amounts .
16

15 Tottingham, W. E., A preliminary study of the influence of chlorides

upon the growth of certain agricultural plants, Journ. Am. Soc. Agron. 1

1

(1919 ) 1-32 .

16 Wheeler, H. J., and Hartwell, B. J., Conditions determining the poi-

sonous action of chlorides, Rhode Island Exp. Sta. Ann. Rep. 1

5

( 1901-1902 ) 287-304 .
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Increased growth is reported to have followed the application

of sodium chloride to the soil, especially in the case of experi-

ments carried out in the British Isles .
17 From the point of view

of physiology it is of course possible that under certain condi-

tions the addition of chlorides to a nutrient solution may produce

increased growth, as has been found for many salts of proved

toxic action .
18

Not only alterations in the amount of substance produced but

also changes in the structure and physiological nature of plants

have been brought about by the addition of chlorides to the

nutrient medium .
19 Harter 20 found that the addition of sodium

chloride to the soil of experimental cultures might either in-

crease or decrease the transpiration rate, and alter the structure

of wheat, oat, and barley plants.

It is possible that chloride's may affect certain special meta-

bolic processes and thus influence the plant more in one stage

of its development than in another. Nobbe and his coworkers

reported that chlorides were beneficial for the production of seed

by buckwheat plants. He considered that this result was due

to an influence exerted by chlorine upon the translocation of

carbohydrate food
;
but Nobbe’s observations have not been sub-

stantiated by more recent research.

It seems to be well established that many kinds of plants may
be grown successfully in liquid media without any chloride.

Nevertheless, most of the culture solutions recommended in the

literature of plant physiology include a chloride. The following

solutions may be mentioned as belonging to this class:

17 Dyer, B., Field experiments on cabbages at Rusper, Horsham, Journ.

Roy. Agric. Soc. England, II 23 (1887) 425-430. Gonehalli, V. H., Com-
mon salt and its use as manure in the Konkan Division, Dept. Agric. Bombay
Bull. 29, 19 pp. 1914. Voelcker, G. A., Experiments on the use of salt

for mangolds, Journ. Roy. Agric. Soc. England 69 (1908) 355-366. Grif-

fiths, A. B., A treatise on Manure, or the Philosophy of Manuring. London

(1889) 399 pp.
18 Brenchley, W. E., Inorganic Plant Poisons and Stimulants. Cambridge

(1914) 110 pp.
19 Hansteen, B., Ueber das Verhalten der Kulturpflanzen zu den Boden-

salzen, I. and II. Jahrb. f. wiss. Bot. 47 (1910) 289-376.
20 Harter, L. L., The influence of a mixture of soluble salts, principally

sodium chloride, upon the leaf structure and transpiration of wheat, oats,

and barley, Bull. U. S. Dept. Agric. Bur. PI. Ind. 134 (1908) 22 pp.
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Sachs: 21 NaCl, CaS0 4 ,
MgS04 ,

Ca3
(P04 ) 2 ,

KN0 3 .

Nobbe: 22 KC1, MgS0 4 ,
KH2

P0 4 ,
Ca(N0 3 ) 2 .

Tollens: 23 NaCl, MgS04 ,
KH 2P04 ,

KN0
3 , Ca(N0 3 ) 2 .

Schimper :
24 NaCl, MgS0 4 , K2HP0 4 ,

KN03 ,
Ca(N0 3 ) 2 .

Detmer: 25 KC1, MgS04 , KH„P04 , Ca(N0 3 ) 2 .

Pfeffer: 26 KC1, MgS0 4 ,
KH 2I>0 4 ,

KN0
3 ,
Ca(N0 3 ) 2 .

Hartwell, Wheeler, and Pember: 27 KC1, MgS04 , Ca(N03 ) 2 ,

Ca(H2P04 ) 2 .

Stiles: 28 NaCl, MgS0 4 ,
KH

2
P04 ,

KN0
3 ,
CaS0 4 .

Brenchley: 29 NaCl, MgS04 ,
KH

2
P0 4 ,

KN0
3 , CaS04 .

On the other hand, very few nutrient solutions without a

chloride have been recommended for plant cultures. Of this

smaller group the following are familiar examples:

Knop (Tot^ingham) :
30 MgS04 ,

KH2
P04 ,

KN0 3 ,
Ca(N03 ) 2 .

21 Sachs, J., Bericht liber die physiologische Thatigkeit an der Versuchs-
station in Tharandt. IV. Vegetations-Versuche mit Ausschlus des Bodens
fiber die Nahrstoffe und sonstigen Ernahrungsbedingungen von Mais,

Bohnen und anderen Pflanzen, Landw. Versuchsst. 2 (1860) 219-268.
22 Nobbe, F., Ueber die physiologische Function des Chlor in der Pflanze,

Landw. Versuchsst. 7 (1865) 371-386.
28
Tollens, B., Ueber einige Erleichterungen bei der Cultur von Pflanzen

in wasserigen Losungen, Journ. Landw. 30 (1882) 537-540.
24 Schimper, A. F. W., Zur Frage der Assimilation der Mineralsalze

durch die grfine Pflanze, Flora 73 (1890) 207-261.
28 Detmer, W., Practical plant physiology. Translated by S. A. Moor.

London (1898) 2.

28
Pfeffer, W., The physiology of plants. Translated by A. J. Ewart.

Oxford 1 (1900) 420.
27 Hartwell, B. F.; Wheeler, H. J.; and Pember, F. R.; The effect of the

addition of sodium to deficient amounts of potassium upon the growth of

plants in both water and sand cultures, Rhode Island Agric. Exp. Sta. Ann.

Rep. 20 (1907) 299-357.
28

Stiles, W., On the relation between the concentration of the nutrient

solution and the rate of growth of plants in water culture, Ann. Bot. 29

(1915) 89-96.
29 Brenchley, W. E., The effect of the concentration of the nutrient solu-

tion on the growth of barley and wheat in water cultures, Ann. Bot. 30

(1916) 77-90.
30 Knop, W., Quantitativ-analytische Arbeiten fiber den Ernahrungs-

process der Pflanzen. II. Landw. Versuchsst. 4 (1862) 173-187. Totting-

ham, W. E., A quantitative chemical and physiological study of nutrient

solutions for plant cultures, Physiol. Res. 1 (1914) 133-245.
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Birner and Lucanus (Shive) :
81 MgS04, KH2P0 4 ,

Ca(N0 8 ) 2 .

Crone: 32 CaS04 ,
MgS04 , Ca3

(P04 ) 2 ,
KNO s .

The study to be reported in the present paper was undertaken,

as has been stated, to throw more light upon the problem as

to what may be the physiological influence upon plants of con-

siderable amounts of potassium chloride in a nutrient solution

that also contains other salts supplying all the essential

elements.

This investigation was carried out at the Laboratory of Plant

Physiology of the Johns Hopkins University, under the direction

of Prof. B. E. Livingston, to whom I am indebted for valuable

assistance during its progress and for aid in the preparation

of this paper. I am also indebted to Dr. H. E. Pulling for many
suggestions.

GENERAL METHODS

The experimental work comprised four series of cultures

carried out at different times. The first two of these were
planned to furnish a general survey of the relations between

plant growth and salt porportions with a single total concen-

tration of the solution (osmotic value 1.60 atmospheres). The
results obtained from these two series made it appear desirable

to test the effects of higher partial concentrations of potassium

chloride than had been originally planned, and the third series

included such tests. Finally, the influence of the total concen-

tration of the medium was studied for four selected sets of

Salt proportions; these tests made up the fourth series. The
present section will begin with an account of the general methods

employed in all four series. This will be followed by a more
detailed account of the methods employed, the results obtained,

and a discussion of these results for each of the series taken

in order.

In the nutrient solutions of the present study the essential

elements (besides iron) were supplied as monopotassium phos-

phate, calcium nitrate, and magnesium sulphate, and the chlor-

ide ion was added by the introduction of potassium chloride.

81 Birner, H., and Lucanus, B., Wasserculturversuche mit Hafer. (In

der agr.-chem. Versuchsstation zu Regenwalde i. J. 1864 durchgefiihrt.)

Landw. Versuchsst. 8 (1866) 128-177. Shive, J. W., A study of physio-

logical balance in nutrient media, Physiol. Res. 1 (1915) 327-397.
82 Crone, G., Ergebnisse von Untersuchungen iiber die Wirkung der Phos-

phorsaure auf die hohere Pflanzen und eine neue Nahrlosung. Sitzungs-

ber. Niederrhein. Nat.- und Heilkunde. Bonn. (1902) 167-173.
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Thus the solutions here considered are four-salt solutions, and

they are similar in their general make-up to the other four-salt

solutions already employed by Tottingham. It will be seen that a

solution made up of monopotassium phosphate, calcium nitrate,

magnesium sulphate, and potassium chloride may be derived

from the proper one of Shive’s three-salt series by the addition

of potassium chloride. These four salts have been employed

in Nobbe’s solution in a single set of proportions and in the

so-called Detmer’s solution in another set of proportions, as

pointed out above. The present study aimed primarily to em-

ploy these four salts in various proportions, the total concen-

tration of the solution remaining the same. The effects of

different total concentrations with a constant set of salt pro-

portions was also studied to some extent.

Culture solutions .—The culture solution’s, whose compositions

are given among the other data of the individual experiments,

were prepared from analyzed chemicals 33 and water obtained

from a “Barnstead” still. Each salt was dissolved separately,

and the exact concentration of the resulting solution was de-

termined by chemical analysis (except in the case of potassium

chloride). This procedure is especially necessary for solutions

of calcium nitrate and of magnesium sulphate, because these

salts contain amounts of water of crystallization that vary

between wide limits, and because they are rather readily decom-

posed by heat. Upon dilution to convenient volume-molecular

concentrations,34 these solutions became the “stock solutions”

from which the various culture media were prepared. The
stock solutions were stored (never longer than one month) in

cork-stoppered glass bottles.

Ferric phosphate (used as a source of iron) was prepared

from a ferric nitrate solution by precipitation with a one-fourth

molecular solution of monopotassium phosphate. The precipi-

tate was obtained in a finely divided condition by using cold

solutions and by constantly stirring while the potassium salt

was added. After thoroughly washing the precipitate, it was
shaken with sufficient water to form a suspension containing

approximately 0.0022 gram of ferric phosphate, or 0.0008 gram
of iron, in each cubic centimeter.

" The potassium chloride was the Baker and Adamson Chemical Com-
pany’s “analyzed” salt; the other salts were the J. T. Baker Chemical Com-
pany’s “analyzed” salts.

34 By volume-molecular concentration is meant the number of gram
molecules contained in each liter of solution.



536 The Philippine Journal of Science 1920

For the preparation of the culture solution’s, the required

amount of each stock solution was drawn from a burette into

a volumetric flask partially filled with distilled water, and the

flask was finally filled to the mark with more water. For the

cultures in series IV, in which culture solutions ranging from

0.

50 to 7.00 atmospheres were employed, stock culture solutions

of 7.00 atmospheres were prepared and the less-concentrated

culture solutions were made by proper dilution. The culture

solutions were poured from the volumetric flasks into the culture

jars, and two drops of the suspension of ferric phosphate were
added to each complete solution. The culture jars were wide-

mouthed glass bottles of 250 cubic centimeters capacity, which
had been used for several years in similar experiments.

The plants .—The wheat seeds used in these studies were sup-

plied by the Bureau of Plant Industry of the United States

Department of Agriculture. The variety was '‘Funster,” C.

1. No. 1918, grown at the Arlington Experiment Farm, Arling-

ton, Va., in 1915. The seeds were germinated in moist chambers
and then transferred to a netting germinator. At the end of

about five days, when the seedlings were from 8 to 10 centi-

meters high, they were transferred from the germinator to the

culture solutions.

The internal differences between seedlings grown from the

same stock of seed and exposed to pratically identical external

conditions constitute a source of great difficulty in work with

water-cultures.35 To minimize such variation’s, seedlings were
selected that were as nearly alike as possible, this selection being

made on the basis of the appearance of the seedlings. Two
selections were made, the first when the sprouted seeds were
transferred to the netting germinators, and the second when
the plants were transferred to the culture jars.

Six seedlings were used in each culture. These were sup-

ported by cotton in holes near the margin of the cork, the seed

remnants remaining below the cork. To prevent entrance of

light to the roots, the jars were covered with cardboard covers.

The method of supporting the stem and leaves is important,

because the rate of transpiration, and probably that of photosyn-

88 This has been emphasized by Stiles. Stiles, W., On the relation be-

tween the concentration of the nutrient solution and the rate of growth

of plants in water culture, Ann. Bot. 29 (1915) 89-96. Observations on

the influence of aeration of the nutrient solution in water culture experi-

ments, with some remarks on the water culture method, New Phytol. 16

(1917) 181-197.
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thesis and other processes, may be greatly modified by the way
in which the leaves are exposed to the air. The pointed end of

a cylindrical wooden rod (a quarter-inch dowel), 6 millimeters

in diameter and 30 centimeters long, was set into a hole in

the center of the cork. A loop (5 centimeters in diameter) of

paraffined copper wire, the lower part of which was wrapped
around the rod several times, was used to hold the plant erect.88

As the height of the plants increased, the loop was raised on

the rod. Care was taken to support all the plants in the same
way.

The same aerial conditions were secured for all the cultures

in a series by rotating the cultures near the margins of the cir-

cular tables described by Shive. Each of the cultures was thus

exposed to approximately the same changes in light, temper-

ature, and humidity conditions.

The frequency with which the culture solutions are renewed
is very important in experiments with solution cultures.37 The
solutions here used were changed every four days. Thus the

period between changing is not strictly comparable with that

used by Shive and by Tottingham, each of whom employed a

three-day period. When the solutions were changed the decrease

in volume of the solution during the previous period was meas-
ured, and the amount of solution found to have been removed
was taken as an approximate measure of the amount of water

absorbed and transpired during the period.

The developmental stage of the plants probably has an im-

portant bearing on their salt requirements.38 The present study

is concerned only with the early vegetative stage of the young
wheat plants. When transferred from the germinators to the

«

38 For photograph see McCall, A. G., A new method for the study of

plant nutrients in sand cultures, Journ. Amer. Soc. Agron. 7 (1915)

250-252.
37 Trelease, S. F., and Free, E. E., The effect of renewal of the culture

solutions on the growth of young wheat plants in water-cultures, Johns

Hopkins Univ. Circ. N. S. No, 3 (March, 1917) 227 and 228. Merrill, M. C.,

Some relations of plants to distilled water and certain dilute toxic sub-

stances, Ann. Missouri Bot. Gard. 2 (1915) 459-606. Stiles, W., On the

interpretation of the results of water culture experiments, Ann. Bot. 30

(1916) 427-436. Brenchley, W. E., The effect of the concentration of the

nutrient solution on the growth of barley and wheat in water cultures, Ann.

Bot. 30 (1916) 77-90.
38 Pember, F. R., Studies by means of both pot and solution cultures of

the phosphorous and potassium requirements of the barley plant during

its different periods of growth, Bull. Agric. Exp. Sta. Rhode Island State

College 169 (1917) 1-50.
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culture solution's the plants were about five days old. They were

grown in the culture solutions, renewed every four days, for

twenty-four days, except in the case of series III and IV in which

the growth period was extended to thirty-two days.

At the end of the growth period the plants were harvested

for the determination of their dry weight. Notes were made
at this time of the appearance of the tops and roots, special

attention being given to apparent pathological conditions that

might indicate injury from unbalanced salt nutrition. The
tops and roots were harvested separately, the roots being severed

from the tops at the point of attachment of the seed.39 The
tops and roots were dried separately for about two days, at a

temperature of 102-105° C., to approximately constant weight,

and the dry weights were then determined.

The experiments were conducted in one of the greenhouse

rooms of the Laboratory of Plant Physiology, on the outskirts

of the city of Baltimore. The evaporating power of the air

for the period of each experiment was determined by means
of Livingston white spherical porous-cup atmometers,40 one of

the instruments being operated on each of the rotating tables.

The atmometer bottle was placed 10 centimeters from the center

of the table, the top of the sphere being 40 centimeters above

the table top. The atmometers were read every four days,

when the solutions were changed. A record of fluctuations in

temperature was obtained by means of a Richard thermograph
placed in the shade near the plants.

SERIES I

METHODS OF SERIES I

Series I was continued for twenty-four days, from January
11 to February 4, 1916. During this period the highest air tem-

perature was 29° C., on January 26, and the lowest was 10° C.,

on January 17. The average daily maximum temperature for

the period was 25° C., and the average daily minimum 18° C.

The mean daily water loss from a white spherical porous-cup at-

mometer, indicating the evaporating power of the air, was 17.2

89 The seed-coat remnants were dried and weighed with the roots
;
Shive

discarded them.
40 Livingston, B. E., Atmometry and the porous cup atmometer, Plant

World 18 (1915) 21-30, 51-74, 95-111, 143-149. Also reprinted, Tucson,

Ariz. (1915).
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cubic centimeters, and the total loss for the entire period was

415 centimeters.

The general plan of this series is similar to that employed

by Tottingham. Eighty-four solutions were made from four

salts: potassium chloride, monopotassium phosphate, calcium

nitrate, and magnesium sulphate. In each solution the four

salts were so proportioned that the total concentration of each

solution corresponded to 1.6 atmospheres of osmotic pressure

at 25° C., and in the different solutions the proportion of each

salt was varied by 0.1 of the total osmotic concentration of all

salts. The lowest concentration of any salt was thus 0.1 of the

total concentration and the greatest 0.7. All of the possible dif-

ferent proportions were used that could be produced by these

variations. Thus, there were eighty-four different solutions in

this series, all of which had approximately the same total os-

motic concentration, but no two of which had the same set of

salt proportions. This may be stated in another way by saying

that all of the solutions were planned to have the same total

number of particles (ions plus molecules) per unit volume, but

no two solutions the same proportions of the different kinds of

particles. Besides the eighty-four solutions belonging in the

series, Shive’s best three-salt solution for wheat and Totting-

ham’s best four-salt solution for wheat were employed for the

sake of comparison.

If three salts had been employed instead of four, the compo-

sitions of the solutions could have been represented graphically

by means of points placed in an equilateral triangle, the points

being so placed that the least concentration of one salt would
have been along one side of the triangle and the greatest at the

opposite angle. As four salts were used, a figure representing

their various proportions assumes the form of a regular tetra-

hedron. In this figure each face of the tetrahedron represents

0.1 concentration of one salt and the opposite apex 0.7. Since

seven proportions of each salt were employed, different concen-

trations of the salt whose lowest concentration is represented

by the base of the figure will fall in seven planes. For con-

venience of graphical presentation the planes representing

the different concentrations of potassium chloride have been
plotted separately (fig. 1). Since only one culture that had the

greatest concentration of potassium chloride was used, the plane

which passes through the apex is represented by a point; the
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Fig. 1. Diagram for series I, showing culture numbers and osmotic proportions of the

four salts.
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other planes are represented by triangles. The seven triangles

in fig. 1 (numbered T1 to T7) represent as many horizontal

planes passed through the tetrahedron and all the points upon

any one triangle denote solutions having the same partial con-

centration of potassium chloride. Similarly, the position of a

point upon any one of the triangles indicates the osmotic pro-

portions of the other three salts in the corresponding solution.

The lines are so drawn that their intersections represent the

salt proportions actually employed. It will be seen that there

are twenty-eight solutions (triangle 1) that are characterized by

having 0.1 of their total osmotic concentration due to potas-

sium chloride, while there is but one solution (triangle 7) in

which 0.7 is due to this salt.41 Each solution will be designated

by a triple number, the first part denoting the triangle (as T2),

the second the horizontal row of intersections in that triangle

(as R3), and the third representing the number of the inter-

section in the row, counted from left to right (as C2). The
solution just described is thus named T2R3C2, and the four

salts contribute, respectively, the following proportions of the

total concentration: potassium chloride, 0.2; monopotassium
phosphate, 0.3; calcium nitrate, 0.2; and magnesium sulphate,

0.3. The triangle number gives the number of tenths due to

potassium chloride, the row number gives the number of tenth's

due to monopotassium phosphate, and the culture number gives

the number of tenths due to calcium nitrate. The number of

tenths of the total concentration due to the fourth salt (mag-
nesium sulphate) is found by subtracting from 10 the sum of

the numbers appearing in the designation of the solution.

The actual chemical composition of each of the eighty-four

solutions in series I is given in Table 1, in terms of the volume-

molecular partial concentrations of the four salts. The first

column of this table gives the culture numbers of the solutions

just described, and the last three columns give the three cation-

ratio values of each solution, which will be referred to later.

To obtain these concentration values, it was necessary to cal-

culate the volume-molecular partial concentrations of each salt

that would produce 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 of 1.60

atmospheres of osmotic pressure at 25° C. The values thus

obtained are given in Table 2.

"For a more detailed discussion of the interpretation of this kind of

diagram, Tottingham’s paper may be referred to.
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Table 1 .—Partial concentrations of potassium chloride, monopotassium
phosphate, calcium nitrate, and magnesium sulphate in each of the solu-

tions employed in series I; also the values of the three cation ratios;

total osmotic value of each solution, 1.60 atmospheres.

Volume-molecular concentration. Cation-ratio value.

Culture No.

KC1. KH2PO4 .

Ca
(NOs)2.

MgS04. Mg/Ca. Mg/K. Ca/K.

T1R1C1

M.

0.0033

M.

0. 0033

M.

0.0023

M.

0.0309 13.43 4. 68 0.35

C2 - 0.0033 0.0033 0.0047 0.0261 5.55 3. 95 0.71

C3 0.0033 0.0033 0. 0072 0.0216 3.00 3.27 1.09

C4 0.0033 0.0033 0.0098 0.0171 1.75 2.59 1.48

C5 0.0033 0.0033 0.0124 0.0126 1.02 1. 91 1.88

C6 - 0.0033 0.0033 0.0150 0. 0081 0.54 1.23 2.27

C7 0.0033 0.0033 0.0177 0.0038 0.21 0.68 2.68

R2C1 0.0033 0. 0068 0. 0023 0. 0261 11.35 2.58 0.23

C2 0.0033 0.0068 0.0047 0.0216 4.60 2. 14 0.47

C3-_ 0.0033 0. 0068 0.0072 0.0171 2.38 1. 69 0.71

C4 0.0033 0. 0068 0.0098 0.0126 1.29 1.25 0.97

C5 0.0033 0.0068 0.0124 0. 0081 0.65 0. 80 1.23

C6 0.0033 0.0068 0.0150 0.0038 0.25 0.38 1.49

R3C1 0. 0033 0.0103 0.0023 0.0216 9.39 1.59 0.17

C2 0.0033 0.0103 0.0047 0.0171 3.64 1.26 0.35

C3 0. 1033 0. 0103 0.0072 0.0126 1.75 0.93 0.63

C4 0. 0033, 0. 0103 0.0098 0.0081 0.83 0.60 0.72

C5 0. 0033 0.0103 0.0124 0.0038 0.31 0.28 0. 91

R4C1 0.0033 0.0138 0.0023 0.0171 7.44 1.00 0. 13

C2 0.0033 0. 0138 0. 0047 0.0126 2.68 0.74 0.27

C3 0.0033 0.0138 0. 0072 0.0081 1.13 0.47 0.42

C4 0. 0033 0.0138 0.0098 0.0038 0.39 0.22 0.57

R5C1 0.0033 0.0173 0.0023 0.0126 5. 48 0.61 0.11

C2 0.0033 0.0173 0.0047 0.0081 1.72 0.39 0.23

C3. 0.0033 0.0173 0.0072 0.0038 0.53 0.18 0.35

R6C1 0. 0033 0.0208 0. 0023 0.0081 3.52 0.34 0.10

C2 0.0033 0. 0208 0.0047 0. 0038 0.81 0. 16 0.20

R7C1 0.0033 0. 0243 0. 0023 0.0038 1. 65 0.14 0.08

T2R1C1 0. 0067 0.0033 0. 0023 0.0261 11.35 2. 61 0.23

C2.__ 0.0067 0.0033 0.0047 0.0216 4.60 2.16 0.47

C3 0. 0067 0.0033 0.0072 0.0171 2.38 1.71 0.72

C4 0.0067 0.0033 0.0098 0.0126 1.29 1.26 0.98

C5.._ 0.0067 0.0033 0. 0124 0.0081 0. 65 0.81 1.24

C6 0. 0067 0.0033 0.0150 0.0038 0.25 0.38 1. 50

R2C1 0.0067 0. 0068 0.0023 0.0216 9.39 1.60 0.17

C2 0.0067 0.0068 0.0047 0.0171 3.64 1.27 0.85

C3 0. 0067 0.0068 0. 0072 0.0126 1. 75 0.93 0.63

C4._ 0.0067 0.0068 0.0098 0. 0081 0.83 0.60 0.73

C5 0.0067 0. 0068 0.0124 0.0038 0.31 0.28 0.92

R3C1 0. 0067 0.0103 0. 0023 0. 0171 7. 44 1.01 0.14

C2 0.0067 0. 0103 0. 0047 0. 0126 2. 68 0. 74 0.28

C3. 0.0067 0. 0103 0.0072 0.0081 1. 13 0. 48 0.42

C4-. 0.0067 0.0103 0. 0098 0.0038 0.89 0.22 0. 58
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Table 1.

—

Partial concentrations of potassium chloride
,
monopotassium

phosphate
,
calcium nitrate

,
and magnesium sulphate in each of the so-

lutions employed in series I; also the values of the three cation ratios

;

total osmotic value of each solution, 1.6 atmospheres—Continued.

Culture No.

Volume-molecular concentration. Cation-ratio value.

KC1. KH2PO4 .

Ca.
(N03)2

MgS04 . Mg/Ca. Mg/K. Ca/K.

M. M. M. M.

T2R4C1 0.0067 0.0138 0.0023 0.0126 5.48 0.61 0. 11

C2 0.0067 0.0138 0.0047 0.0081 1.72 0.40 0. 23

C3.._ 0.0067 0.0138 0.0072 0.0038 0.63 0. 19 0.36

R5C1._ 0.0067 0.0173 0.0023 0.0081 3. 52 0.84 0. 10

C2 0.0067 0.0173 0.0047 0. 0038 0.81 0. 16 0.20

R6C1 0.0067 0.0208 0.0023 0.0038 L 65 0. 14 0.08

T3R1C1 0.0101 0.0033 0.0023 0.0216 9.39 1.61 0. 17

C2 0.0101 0.0033 0.0047 0.0171 3.64 1.28 0.86

C3 0. 0101 0.0033 0.0072 0.0126 1.75 0.94 0. 54

C4 0.0101 0.0033 0.0098 0.0081 0.83 0.60 0.73

C5 0.0101 0.0033 0.0124 0.0038 0.31 0.28 .0. 93

R2C1 0.0101 0.0068 0.0023 0.0171 7. 44 1.01 0.14

C2 0.0101 0.0068 0.0047 0.0126 2.68 0. 76 0. 28

C3 0.0101 0.0068 0.0072 0.0081 1. 13 0.48 0.43

C4 0.0101 0. 0068 0.0098 0.0038 0.39 0.22 0.68

R3C1 0.0101 0.0103 0.0023 0.0126 5.48 0.62 0. 11

C2 0.0101 0.0103 0.0047 0.0081 1. 72 0.40 0.28

C8 0.0101 0.0103 0.0072 0. 0038 0.53 0. 19 0. 85

R4C1 0.0101 0. 0138 0. 0023 0.0081 3.52 0.34 0. 10

C2 0.0101 0.0138 0. 0047 0.0038 0. 81 0. 16 0. 20

R5C1 0.0101 0.0173 0.0023 0. 0038 1.65 0. 14 0. 08

T4R1C1 0.0135 0.0033 0. 0023 0. 0171 7. 44 1.02 0.14

C2 0.0135 0. 0033 0. 0047 0.0126 2. 68 0. 75 0.28

C3 0.0135 0.0033 0.0072 0.0081 1. 13 0.48 0.43

C4 0.0135 0.0033 0.0098 0.0038 0.39 0. 23 0.58

R2C1 0.0135 0. 0068 0.0023 0. 0126 5.48 0. 62 0. 11

C2 0.0135 0.0068 0.0047 0.0081 1.72 0.40 0. 28

C3 0.0135 0.0068 0.0072 0. 0038 0.53 0. 19 0.35

R3C1 0. 0135 0.0103 0.0023 0.0081 3.52 0.34 0. 10

C2 0. 0135 0.0103 0.0047 0. 0038 0.81 0.16 0.20

R4C1 0.0135 0.0138 0.0023 0.0038 1.65 0. 14 0.08

T5R1C1-. 0. 0170 0.0033 0. 0023 0. 0126 5.48 0.62 0. 11

C2 0.0170 0.0033 0.0047 0. 0081 1.72 0. 40 0. 28

C3 0.0170 0.0033 0.0072 0.0038 0. 63 0. 19 0.35

R2C1 0.0170 0. 0068 0.0023 0.0081 3.52 0.34 0. 10

C2 0.0070 0.0068 0.0047 0.0038 0.81 0. 16 0. 20

R3C1 0.0170 0.0103 0. 0023 0.0038 1. 65 0. 14 0.08

T6R1C1 0.0205 0.0033 0.0023 0.0081 3.52 0.84 0. 10

C2.__ 0.0205 0.0033 0. 0047 0.0038 0.81 0. 16 0.20

R2C1... 0.0205 0.0068 0.0023 0.0038 1. 65 0.14 0.08

T7R1C1— 0.0240 0.0033 0.0023 0.0038 1.65 0. 14 0.08

175542 2
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Table 2 .—Partial concentrations of each of the four salts required to

produce from 0.1 to 0.7 of the total osmotic concentration of 1.60

atmospheres for series I.

Fractional
parts of
1.60 at-

mospheres.

KC1. KH2PO4 . Ca(NOs) 2 . MgS04.

M. M. M. M.

0.1 0.0033 0.0033 0.0023 0.0038

0.2 0.0067 0.0068 0.0047 0. 0081

0.3 0.0101 0.0103 0.0072 0. 0126

0.4 0. 0135 0. 0138 0.0098 0.0171

0.5 0.0170 0.0173 0.0124 0.0216

0.6 0.0205 0.0208 0. 0150 0.0261

0.7 0. 0240 0.0243 0.0177 0.0309

The method used in these calculations may be illustrated with

potassium chloride, the calculations for the other salts being

made in the same way. It was first necessary to obtain certain

physico-chemical data regarding each of the four salts dealt

with, and these data as used for potassium chloride are given

in Table 3. The numbers in the first column represent the

tenths (from 0.1 to 0.7) of the total concentration of 1.60 at-

mospheres. Those in the second column represent the corre-

sponding actual pressures in atmospheres. According to the

van’t Hoff equation, 7r= CRT
,
the osmotic value (?r) of any

solution may be obtained from the concentration of the particles

in solution (C), the gas constant (R), and the absolute tem-

perature (T).42 If the osmotic value is expressed in atmos-

pheres, then R has the value 0.08207. The osmotic values here

used are all calculated for a temperature of 25° C. (298° Abs.),

so that T becomes 298, and the equation may be restated:

7r = (298) (0.08207) C = 24.46 C.

For substances which do not dissociate or polymerize or form
hydrates in solution the concentration, C, corresponds to the

volume-molecular concentration, M; and the osmotic pressure

formula becomes : tt = 24.46 M . But for salts, such as potas-

sium chloride, which dissociate in solution into ions, C = iM

;

42 The osmotic pressure equation here used must be understood to be

only approximately true for solutions such as are dealt with in the present

work. It really applies only to very dilute solutions. For a good discus-

sion of osmotic pressure equations see Washburn, E. W., Principles of Phys-

ical Chemistry. New York (1915) 150-164. Also see Renner, O., Ueber

die Berechnung des osmotischen Druckes, Biol. Centralbl. 32 (1912)

486-504.
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in this equation i is the van’t Hoff coefficient (or “mole-num-

ber”), which may be defined as the quotient of the number of

particles actually present in the solution, divided by the number
that would be present in an equal volume-molecular concentra-

tion of a substance that is unmodified in solution. Consequently,

for salts the osmotic pressure formula becomes : tt = 24.46 iM.

For un-ionized substances i is unity, and for ionized substances

such as salts i has a value greater than unity. The equation may
be written in the form:

By substituting for tt in this equation each of the partial

osmotic pressures from the second column of Table 3, the cor-

responding values of iM were obtained, and these are given in the

fourth column. They represent the osmotic concentrations which
are necessary to give the corresponding partial osmotic pressures

given in the second column.

Table 3.—Data used in calculating the partial concentrations (column III)

of potassium chloride required to give from 0.1 to 0.7 of the total os-

motic concentration of 1.60 atmospheres, for series I.

Fractional
parts of
total con-
centration
(1. 60 atmo-
spheres) .

II.

Partial os-
motic pres-

sures.

III.

Volume-
molecular
concentra-

tion of
KC1.

IV.

Degree of
ionization.

V.

"Mole-
number,”
or van’t
Hoff coef-
ficient, t.

VI.

Concentra-
tion calcu-
lated from
C—iM.

Atm. M.
» 0.0020 b0. 971 cl. 971 0. 0089

0.1 0. 16 0.0033 0. 0065

0. 0050 0.956 1.956 0. 0098

0.2 0.32 0. 0067 0. 0131

0. 0100 0. 9kl 1. 941 0. 019k

0. 01960.3 0. 48 0. 0101

0.4 0. 64 0. 0135 0. 0262

0.6 0.80 0. 0170 0. 0327

0. 0200 0.922 1.922 0. 038k

0. 03920.6 0. 96 0.0205

0.7 1. 12 0. 0240 0. 0458

0. 0500 0.889 1.889 0.09k5

a The values in italics have been obtained from Noyes and Falk.
b From Noyes and Falk.
c This is the van’t Hoff coefficient. It is obtained from the relation i= l+(n— 1) a. For

non-electrolytes its value is 1.

It was next necessary to calculate the volume-molecular con-

centrations (M ) of potassium chloride that correspond to these

values of iM. To do this an indirect method is required. If
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the degree of dissociation of a salt is known for a given volume-

molecular concentration, M, the particulate concentration, iM,

may be calculated by means of the equation

:

iM= 1 + (n-1) a M.

In this equation n is the number of ions formed when a molecule

of the salt is dissociated, and a (given just below) is the degree

of ionization, or the fraction of the whole number of molecules

that dissociates at a given concentration. For potassium chlor-

ide n has a value of 2, and the equation becomes

:

iM = (1 + a) M.

Values for the degree of ionization a of potassium chloride

were obtained from Noyes and Falk’s compilation,43 based upon
determinations of the conductance ratio. The volume-molecular

concentrations (M ) and the corresponding values of a are the ital-

icized values given in the third and fourth columns, respectively.

The corresponding values of iM for this salt, calculated by means
of the last-mentioned formula, are the italicized values in the

sixth column. Each of these italicized values in the sixth column

represents the calculated osmotic concentration (iM)
, correspond-

ing to a known volume-molecular concentration (M) of potas-

sium chloride.

As has been explained, each of the values in roman type in

the sixth column represents an osmotic concentration (iM) corre-

sponding to an unknown volume-molecular concentration (M )

.

These unknown values have been calculated by interpolation

between the italicized values in the third column, assuming a

linear relationship. The formula 44 used for this interpolation

was the following:

«. = «, + [(«>, - lajJEfjj;
In this equation the two given values of M are M1 and M2 ,

the two given values of iM are (iM) x
and (iM) 2y and the values

to be interpolated are M0 and (iM) 0 ,
the value for (iM) 0 being

derived from the formula:

(iM) 0 =~T
as described above.

48 Noyes, A. A., and Falk, K. G., The properties of salt solutions in rela-

tion to the ionic theory. III. Electrical conductance, Journ. Am. Chem.

Soc. 34 (1912) 474 and 475.
44 See Ashton, C. H., Analytic Geometry. New York (1908) 35.
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The interpolated values thus obtained for M0 are inserted in

roman type in the third column of the same table, and each of

these is taken as the volume-molecular concentration of potassium

chloride required to produce the corresponding partial osmotic

pressure given in the second column. It will be seen that only

these interpolated values were actually employed in making up

the solutions. These are the values given in the second column

of Table 2.

Similar calculations were made for each of the other three

salts. The degrees of dissociation for calcium nitrate and mag-

nesium sulphate were taken from Noyes and Falk, while those

for monopotassium phosphate were obtained from Abbott and

Bray.45 The data used in making the calculations for these

three salts will not be given here, but the final interpolated values

are given in the last three columns of Table 2.

Many of the solutions used in this set were subjected to freez-

ing-point determinations by the Beckmann method, in the same
way that Shive 46 tested the total concentrations of Tottingham’s

and his own solutions. It was found that the lowering of the

freezing point (A) for the solutions of this series varied from
about 0.11° to 0.13°. Calculating the osmotic values correspond-

ing to these limits, it appears that these values (for 25° C.)

varied from about 1.50 to about 1.70 atmospheres.47 The error

in the osmotic value here introduced may be considered as

negligible in this kind of work, for it will be recalled that

those solutions were calculated to have an osmotic value of 1.60

atmospheres.
RESULTS OF SERIES I

Appearance of plants .—During the early part of the twenty-

four-day period of series I most of the cultures were alike in

appearance, although root development was noticeably retarded

in some of the cultures as early as the time of the first renewal

of solution. These injured cultures were the ones in solutions

45 Abbott, G. A., and Bray, W. C., The ionization relations of ortho- and
pyrophosphoric acids and their sodium salts, Journ. Am. Chem. Soc. 31

(1909) 729-763.
46 Shive, J. W., The freezing points of Tottingham’s nutrient solutions,

Plant World 17 (1914) 345-353. Also, see Shive, J. W., Am. Journ. Bot.

2 (1915) 157-160.
4T The following approximate formula was used for this calculation

:
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having high partial concentrations of magnesium sulphate, es-

pecially cultures T1R1C1 and T2R1C1. Growth, however, did

not cease in these injured cultures, for the plants continued

to enlarge slowly throughout the period. The solutions con-

taining less magnesium sulphate produced much better growth
and gave the most healthy appearing plants when the series was
discontinued. During the latter part of the period these better

cultures were seen to have much longer lateral roots and their

tops were lighter green in color and noticeably larger than in

the injured cultures.

Rather pronounced differences in the color of the plants in

different cultures were apparent at the time of harvesting. The
color ranged from a very deep shade of green to a light yellow-

ish green. The plants in the cultures along the left-hand mar-
gins of triangle 1 and triangle 2 (fig. 1) were darkest green,

while those along the right-hand margins of triangles 4, 5, and

6, and the culture of triangle 7 were the most chlorotic. In

general, the depth of green decreased in passing from left

to right in the triangles and in passing in the tetrahedron from
triangle 1 to triangle 7. The largest tops were intermediate in

color. Another morphological difference that appeared was a

drying and bleaching of the tissue between the main veins, in

some cultures resulting in longitudinal stripping of the leaves.

This condition was limited to the cultures in solutions with low

monopotassium phosphate content, especially rows 1, 2, and 3

of triangles 1 and 2.

A very similar symptom was observed by Tottingham in sev-

eral of his four-salt solutions having an osmotic concentration

of 8.15 atmospheres. This symptom was found in cultures

having a high content of monopotassium phosphate, a maximum
content of potassium nitrate, and approximately equal contents

of calcium nitrate and magnesium sulphate. A thickening of

the base of the stem with branching from the same region

(perhaps equivalent to the “stooling” of wheat in the field)

appeared in those cultures where root injury was most pro-

nounced. Such branching of the wheat plant occurs normally

in the field when the, plants are considerably older than these

plants were. It is suggested that those solutions which were

unfavorable to root development also brought about symptoms
of an earlier maturation of the plant.

The most pronounced morphological modification of the leaves

appeared to be similar to that described by Tottingham as mag-

nesium injury; this modification was also observed by Shive.
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This form of leaf injury, which appeared in a few of the

plants after about twelve days in the culture solutions and

in more of them at the time of harvest, was characteristic of

those cultures whose solutions had high ratios of magnesium
sulphate to calcium nitrate. The two degrees of this injury,

described by Shive as severe and as slight, were observed in

this series and their distribution on the diagram is shown in

fig. 2. In recording the occurrence of these two degrees of

injury, when a spiral coiling was formed or the whole leaf was
affected, the injury was considered severe; when no spiral was
formed and not the whole leaf was affected, the injury was
considered slight. In fig. 2 the cultures marked with crosses

showed severe injury, and those marked with circles slight

injury. The number of leaves injured, in the entire culture

of six plants, is shown by the numeral placed near the point

of the diagram.

Dry weights .—Since the roots and tops were weighed sepa-

rately, two dry-weight data were obtained for each culture. The
sum of these two weights, of course, gives the total dry weight

of the plants in the cultures, but since this sum is generally

controlled in its variation by the dry weight of tops, only the

separate data for tops and for roots will be considered.

These data are presented in Table 4, in which the first column

gives the culture number; the second, the data for tops; and

the third, the data for roots. The dry weights are expressed

as relative numbers, in term's of the value for the highest actual

dry weight considered as 100. The actual dry weight for this

culture is given in parentheses below the value 100. The actual

dry weights may be obtained by means of this value.

High yields are indicated in the table by the letter H and
low by the letter L. The method of defining high and low
yields is as follows: The twenty-one cultures (one-fourth of

the total number) giving highest yields are marked H, and the

twenty-one giving lowest values are marked L. The remain-
ing forty-two cultures (half of the total number) are considered

as medium, excepting those which are numerically the same as

the lowest of the “high” group which are marked H, and those

which are the same as the highest of the “low” group which
are marked L. The highest yield obtained in the series is

indicated by gothic type, and the lowest by italics. The average
relative yields obtained with Shive’s and with Tottingham’s best

solutions, employed as controls in this series, are given at the

bottom of the table, for comparison.
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Table 4.—Relative dry weights of tops and roots of wheat; also
,
water-

absorption data, and the amount of tuater absorbed for each gram of

yield of tops and of roots (water requirement ) ,
relative to the highest

as 100; for series I, conducted from January 11 to February U, 1916.

Dry weight.

Water
absorption.

Water requirement.

Culture No.
Tops

(6 plants).
Roots

(6 plants). Tops. Roots.

T1R1C1 60L 60L 58L 80L 66L

C2 71L 63L 82L 94H 88

C3 85 70 97H 94H 95H

C4 70L 58L 83 98H 98H

C6 80 5UL 81L 81L 99H

C6 68L 65L 78L 93H 96H

C7 86 80H 87 84 74L

R2C1 74L 67 80L 89 82

C2 81 69 84 85 82

C3 82 60L 86 86 97H

C4 84 66 88 86 91H

C5 79 65L 82L 86 86

C6 83 80H 86 84 72L

R3C1 70L 63L 74L 87 80

C2 79 63L 80L 84 87

C3 85 63L 82L 79L 89H

C4 87H 62L 85 80L 93H
C6 81 77 80L 81L 71L

R4C1 77L 68 83 89 84

C2_. 89H 65L 88 81L 92H

C3 90H 69 89 82L 88

C4 79 67 80L 83 81

R5C1 77L 65L 83 89 87

C2 93H 66 89 78L 92H

C3 88H 76 90 83 81

R6C1 84 65L 85 82L 90H

C2._ 89H 66 89 82L 92H

R7C1 83 56L 80L 79L 98H

T2R1C1 71L 74 76L 88 71L

C2 72L 56L 74L 84 90H

C3 80 57L 83 85 1 00H
(2058)

95HC4 78 67 93H 98H

C5 86 74 94H 90 88

C6 81 69 83 85 83

R2C1-. 74L 66 80L 89 83

C2 85 61L 81L 78L 91H

C3 93H 75 97H 86 88

C4 88H 69 90 84 88

C5 85 78H 88 85 77L

R3C1 76L 65L 80L 87 84

C2_. 88H 65L 86 80L 90H

C3 87H 59L 83 79L 97H

C4 93H 85H 92H 82L 74L

R4C1 — 77L 62L 81L 87 89H

C2 1 00H 80H 100H 82L 86
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Table 4.—Relative dry weights of tops and roots of wheat; also , water-

absorption data, and the amount of water absorbed for each gram of

yield of tops and of roots (water requirement)
,
relative to the highest

as 100; for series I, conducted from January 11 to February U, 1916—
Continued.

Culture No.

Dry weight.

Water
absorption.

Water requirement.

Tops
(6 plants)

.

Roots
(6 plants).

Tops. Roots.

(.761) 344)

T2R4C3 94H 85H 89 78L 72L

R5C1 82 70 87 87 85

C2 82 67 86 87 88

R6C1 - 94H 72 94H 82L 89H

T3R1C1 69L 72 80L 95H 75L

C2 75L 67 85 92H 86

C3 84 73 95H 93H 90H

C4 82 80H 96H 96H 82

C5 85 84H 95H 93H 77L

R2C1 77L 70 82L 88 80

C2 81 71 88 89 85

C3 86 67 89 85 90H

C4 80 79H 90 92H 77L

R3C1 83 81H 92H 91 78L

C2 __ 90H 74 92H 85 85

C3 96H 1 00H 1 00 H 86 68L

(.245) (344)

R4C1 .. 79 70 89 93H 87

C2 ... 94H 85H 92H 81 74L

R5C1 82 70 86 87 84

T4R1C1 68L 68 80L 97H 80

C2 81 78H 92H 93H 81

C3 84 74 98H 96H 91H

C4 81 72 89 90 84

R2C1 80 80H 87 90 74L

C2 88H 70 88 82L 85

C3 87H 80H 98H 87 80

R3C1 89H 83H 94H 87 77L

C2 91H 78H 90 81L 78L

R4C1 91H 82H 98H 89 81

T5R1C1 78 82H 93H 99H 77L

C2 80 73 93H 95H 87

C3 82 84H 96H 96H 78L

R2C1 70L 69 79L 92H 79

C2 84 75 92H 90 83

R3C1 87H 85H 97H 92H 78L

T6R1C1 68L 73 82L 1 00H 77L

(550)

C2 82 80H 95H 95H 81

R2C1 74L 74 81L 90 76L

T7R1C1 71L 69L 82L 95H 82

Shive 90H 67L 90

Tottingham 94H 89H 98H
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The yield data of Table 4 are presented graphically in fig. 1

(tops) and fig. 3 (roots) . On these diagrams areas of high yields

(H) are marked with small crosses, and those of low yields (L)

are marked with small circles. The highest value in each case

is shown by a large cross, and the lowest, by a large circle.

Water absorption.—The total amount of water absorbed by

each culture was obtained by adding together the partial quan-

tities recorded at the several changes of the solution. The sums
thus obtained (relative to the greatest one) are shown in the

fourth column of Table 4. Following the method employed for

dry-weight data, the cultures giving high and low values are

indicated by the letters H and L, respectively. The highest

water-absorption value is indicated by gothic type and the lowest

by italics.

Water requirement.—The amounts of water absorbed per unit

of dry weight of tops and of roots were calculated for each

culture. This ratio value is practically what has been termed the

water requirement, and this term will be employed in this paper.48

The last two columns of Table 4 present these data. The letters

H and L are employed as heretofore, the highest value being

again indicated by gothic type and the lowest by italics.

DISCUSSION OF SERIES I

Appearance of plants.—-As has been mentioned, the plants

appeared greener in color with solutions having higher partial

concentrations of magnesium sulphate, which suggests a direct

relation between the color and the amount of magnesium present

in the cells. Furthermore, the color was more intense in the

cultures having low partial concentrations of potassium chloride,

or in those cultures in which the other three salts were present

in relatively large amounts. The cultures with high partial

concentrations of potassium chloride may be considered as those

in which the plants were deprived in a large measure of the

essential elements, excepting potassium.

Striping of the leaves occurred, as already described, with
solutions having comparatively low potassium chloride values

and very low monopotassium phosphate values.

48 Briggs, L. J., and Shantz, H. L., The water-requirement of plants., II.

A review of the literature, Bull. U. S. Dept. Agric., Bur. PI. Ind. (1913)

285. Since practically all the water absorbed by such plants as those of

the present experiments is given off by transpiration, the water-absorp-

tion data represent total transpiration.
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Fig. 3. Diagram for series I, showing relative dry weights of wheat roots.
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Severe magnesium injury, pronounced root modifications, and

the phenomenon resembling “stooling” were all clearly confined

to solutions in which the ratio of magnesium to calcium lay

between the limits 1.65 and 13.43 ;
that is, in which the amount

of magnesium sulphate was relatively high as compared with

the amount of calcium nitrate. Of the remaining solutions,

those in which the Mg/Ca-ratio value lay between the limits

0.81 and 3.64 showed slight magnesium injury. This form of

injury in general was confined to the range of the ratio values

from 0.81 to 13.43, and entire freedom from injury was shown
in the cultures which had ratio values within the very narrow

range from 0.21 to 0.81.

Shive found that when his three-salt solution had an osmotic

value of 1.75 atmospheres the plants were free from magnesium
injury with Mg/Ca-values of less than 1.5 ;

and when the osmotic

value was 4.00 atmospheres this limit occurred with the ratio

value 2.2. From Tottingham’s data it appears that no injury

occurred with ratio values below 0.40, when the total osmotic

value was 2.50 atmospheres; or below 0.28, when that value

was approximately 8.00 atmospheres. This limiting value of the

ratio Mg/Ca is thus seen to vary considerably according to the

kinds of salts used, the salt proportions, and the total concen-

tration of the solution. It may be added, however, that no

case has been observed in the experimental studies here con-

sidered in which freedom from magnesium injury occurred with

a ratio having a higher value than 2.90, except with solutions

of very low total concentration where, Shive and Tottingham
agree, none of this injury occurs at all with any value of this

ratio.

Dry weights .—Inspection of the tetrahedral diagram of fig.

1 shows that the highest dry yield of tops was obtained in

culture T2R4C2, having volume-molecular partial concentrations

of the four salts as follows: 0.0067 M potassium chloride,

0.0138 M monopotassium phosphate, 0.0047 M calcium nitrate,

and 0.0081 M magnesium sulphate. Lowest dry yield of tops

(60 per cent of the highest) occurred in culture T1R1C1, having
volume-molecular partial concentrations of the salts as follows:

0.0033 M potassium chloride; 0.0033 M monopotassium phos-
phate

; 0.0023 M calcium nitrate
;
and 0.0309 M magnesium Sul-

phate. The areas of low yields of tops occur in all triangles

along the left-hand margins, corresponding to regions charac-
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terized by low partial concentrations of calcium nitrate and

high partial concentrations of magnesium sulphate.

The highest actual dry weights of tops obtained from these

twenty-four-day cultures was 0.761 gram, and the lowest was
0.457 gram. The average dry yields of tops from three cultures

each of Shive’s and Tottingham’s best solutions for wheat were

0.684 and 0.714 gram, respectively. It, therefore, appears that

all three of these best solutions may be expected to give about

the same yield of tops for wheat plants of this variety grown for

twenty-four days under the general aerial conditions met with

in the present series.

A few other points bearing on the top yields of this series

will be mentioned in the discussion of series II.

With reference to root yields, the maximum dry weight was
obtained in culture T3R3C3. In a general way, the areas of

high and low root yields on the diagram (fig. 3) agree with

the corresponding areas for top yields (fig. 1). The general

truth of this statement is especially worthy of emphasis, because

its opposite was true for the series of Shive and of Tottingham.

It is possible that the addition of potassium chloride to the

Shive three-salt solution resulted in altering in a fundamental

way the relation between top yields and root yields.

Water absorption .—Greatest water absorption occurred with

two cultures, T2R4C2, which also gave highest top yields, and

culture T3R3C3, the latter culture having the following partial

concentrations: 0.0101 M potassium chloride, 0.0103 M mono-
potassium phosphate, 0.0072 M calcium nitrate, and 0.0038 M
magnesium sulphate. The lowest amount of water absorption

occurred in culture T1R1C1, which also gave the lowest top

yield and very low root yields. This very small water absorp-

tion appears undoubtedly related to the stunted tops and poor

root development previously mentioned.

Triangular diagrams for water absorption (which is prac-

tically a measure of transpiration) have been omitted in the

publication of this paper. But a comparison of such diagrams

with those of figs. 1 and 3 (dry weights of tops and of roots,

respectively) has shown that, in a very general way, the regions

for high absorption correspond to those for high top and high

root yields, all three occupying the areas of the triangles char-

acterized by medium proportions of calcium and magnesium,

and medium and low proportions of potassium chloride. This

comparison has also shown that the areas of low water absorp-

tion generally correspond to areas of low top and root yields.
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these low areas lying in the lower left-hand corners of the

triangles, denoting solutions having high proportions of mag-

nesium sulphate, and low proportions of calcium nitrate and

monopotassium phosphate. The general proportionality be-

tween the transpiration and the dry yield reported by other

workers was thus observed in these experiments. This rela-

tion is of course to be expected, since the ability of a particular

set of plants to transpire depends principally upon the leaf

surface of the plants; this is measured approximately by their

dry weight, and the amount of water absorbed is a measure of

their transpiration.49

Water requirement .—The highest water requirement for tops

(Table 4) was found to be that for culture T6R1C1, having 0.6

of its total osmotic concentration due to potassium chloride.

Three quite different cultures showed the lowest water require-

ment for tops. These were cultures T1R5C2, T2R2C2, and
T2R4C3. There is very little in common between these cultures,

as regards the proportions of the salts. Triangular diagrams,

omitted in this publication, have shown that areas of high water

requirements for tops occur in all of the triangles ; that is, with

all proportions of potassium chloride tested. These areas lie

in almost all cases along the lower margins of the triangles,

and are thus restricted to cultures having very low partial con-

centrations of monopotassium phosphate. On the other hand,

low water requirements are in general associated with high

relative proportions of monopotassium phosphate. In a very

general way, solutions which gave high water requirements of

top’s also gave high top yields and, conversely, those which gave
low water requirements gave low top yields. No relation is

apparent between high water requirement of tops and either

water absorption or root yields.

Turning now to water requirement of roots, it is seen that

culture T2R1C3 showed the highest value, while culture T1R1C1
showed the lowest value. High values were not found in this

series for solutions having more than 0.4 of their total concentra-

tion due to potassium chloride. There is no evident general cor-

relation between either high or low values and the proportions

of the various nutrient salts. A comparison of the triangular

diagrams, representing water requirement of roots, with fig. 3

has shown that there is a suggestion of an inverse relationship

40 Livingston, B. E., Relation of transpiration to growth in wheat, Bot.

Gaz. 40 (1905) 178-195.
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between the water requirement of roots and the dry weight of

roots. Likewise, there is, in the present results, a tendency for

the water requirement of roots to be inversely related to water

absorption. There appears to be little or no relationship between
the water requirement of roots and either the dry weight or the

water requirement of tops.

SERIES 11

METHODS OF SERIES II

This series was conducted for twenty-four days, from Feb-

ruary 12 to March 7, 1916. The highest temperature recorded

during this period was 28° C. (February 14, 22, 28) and the

lowest was 10° C. (February 13). The average daily maximum
temperature for the period was 25°, and the average daily mini-

mum was 16° C. The corrected water loss from the spherical

porous-cup atmometer showed a daily mean of 17.5 cubic centi-

meters and a total loss of 241 cubic centimeters for the entire

period. This series was carried out in duplicate, so that there

were two simultaneous cultures of six plants each for each of

the sets of salt proportions tested.

The plan of this series was similar to that followed for series

I. The same four salts were employed and the solutions also

had the same total osmotic concentration (1.60 atmospheres)

as before. In series II it was planned to cover the range of salt

proportions used in series I without repeating all of the cultures.

Forty selected solutions were used. Their composition may be

represented by the same kind of diagrams as were used for

series I. The numbers and positions upon the diagram of these

selected solutions are shown in fig. 4, the culture solutions here

used being represented by dots. It will be seen that solutions

from all of the triangles are included. The method of desig-

nation is the same as in series I, but fractional numbers must
be used to designate solutions which do not fall upon the points

of intersection of the lines. In solution T2R4fClf, for exam-
ple, the four salts contribute the following portions of the total

osmotic concentration: Potassium chloride, 0.2; monopotassium
phosphate, 0.4| ; calcium nitrate, O.lf ;

and magnesium sulphate,

O.lf. For comparison, Shive’s best three-salt solution for wheat
and Tottingham’s best four-salt solution were again used.
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Table 5.—Partial concentrations of potassium chloride
,
monopotassium

phosphate, calcium nitrate, and magnesium sulphate in each of the

solutions employed in series II; also, the values of the three cation

ratios; total osmotic value of each solution, 1.60 atmospheres.

Culture No.

Volume-molecular concentration. Cation-ratio value.

KC1. KH2PO4 . Ca(NOa)2 MgS04. Mg/Ca. Mg/K. Ca/K.

T1R1C1

M.

0.0033

M.

0.0033

M.

0.0023

M.

0.0309 13.43 4.68 0.35

T1R1C4 0.0033 0.0033 0.0098 0.0171 1.76 2.59 1.48

T1R1C7 - — 0.0033 0. 0033 0.0117 0.0038 0.21 0.58 2. 68

T1R2C2 0.0033 0. 0068 0.0047 0. 0216 4.60 2. 14 0.47

T1R2C6 - —

-

0.0033 0.0068 0.0124 0.0081 0. 65 0. 80 1.23

T1R3C3 0.0033 0.0103 0.0072 0.0126 1.75 0.93 0.53

T1R4C1 0.0033 0.0138 0.0023 0.0171 7.44 1.00 0.13

T1R4C4 0.0033 0.0138 0.0098 0.0038 0.39 0.22 0.67

T1R5C2 0.0033 0.0172 0. 0047 0.0081 1.72 0.39 0.23

T1R7C1 0.0033 0.0243 0.0023 0.0038 1.65 0. 14 0.08

T2R1C1 0. 0067 0. 0033 0.0023 0. 0261 11.35 2.61 0.23

T2R1C3* —

.

0.0067 0. 0033 0.0085 0. 0149 1.75 1.49 0. 85

T2R1C6 0.0067 0.0033 0. 0150 0.0038 0.25 0.38 1.50

T2RlfClf .*. 0.0067 0. 0056 0.0039 0.0201 5. 15 1.63 0. 32

T2RlfC4f - 0.0067 0.0056 0.0115 0. 0067 0.68 0. 54 0. 93

T2R2§C2f 0.0067 0.0091 0.0064 0. 0111 1.73 0.70 0.41

T2R3JC1 - —

.

0.0067 0.0121 0.0023 0.0149 6.48 0.79 0. 12

T2R3iC3i 0.0067 0. 0121 0.0085 0.0038 0.45 0.20 0. 45

T2R4|C1§ 0. 0067 0.0161 0. 0039 0.0067 1. 72 0.29 0. 17

T2R6C1 0.0067 0. 0208 0.0023 0.0038 1.65 0. 14 0.08

T3R1C1 0.0101 0.0033 0.0023 0.0216 9.39 1. 61 0.17

T3R1C3 0.0101 0.0033 0.0072 0. 0126 1.75 0.94 0. 54

T3R1C5 0.0101 0.0033 0.0124 0.0038 0. 31 0.28 0.93

T3R1§C1§ 0.0101 0.0056 0.0039 0. 0156 4.00 0. 99 0.25

T3Rl|C3f 0. 0101 0.0056 0. 0089 0.0067 0. 75 0.43 0. 57

T3R2iC2i 0.0101 0.0080 0. 0055 0. 0096 1.75 0.53 0.30

T3R3C1 0.0101 0. 0103 0. 0023 0.0126 5.48 0.62 0. 11

T3R3C3 0.0101 0.0103 0.0072 0.0038 0. 53 0. 19 0.35

T3R3fClf — 0.0101 0.0126 0.0039 0.0067 1.72 0.30 0. 17

T3R5C1 0.0101 0.0173 0.0023 0.0038 1.65 0. 14 0.08

T4R1C1 0.0135 0.0033 0. 0023 0.0171 7.44 1.02 0. 14

T4R1C4 0. 0135 0. 0033 0. 0098 0. 0038 0.39 0.23 0. 58

T4R2C2 0.0135 0.0068 0.0047 0.0081 1. 72 0.40 0.23

T4R4C1 0.0135 0.0138 0.0023 0.0038 1.65 0. 14 0.08

T5R1C1 0.0170 0.0033 0. 0023 0. 0126 5. 48 0.62 0. 11

T5R1C3 .. 0.0170 0. 0033 0. 0072 0.0038 0. 53 0. 19 0. 35

T5R1§C1§ 0.0170 0. 0056 0. 0039 0.0067 1.72 0.30 0.17

T5R3C1 0.0170 0.0103 0.0023 0.0038 1.65 0. 14 0,08

T6RHCU 0.0205 0.0045 0.0031 0.0052 1.68 0.21 0. 12

T7R1C1 0.0240 0.0033 0.0023 0. 0038 1.65 0. 14 0. 08

176642-
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The chemical composition of each of the forty solutions in

series II is shown in Table 5, which corresponds in arrange-

ment to Table 1. The calculation for this series followed the

general method employed in series I and resulted in the partial

molecular concentrations given in Table 6, which were used

directly in the preparation of Table 5.

Table 6.—Partial concentration of each of the four salts required to pro-

duce from OJ. to 0.7 of the total osmotic concentration of 1.60 atmos-
pheres; for series II.

Fractional
parts of

1.60 atmos-
pheres.

Salt.

KC1. KH2PO4 . Ca(NOs) 2 . MgSOi.

M. M. M. M.
0.1 0.0033 0.0033 0. 0023 0.0038

0. 14 0.0045 0.0031 0.0052

0. If 0.0056 0.0039 Q. 0067

0.2 0.0067 0. 0068 0.0047 0. 0081

0. 2f 0.0080 0. 0055 0.0096

0. 2§ 0.0091 0.0064 0.0111

0.3 0.0101 0. 0103 0. 0072 0.0126

eoo' 0. 0121 0. 0086 0.0149

0. 3§ 0.0126 0.0089 0.0166

0.4 0.0135 0.0138 0. 0098 0.0171

0. 4§ 0.0161 0.0115 0.0201

0.5 0. 0170 0. 0173 0.0124 0.0216

0.6 0. 0205 0.0208 0. 0150 0.0261

0.7 0.0240 0.0243 0.0177 0. 0309

RESULTS OF SERIES II

Appearance of plants .—Root and top development took place

in a way very similar to that described for the preceding series.

The various differences in the appearance of the plants described

as occurring in series I were observed in the present series to

about the same degree with reference to the range of salt pro-

portions. The distribution of the two forms of magnesium in-

jury in this series is shown by the diagrams of fig. 5, which

is to be interpreted like fig. 2.

Dry weights .—The dry weight data for this series are shown
in Table 7, in which the various items are arranged as in Table

4, excepting that in the present case the actual values corre-

sponding to the two duplicate cultures are given, followed by

the relative average. Thus these relative average weights cor-

respond to the relative weights given in Table 4. The letters

H and L are used in the same way as in the preceding series,

but it will of course be noted that the “high” and the “low”
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groups here primarily include ten cultures each, instead of

twenty-one as in the other case. The relative average yields

simultaneously obtained with Shive’s and with Tottingham’s
best solutions are again given at the bottom of the table. The
data of Table 7 are shown diagrammatically in fig. 4 (tops)

and fig. 6 (roots), in which the method of plotting is the same
as that for series I (figs. 1 and 3.)

Water absorption.—The data of the total water absorption

for each of the cultures in this series are shown in Table 8,

where arrangement and notation are the same as heretofore

followed.

Water requirement .—The relative average values for the

amounts of water absorbed per unit of dry weight of tops and
of roots are also presented in Table 8.

DISCUSSION OF SERIES II

Appearance of plants .—The appearance of the plants and the

occurrence of magnesium injury were practically the same as

in series I, and these features need not be discussed in detail.

Dry weights.—The distribution of the high and low values of

top yields on the diagram for this series (fig. 4) agrees in

general with the distribution of these values for series I (fig.

1). The highest yields of tops for series II was 0.804 gram for

culture T2R4fClf, which had virtually the same salt propor-

tions as the one giving the highest yield in series I (T2R4C2).
Culture T1R1C1 gave the lowest top yield in series I and in

both the duplicates of series II. The lowest yields for the two
duplicates of series II were 0.573 and 0.529 gram (an average

of 69 per cent of the highest), while the corresponding lowest

yield for series I (carried out earlier in the winter) was 0.457

gram. In a similar way, the two duplicates giving the highest

yield in series II (culture T2R4fCl|) were 0.804 and 0.803

gram, while the highest yield from series I (culture T2R4C2)
was 0.761 gram. This suggests that the aerial conditions for

the two series were such as to give a somewhat higher yield

of tops in the second series. The average top yield for four

parallel cultures of Shive’s best solution was 0.801 gram, prac-

tically the same as the best yield from the series with chloride.

This value was also markedly higher than the corresponding

value (0.684 gram) for the Shive solution in series I. A sim-

ilar, though less pronounced, difference between the average top

yields for Tottingham’s solution in series I (0.714 gram) and
in series II (0.751 gram) may be noticed. As far as these
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data go, it appears that Tottingham’s best solution gave a some-

what higher top yield than did Shive’s in series I, while this

relation was reversed in series II. On the whole, however, the

best three salt proportions seem to be about the same in their

ability to produce dry top yields under the aerial conditions of

both these series.

As has been said, the salts used in the present study are the

same as those of the solution that has come to be known as

Detmer’s solution. 50 This contains the four salts in the follow-

ing proportions : 0.0130 M calcium nitrate, 0.0039 M monopotas-

sium phosphate, 0.0044 M magnesium sulphate, and 0.0072 M
potassium chloride. These exact proportions were not tested in

the present work, but there were two solutions, in both series I

and series II, the proportions of which closely resembled those

used by Detmer. These were T2R1C6 and T3R1C5. These two
solutions resembling Detmer’s gave only 81 and 85 per cent of the

top yield obtained with the best proportions in series I (solution

T2R4C2)
;
and these same solutions gave only 77 and 81 per

cent of the top yields obtained with the best proportions in

series II (solution T2R4fCl§) . In series I, at least thirty of the

eighty-four solutions tested gave higher yields of tops than were
obtained with the solutions closely resembling Detmer’s in salt

proportions. An even more marked improvement over the

growth obtained with Detmer’s exact proportions is reported by
Shive for his best three-salt solution which, as has been men-
tioned, gave practically the same yield as did the best four-salt

solution used in this study.

Regarding the production of root yields, the same generaliza-

tions appear to hold for series II as were stated for series I;

and the general correspondence between high and low root areas,

on the one hand, and between high and low top areas, on the

other hand, seems to be more definite in the latter series. The
salt proportions giving the lowest root yields were the same in

both series (T1R1C1), and these same proportions also gave

lowest top yields in both. In series II the highest root yield

occurred in culture T2R3JC3J, which had nearly the same salt

proportions as the culture giving highest root yields in series

I (T3R3C3)

.

60 Detmer, W., Practical Plant Physiology. Translated by S. A. Moor.

London (1898) 2.
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Table 7.—Actual and relative average dry weights of tops amd roots of

wheat; for series II, conducted from February 12 to March 7, 1916.

Culture No.

Tops (6 plants). Roots (6 plants).

A.
actual.

B,
actual.

Average,
relative.

A,
actual.

B,
actual.

Average,
relative.

T1R1C1 0.573 0.529 69 L 0. 175 0. 176 56L

T1R1C4 0.699 0.658 84 0.244 0.218 74

T1R1C7 0.586 0.621 75L 0.264 0.307 91H

T1R2C2 0.728 0. 685 88 0.223 0.212 69L
T1R2C5 0.690 0.644 83 0.283 0.217 80H
T1R3C3 0. 732 0.733 91 0.224 0.231 73

T1R4C1 0. 710 0. 673 86 0. 221 0.213 69L
T1R4C4 0.667 0.748 88 0.256 0.305 89H
T1R5C2 0. 783 0.735 94H 0.269 0.238 81H
T1R7C1 0.780 0. 772 97H 0.256 0.225 77

T2R1C1 0.522 0. 582 69L 0. 187 0. 180 59 L
T2R1C3I 0.628 0.663 80 0.203 0.210 66L
T2R1C6 0.631 0. 608 77L 0.237 0.244 77

T2R1IC1I 0.689 0. 670 85 0.212 0.237 72

T2Rl|C4f 0.682 0.699 86 0.248 0.275 83H
T2R2|C2§— 0.744 0.738 92H 0.231 0.242 75

T2R3JC1 0.655 0. 683 83 0.203 0.224 68L
T2R3iC3i 0.741 6. 782 95H 0.305 0.323 1 00H

(.314)

T2R4IC1I 0. 804 0.803 1 00H 0.230 0.234 74

(.804)

T2R6C1 0.756 0.803 97H 0.222 0.243 74

T8R1C1 0.601 0.632 77 L 0.209 0.221 68 L
T3R1C3 0.615 0.605 76L 0.212 0.209 67L
T3R1C5 0.635 0.661 81 0.287 0.285 91H

T3R1|C1§ 0.735 0.709 90 0.244 0.240 77

T3R1|C3§ 0.720 0.628 84 0.257 0. 245 80H

T3R2£C2$ 0.739 0.720 91 0. 264 0. 244 81H

T3R3C1 0.651 0.749 87 0. 237 0. 257 79

T3R3C3 0.762 0.719 92H 0.327 0.284 97H

T3R3§C1§ 0.755 0.778 95H 0. 273 0.247 83H

T3R5C1 0.775 0.727 93H 0. 220 0.232 72

T4R1C1 0.589 0.582 73L 0.213 0. 189 64L
T4R1C4 0.632 0.615 78 0. 248 0.256 80H

T4R2C2 0. 655 0.699 84 0. 227 0.242 75

T4R4C1 0. 744 0.677 88 0. 251 0.221 75

T5R1C1 . 0. 543 0.614 72 L 0. 194 0.204 63L
T5R1C3 0. 608 0. 658 79 0. 223 0.230 72

T5Rl§Clf 0. 665 0.678 84 0. 256 0.222 76

T5R3C1 0.736 0. 736 92H 0.239 0. 241 76

T6RUCU—. 0.622 0.609 77L 0.211 0.213 68L

T7R1C1- 0.623 0.537 72L 0. 227 0. 208 69L
Shive _ 1 00H 70

Tottingham 93H 9SH
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Table 8.—Water-absorption data for wheat; also
,
amount of water absorbed

for each gram of yield of tops and of roots (water requirement ),

relative to the highest average as 100; for series 77, conducted from
February 12 to March 7 , 1916.

Culture No.

Water absorption.
Water require-

ment.

A.
actual.

B,
actual.

Average,
relative.

Tops,
average,
relative.

Roots,
average,
relative.

cc. cc.

T1R1C1 304 283 73L 81 94H

T1R1C4 408 382 98H 81 97H

T1R1C7 .. 417 375 99H 1 00H 78L

(656)

T1R2C2 378 350 91L 79L 94H

T1R2C5 391 339 91L 83 83L

T1R3C3 386 372 94 79L 94H

T1R4C1 355 351 88L 78L 92

T1R4C4 380 357 92 79L 74L

T1R5C2 . ... 406 384 98H 79L 88

T1R7C1 394 374 96 75L 90

T2R1C1 304 304 76L 84 93

T2R1C3I 380 352 91L 86 1 00H
T2R1 (1 768 )

T2R1C6 369 364 91L 90H 86L

T2RlfClf 382 372 94 84 95H

T2RlfC4f 400 373 96 85 84L

T2R2fC2| 398 363 95 78L 91

T2R3iCl 363 326 86L 79L 91

T2R3iC3| 399 388 98H 79L 71L

T2R4|C1§ 380 374 94 72L 92

T2R6C1 390 362 94 74L 91

T3R1C1 363 342 88L 87H 93

T3R1C3 369 363 91L 91H 98H
T3R1C5 , 414 389 1 00H 95H 79L

(403)

T3RlfClf 399 385 98H 83 92

T3R1|C3§ 388 382 96 87H 87L

T3R2§C2£ 403 393 99H 83 89

T3R3C1 410 368 97H 85 89

T3R3C3 417 386 1 00H 83 74L

T3R3|C1§ 402 374 97H 77L 84L

T3R5C1 373 363 92 75L 92

T4R1C1 341 337 84L 88H 95H
T4R1C4 400 394 99H 97H 89

T4R2C2 . 388 367 94 85 91

T4R4C1 . 383 356 92 79L 89

T5R1C1 354 333 86L 91H 98H
T5R1C3 382 371 94 91H 94H
T5RlfClf 397 359 94 86 90

T5R3C1 383 382 95 79L 90

T6RliCl|— 360 343 88L 87H 94H
T7R1C1 366 335 87L 92H 91

Shire 95 72L 90 •

98H 80 77L
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From the dry-weight data of both series I and series II it ap-

pears that for a given total concentration these plants were not

very sensitive to small differences in the salt proportions. A
relatively large number of salt combinations in both series I and
series II gave approximately equal growth, with apparently iden-

tical conditions other than those in the nutrient solution. Thus
in series I eleven other solutions gave at least nine-tenths as

high dry yields of tops as did the best solution
; and in series II

twelve other solutions gave at least nine-tenths of the yield of

tops obtained in the best solution. The individual differences

between the different plants in a culture is probably the greatest

factor in determining just which set of a number of very favor-

able sets of salt proportions will give the very highest yield.

The relation between the cation-ratio values and the yields of

wheat tops for series I and II are shown in Table 9. It will be

seen that for low yields of tops the Mg/Ca-ratio values cover

practically the whole range of these values for the entire series.

There is thus no relation between the value of the Mg/Ca-ratio

and the low yield of tops. The same thing is also true of the

values of the Mg/K- and Ca/K-ratios, since all tested values of

these ratios give low yields in some cultures.

Table 9.—Cation-ratio values for solutions of series I and II; for the

entire series
,
and for solutions giving high and low and highest and

lowest top yields.

Mg/Ca. Mg/K. Ca/K.

Series Series
II.

Series Series
II.

Series
I.

Series
II.

Entire series:

Minima 0.21 0.21 0.14 0. 14 0.08 0.08

Maxima 13.43 13.43 4.68 4. 68 2.68 2. 68

Range - 13.22 13.22 4.54 4. 54 2. 60 2.60

Low yields:

Minima 0.54 0.21 0. 14 0. 14 0.08 0. 08

Maxima 13. 43 13. 43 4.68 4.68 2. 27 2. 68

12.89 13.22 4. 54 4.54 2. 19 2.60

High yields:

Minima _ _ 0.53 0.53 0. 14 0. 14 0. 08 0.08

Maxima 3. 52 1.73 0. 93 0. 70 0. 73 0.45

Range _ 2. 99 1.20 0. 79 0.66 0. 65 0.37

Highest yields 1. 72 1. 72 0.40 0.29 0.23 0. 17

Lowest yields 13.43 13. 43 4. 68 4. 68 0.35 0.35

Do 11.35 2.61 0.23

For high yields of tops, however, there does appear to be a

certain relation between cation-ratio values and yield. High
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yields of tops were restricted to cultures having values of the

Mg/Ca-ratio ranging from 0.53 to 3.52 for series I, and from 0.53

to 1.73 for series II, while the total range for each of these entire

series was from 0.21 to 13.43. Thus high yields of tops were
never obtained when the Mg/Ca-ratio value was above 3.52, no
matter what the proportions of the other ions. High yields of

tops were obtained when the Mg/K-ratio had the lowest value

tested (0.14), and were restricted to relatively low values of

this ratio. The highest value of the Mg/K-ratio that gave high

yields was 0.93, while the highest value tested was 4.64. High
yields of tops were also restricted to low values of the Ca/K-
ratio, never being obtained when this was higher than 0.73,

while the highest value for the entire series was 2.68. The very

lowest value (0.08) of the Ca/K-ratio also produced high yields

of tops. The data presented in this table may be summarized by
stating that low yields were obtained with practically all ratio

values tested
; but that high yields were never obtained when the

Mg/Ca-ratio was higher than 3.52, nor when the Mg/K-value
was above 0.93, nor when the Ca/K-value was above 0.73.

Culture T1R1C1, which gave the lowest yields of tops in se-

ries I and II, had the following ratio values: Mg/Ca, 13.43;

Mg/K, 4.68; Ca/K, 0.35. The other culture in series II giving

a yield as low as T1R1C1 (namely culture T2R1C1) had the fol-

lowing values : Mg/Ca, 11.35 ;
Mg/K, 2.61 ; and Ca/K, 0.23. The

highest yields of tops were obtained, in series I, with culture

T2R4C2 having the following ratio values : Mg/Ca, 1.72 ;
Mg/K,

0.40 ;
Ca/K, 0.23 ; and in series II, with culture T2R4fClf having

the ratio values: Mg/Ca, 1.72; Mg/K, 0.29; Ca/K, 0.17. These

two solutions are characterized by equal Mg/Ca-ratios
;
but the

other two ratios are different for the two solutions.

The relations between cation-ratio values and root yields for

series I and II are shown in Table 10. Considering the results

of the two series together, it is apparent that there is little or no

relation between low root yield and the value of any one of the

three cation ratios. This agrees with what was found for top

yields. However, as in the case of top yields, there was an

apparent relation between high yields and cation-ratio values.

Thus, high root yields were obtained only when the Mg/Ca-ratio

had values from 0.21 to 5.48, while the total range for the

series was from 0.21 to 13.43. In a similar way high root

yields were restricted to low values of the Mg/K-ratio, from 0.14

to 0.80, and never occurred with ratio values between 0.80 and

4.68. On the other hand, there was no relation between high
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root yields and the Ca/K-ratio values, high yields being obtained

with the whole range of these values tested.

The general conclusion which must be reached from these ex-

periments is similar to that already stated by Gile, 51 by Totting-

ham, and by Shive. The effect of a certain ratio between any
two ions in a certain total concentration appears to depend ‘upon

the relation of these ions to all the other ions in the nutrient

solution; that is, upon the complex balance of ions in the nu-

trient solution. A certain optimum ratio may be found between

two ions, as calcium and magnesium, for example, when a cer-

tain balance exists between all the other ions present. But if

this balance is altered, the optimum ratio between calcium and

magnesium, for example, would be altered.

Table 10.

—

Cation-ratio values for solutions of series I and II; for the en-

tire series
,
and for solutions giving high and low and highest and lowest

root yields .

Mg/Ca. Mg/K. Ca/K.

Series
I.

Series
II.

Series
I.

Series.
II.

Series
I.

Series
II.

Entire series:

Minima 0.21 0.21 0.14 0. 14 0.08 0.08

Maxima ... 13.43 13.43 4. 68 4.68 2.68 2.68

Range.. 13.22 13.22 4. 54 4. 54 2. 60 2.60

Low yields:

Minima 0.54 1.65 0. 14 0.14 0.08 0.08

Maxima ._ 13.43 13.43 4. 68 4. 68 2.27 0. 85

Range .. 12. 89 12.78 4. 54 4.54 2. 19 0.77

High yields:

Minima 0.31 0.21 0.14 0. 19 0.08 0. 17

Maxima 5.48 1.75 0. 75 0.80 2.68 2.68

Range 5. 17 1. 54 0. 61 0. 61 2. 60 2. 51

Highest yields 0.53 0. 45 0. 19 0.20 0.35 0. 45

Lowest yields 1.02 13.43 1. 91 4. 68 1.88 0.86

Water absorption .—Cultures T3R1C5 and T3R3C3 absorbed

the greatest quantities of water in this series ; the latter culture

also absorbed the most in series I. This series agrees with se-

ries I in the culture showing lowest water absorption (T1R1C1)

.

In a general way, also, there is an agreement between the two se-

ries in the direct relationship shown between dry yields of tops

and roots, on the one hand, and water absorption on the other.

Water requirement .—The results of this series disagreed with

those of the preceding one in the exact proportions giving high-

61
Gile, P. L., Lime-magnesia ratio as influenced by concentration, Bull.

Porto Rico Agric. Exp. Sta. 12 (1912).
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est and lowest top and highest and lowest root water require-

ments, though there was general agreement between the high

and low and medium areas for the two series. The general

features are the same as those for the preceding series and will

not be discussed in detail here.

SERIES III

METHODS OF SERIES III

Series III extended over thirty-two days, from December 4,

1916, to January 5, 1917. The maximum temperature for this

period was 28° C. (December 8, 13, 14, 21), and the min-

imum was 12° C. (December 15, 17, 30). The average daily

maximum for the period was 25° C., and the average daily

minimum was 16° C. The mean daily water loss from the at-

mometer was 15.7 cubic centimeters, and the total loss for the

period was 501 cubic centimeters.

All of the culture solutions employed in this series had the

same total concentration (1.60 atmospheres) as was used in

series I and II. But much higher partial concentrations of

potassium chloride were included in this series, since the results

obtained from the preceding series showed no very pronounced

effects that might be attributed to potassium chloride. Four
sets of culture solutions were used, in which potassium chloride

contributed 0.2, 0.7, 0.8, and 0.9, respectively, of the total os-

motic concentration. In each of these sets ten combinations of

the other three salts were tested. The method of varying the

other three salts may be most easily understood by referring to

the diagrams of fig. 7. Each of the four triangles (T2, T7, T8,

T9) represents one of these four sets. The cultures of the

first set (T2) have 0.2, those of the second (T7) have 0.7, those

of the third (T8) have 0.8, and those of the fourth (T9) have 0.9

of their total osmotic concentration due to potassium chloride.

In each of the sets the residual osmotic concentration is dis-

tributed among the other three salts in the way shown by the

distribution of the dots on the diagrams. Thus in triangle 2

the distribution was 0.8 of the total concentration
; in triangle 7,

0.3; in triangle 8, 0.2; and in triangle 9, 0.1. Each of the cul-

tures indicated on the triangular diagrams of fig. 7 represents

various proportions of monopotassium phosphate, calcium ni-

trate, and magnesium sulphate, the amount of potassium chloride

being indicated by the number of the triangle. Thus the cul-
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tures in each set may be regarded as comprising a series of

three-salt solutions similar to the series employed by Shive. The
diagram (TO) of fig. 7 represents Shive’s series, consisting of

Fig. 7. Diagram for series III, showing culture numbers and osmotic proportions of the

four salts.
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thirty-six solutions having various proportions of monopotassium

phosphate, calcium nitrate, and magnesium sulphate, all of

which have the same total concentration (1.75 atmospheres).

None of these solutions contains any potassium chloride at all.

The set of cultures represented by triangle 2 may be considered

as derived from Shive’s series by first decreasing the total con-

centration of the latter to 1.28 atmospheres and then adding to

each solution enough potassium chloride to give a total concen-

tration of 1.60 atmospheres. Similarly, the sets represented by
triangles 7, 8, and 9 may be derived from the Shive set by de-

creasing the total concentration to 0.48 atmosphere, 0.32 atmos-

phere, and 0.16 atmosphere, respectively, and then adding

potassium chloride equivalent to 1.12 atmospheres, 1.28 atmos-

pheres, and 1.44 atmospheres, respectively. It is thus seen

that series III was planned to study the various physiological

values (as indicated by the plants) of the different salt propor-

tions in the Shive series, in the presence of four different partial

concentrations of potassium chloride, the total concentration of

the four-salt mixture being always the same (1.60 atmospheres)

.

The actual salt proportions tested in this series were not

exactly the same as those employed by Shive, but the total range

of salt proportions was the same. Instead of the thirty-six

solutions tested by Shive, ten selected solutions were here em-
ployed. Only three of these ten correspond to sets of propor-

tions actually used by Shive (those represented by the three

apices of the diagram). The others fall on the diagram at

different points from those actually tested by Shive, but they

may be designated in the same general manner as was followed

by Shive, by employing fractional numerals somewhat as in the

case of series II. Culture T2R4^C1, for example, considered as

a three-salt solution having an osmotic value of 1.28 atmospheres

has 0.4^ due to monopotassium phosphate, 0.1 due to calcium

nitrate, and 0.4^ due to magnesium sulphate, and the amount

of potassium chloride present is shown by the number of the

triangle (0.2 of 1.60=0.32 atmosphere) . Besides the forty solu-

tions belonging to this series, solution T2R4C2 (giving the high-

est top yield in series I) was also employed, for the sake of

comparison.

Table 11 gives the chemical composition of each of the forty

solutions in series III, in terms of the partial volume-molecular

concentrations of the four salts; the values of the three cation

ratios are also included in this table. The method used in cal-
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culating these partial concentrations was similiar to that em-
ployed heretofore.

Table 11 .—Partial concentrations of each of the salts in the solution® em-
ployed in series III; also, the values of the three cation ratios; total

osmotic value of each solution, 1.60 atmospheres.

Culture No.

Volume-molecular partial
concentration.

Cation-ratio value.

KC1. KH2PO4 . Ca(NOs)i Mg/SCH. Mg/Ca. Mg/K. Ca/K.

T2R1C1

M.

0. 0067

M.

0.0028

M.

0. 0020

M.

0.0280 14.00 2.95 0.21

T2R1C4* 0.0067 0.0028 0.0090 .0158 1.76 1. 66 0.95

T2R1C 8 0.0067 0.0028 0.0161 0.0035 0.22 0.37 1. 69

T2R2JC2J 0. 0067 0.0065 0.0047 0. 0187 3.98 1. 42 0.86

T2R2§C5£ 0.0067 0. 0065 0.0107 0.0082 0. 77 0.62 0. 81

T2R3K3J — 0. 0067 0. 0093 0. 0067 0.0117 1. 75 0.73 0.42

T2R4JC1 0.0067 0.0125 0.0020 0.0158 7. 90 0.82 0. 10

T2R4£C4£ 0. 0067 0. 0125 0.0090 0.0035 0.39 0. 18 0. 47

T2R5iC2£ 0. 0067 0.0148 0.0047 0.0082 1. 75 0.38 0.22

T2R8C1 0. 0067 0. 0222 0. 0020 0.0035 1.75 0.12 0.07

T7R1C1 0.0240 0.00103 0.00072 0.00983 13.65 0.39 0.03

T7R1C4I 0.0240 0. 00103 0. 00323 0.00553 1.71 0.22 0. 13

T7R1C8 0.0240 0. 00103 0. 00575 0.00123 0.21 0.05 0.23

T7R2IC2J 0.0240 0. 00240 0.00168 0. 00655 3. 90 0.25 0.06

T7R2iC5i 0. 0240 0. 00240 0. 00383 0.00287 0. 75 0.11 0. 15

T7R3$C3i — 0.0240 0.00343 0.00240 0. 00410 1.71 0. 15 0.09

T7R4JC1 0. 0240 0.00464 0.00072 0. 00553 7.68 0. 19 0.03

T7R4iC4£ - 0.0240 0.00464 0.00323 0. 00123 0.38 0.04 0. 11

T7R5JC2| 0.0240 0. 00549 0. 00168 0.00287 1.71 0. 10 0.06

T7R8C1 0.0240 0.00824 0. 00072 0. 00123 1. 71 0.04 0.02

T8R1C1 0. 0275 0.00068 0.00047 0.00639 13.60 0.23 0.02

T8R1C4I 0. 0275 0.00068 0.00213 0.00359 1.69 0. 13 0.08

T8R1C8 0.0275 0.00068 0.00378 0.00080 0.21 0.03 0. 13

T8R2|C2| 0.0276 0. 00159 0.00110 0. 00426 3. 87 0.15 0.04

T8R2JC5* 0.0275 0. 00159 0.00252 0.00186 0. 74 0.06 0. 09

T8R3iC3i 0.0275 0.00227 0. 00157 0.00266 1.69 0.09 0.05

T8R4IC1 0.0275 0.00307 0.00047 0.00359 7.64 0. 12 0.02

T8R4£C4i 0.0275 0.00307 0.00213 0.00080 0.38 0.03 0.07

T8R5iC2j 0. 0275 0.00364 0.00110 0.00186 1.69 0.06 0.04

T8R8C1 0. 0275 0. 00546 0. 00047 0. 00080 1.70 0.02 0.01

T9R1C1 0.0310 0.00034 0. 00023 0.00305 13.26 0. 10 0.01

T9R1C4£ 0.0310 0. 00034 0. 00104 • 0.00172 1.65 0.05 0.03

T9R1C8 . 0.0310 0.00034 0.00185 0.00038 0.21 0.01 0. 06

T9R2IC2J 0.0310 0.00078 0. 00054 0.00203 3. 76 0.06 0.02

T9R2|C5| 0.0310 0.00078 0.00123 0. 00089 0.72 0.03 0.04

T9R3jC3s 0.0310 0. 00112 0.00077 0.00127 1.65 0.04 0.02

T9R4£C1 0.0310 0. 00151 0. 00023 0.00172 7. 48 0.05 0.01

T9R4JC4* 0.0310 0. 00151 0. 00104 0.00038 0. 37 0.01 0.03

T9R5jCla 0. 0310 0.00179 0.00054 0. 00089 1. 65 0.03 0.02

T9R8C1 0.0310 0. 00269 0. 00023 0.00038 1. 65 0.01 0.01
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RESULTS OF SERIES III

Appearance of the plants .—The same kinds of top and root

modifications described for series I and II were observed in the

present series, with the exception of the longitudinal striping

of the leaves and the phenomenon similar to “stooling,” which
did not appear. Retardation of lateral roots was most pro-

nounced in culture T2R1C1, but it was also severe in cultures

T7R1C1, T8R1C1, and T9R1C1. Here also the color of the

tops was seen to decrease in intensity in passing from left to

right in the triangles; and all of the plants in the cultures of

triangle 2 were greener than the plants in the corresponding

cultures of triangles 7, 8, and 9. The forms of leaf injury ap-

parently related to high partial concentrations of magnesium
sulphate were observed in this series, and their distribution is

shown upon the diagrams of fig. 8. In these diagrams the total

number of leaves of the twelve plants grown in the duplicate

cultures are indicated by the numerals placed near the points

showing the location of culture solutions. Cultures marked by
triangles showed severe injury; those marked by squares showed
slight injury.

Dry weights .—The actual dry weights, in grams, of tops and
of roots, are given in Table 12. The dry weights of the plants

of each of the two duplicate cultures and the average weights are

shown. High yields are indicated in the table by the letter H

;

and low, by the letter L ; the two highest yields in each triangle

are considered high and the two lowest are considered low, for

tops and for roots. The actual yields obtained at the same time

with the T2R4C2 cultures are given at the bottom of the table.

The data given in this table are shown diagrammatically in fig.

7 (tops) and fig. 9 (roots). The method of plotting is some-

what different from that previously employed
;
in this case high

values are indicated by small triangles and low values by small

squares, no attempt being made to indicate areas of high and low

values.

Water absorption .—The data on water absorption for the

cultures in this series are shown in Table 13, where the arrange-

ment is similar to that in the preceding table.

Water requirement .—The average amounts of water absorbed

per unit of dry weight of tops and of roots are presented in the

last two columns in Table 13.

175542 4
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1 part KH 2P04 1 part KH2
P04

Fig. 8. Diagram for series III, showing leaf injury.

DISCUSSION OF SERIES III

Appearance of plants .—From the data shown in fig. 8, it ap-

pears that the area of magnesium injury on the triangular

diagram employed for this series is very small when the amount
of potassium chloride present is low and becomes larger as the



17, 6 Trelease: Salt Requirements of Wheat Plants 577

Fig. 9. Diagram for series III, showing dry yields of roots.

amount of this salt is increased. Thus in triangle 2, where only

0.2 of the total concentration is due to potassium chloride, this

area of injury is confined to the left margin
;
it extends somewhat

more to the right in triangle 7 ; and occupies the left half of the

diagram in triangles 8 and 9. In the last two cases potassium
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chloride was present in very large amounts (0.8 and 0.9 of the

total osmotic value, respectively). It is remarkable that the

set of cultures represented by triangle 2 is most nearly like the

Shive set (which contained no potassium chloride), but that

Table 12.—Dry weights of tops and roots of wheat ; for series III, con-

ducted from December U, 1916, to January 5, 1917.

Culture No.

Tops (6 plants)

.

Roots (6 plants) .

A. B. Average. A. B. Average.

9. a • a- 9 . 9 • 9 .

T2R1C1 0.719 0.711 0. 715 0.210 0.205 0.208L

T2R1C4* 0.692 0.685 0. 689L 0. 197 0. 193 0. 195L

T2R1C8 0.704 0.642 0.673L 0. 242 0. 209 0. 226

T2R2JC2J 0. 861 0.825 0. 838 0.225 0.221 0.223

T2R2§C5i 0.796 0.773 0. 784 0.237 0.217 0.227

T2R3iC3i 0. 870 0.842 0.856 0.240 0.221 0.231

T2R4JC1 0.847 0.878 0.863 0.233 0.223 0.228

T2R4*C4* 0.820 0. 857 0.839 0.308 0.278 0.293H

T2R5iC2i 0. 955 0.938 0. 947H 0.262 0. 240 0.251H

T2R8C1 0.939 0.872 0. 906H 0.256 0.234 0.245

T7R1C1 0. 466 0. 473 0.470L 0.221 0.215 0.218

T7R1C4* 0. 617 0. 532 0.575 0.215 0. 194 0.205

T7R1C8 0. 491 0. 592 0.542L 0.205 0. 177 0. 191L

T7R2§C2$ 0.585 0.614 0.600 0.215 0.195 0. 205

T7R2*C5§ 0. 585 0. 579 0. 582 0.201 0. 186 0. 194L

T7R3£C3£ 0. 616 0. 658 0.637H 0.230 0.219 0.225

T7R4JC1 0. 555 0. 531 0. 543 0.256 0.216 0.236H

T7R4*C4i 0.625 0.607 0. 616 0.212 0.202 0.207

T7R5JC2J 0. 656 0.607 0.632H 0.232 0.201 0.217

T7R8C1 0.563 0. 568 0. 566 0.248 0.244 0.246H

T8R1C1 0.448 0.435 0.442L 0.234 0.216 0.225

T8R1C4J 0.470 0. 553 0. 512 0.203 0. 178 0. 191L

T8R1C8 0. 599 0.574 0. 587H 0. 196 0. 186 0. 191L

T8R2JC25 0. 474 0.537 0. 506 0.217 0.208 0.213

T8R2gC5^ 0. 504 0. 598 0. 551 0.209 0.197 0.203

T8R3§C3g 0. 620 0. 548 0. 584H 0.247 0.212 0.280

T8R4JC1 0.433 0.512 0.473L 0.294 0. 229 0.262H

T8R4iC4i 0. 510 0.531 0.521 0.207 0. 199 0. 203

T8R5gC2g 0.594 0.537 0. 566 0.235 0.226 0.231

T8R8C1 0.492 0.467 0.480 0.263 0.263 0. 263H

T9R1C1 0.467 0.410 0.439L 0.332 0. 316 0.324H

T9R1C4* 0. 541 0. 593 0. 567H 0.240 0.203 0.222

T9R1C8 0.526 0.522 0.524 0.215 0. 194 0.205L

T9R2£C2i 0. 512 0. 502 0.507 0.288 0.255 0.272

T9R2gC53 0.564 0.496 0. 530H 0.223 0.211 0.217L

T9R3iC3£ 0.488 0.572 0. 530H 0.249 0.221 0.235

T9R4IC1.. 0.420 0.417 0.419L 0.301 0.291 0.296

T9R4JC4* 0. 480 0. 565 0.523 0.229 0.214 0.222

T9R5£C2£ 0.612 0.478 0.495 0.280 0.254 0.267

T9R8C1 0.440 0.458 0.449 0.316 0. 303, 0.310H

T2R4C2 0.937 0.937 0.937 0.252 0.241 0.247
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Table 13. Water-absorption data for wheat; also
,
average amount of

water absorbed for each gram of yield of tops and of roots (water re-

quirement) j for series III, conducted from December U, 1916, to Jarv-

uary 5, 1917.

Culture No.

Water-absorption.
Average water
requirement.

A. B. Average. Tops. Roots.

cc. cc. cc. cc. perg. cc. per g.

T2R1C1 - 383 363 373 522 1,793

T2R1C4* 409 404 407 591 2,087

T2R1C8 : 401 389 395 587 1,748

T2R2$C2$ - - 436 436 436 520 1,956

T2R2§C5$ - - 419 409 414 528 1,824

T2R3iC3j - 444 399 422 493 1,827

T2R4JC1 -
426 411 418 484 1,833

T2R4iC4j - ----- 432 418 425 607 1,451

T2R5SC2* 442 432 437 461 1,741

T2R8C1 - -
466 435 446 492 1,820

T7R1C1 — 338 824 331 704 1,518

T7R1C4£ 401 376 389 677 1,898

T7R1C8 399 360 380 701 1,990

T7R24C2J 395 357 376 627 1,834

T7R2&C53 385 869 377 648 1,948

T7R3jC3i 423 396 410 644 1,822

T7R4JC1 334 327 331 610 1,403
'

T7R4JC4* 390 381 386 627 1,865

T7R5*C2£ 387 378 383 606 1,765

T7R8C1 - 375 344 360 636 1,463

T8R1C1 — 333 317 325 735 1,444

T8R1C42 402 339 371 725 1,942

T8R1C8 387 370 379 646 1,984

T8R2iC3| — 369 362 366 723
. 1.718

T8R2£C5i 386 379 383 695 1,887

T8R3IC3J 395 386 391 670 Oo

T8R4IC1 — —

.

364 322 343 725 1,309

T8R4iC4£ 387 354 371 712 1,828

T8R5KJ2J 399 387 393 694 1,701

T8R8C1 351 345 848 725 1,323

T9R1C1 - 315 314 315 718 972

T9R1C4J 411 365 388 684 1,748

T9R1C8 389 364 377 719 1,839

T9R2JC2J 362 345 354 698 1,301

T9R2iC5i 384 365 375 708 1,728

T9R3|C3§ 383 348 866 691 1, 557

T9R4iCl 319 303 311 742 1,051

T9R4JC4* 386 340 363 694 1,635

T9R5£C2£ — - 360 837 349 705 1,307

T9R8C1 320 319 320 713 1,032

T2R4C2 441 435 438 467 1,773
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triangles 8 and 9 are the ones that approach most nearly to

Shive’s diagram of magnesium injury. Whether the Shive series

containing the three other salts without any potassium chloride

might have shown the distribution of this injury recorded by
Shive, if it had been carried out simultaneously with these four

sets, is of course uncertain.

The more-intense green color that characterized the cultures

with a large supply of magnesium sulphate in series I and II

was also noted in this series
; the region of deepest green occurred

at the left margin in the triangle in all four cases. Further-

more, the color intensity of these greenest plants decreased from
set to set as the potassium chloride content of the solution in-

creased. As has been mentioned, the high potassium chloride

content of these sets was accompanied by lower absolute amounts
of the three other salts, so that the last observation may well be

related to the small absolute amount of magnesium sulphate

present in these solutions. Dwarfing of the root system also

occurred in this series with high relative amounts of magnesium
sulphate, as has been noted for series I and II, and this dwarfing

was much more pronounced with high absolute values of this

salt than with lower ones. As has been mentioned, striping

of the leaves and “stooling” were not observed in series III.

Dry weights .—Reference to the diagrams of fig. 7 shows that

as the partial concentration of potassium chloride is increased,

the partial concentration of the other three salts together being

correspondingly decreased, the area of high top values migrates

downward and to the right; that is, toward lower relative pro-

portions of monopotassium phosphate and higher ones of calcium

nitrate. That this migration of the area of high tops is not due

merely to decreased partial concentration of monopotassium
phosphate, calcium nitrate, and magnesium sulphate is suggested

by the fact that a similar decrease in the total concentration of

Shive’s solution (see Shive’s paper, figs. 2 and 3) produced a

markedly different change in the configuration of the triangle.

The migration of the area in question was from the central to

the right central portion; that is, toward higher proportions

of calcium nitrate, but not toward lower proportions of mono-
potassium phosphate. But other evidence from the absolute

values presented in Table 12 appears to indicate that the main
effect here produced by increasing the partial concentration

of potassium chloride is primarily related to the concomitant
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decrease in the partial concentration of the three salts used

by Shive.

A set of cultures, which may be designated as series III A,

was conducted in order to determine whether the low top yields

obtained with high proportions of potassium chloride were due

to the reduction in concentration of the essential salts or to the

high concentration of potassium chloride itself. This series was
carried out from January 23 to February 24, 1917. The dry-

weight data for this series are shown in Table 14. Four solu-

tions were used in this set. The first of these was the T7R1C1
solution, which was used in series I and II, and which, it will be

remembered, has 0.7 of its osmotic concentration due to potas-

sium chloride and 0.1 due to each of the other salts, monopotas-

sium phosphate, calcium nitrate, and magnesium sulphate. This

solution contains a very high proportion of potassium chloride.

In both series I and series II it produced very low top yields.

In the case of the second solution designated [T0R3iC3J (0.48

atmosphere)], the composition was the same as that of the

T7R1C1 solution, except that the potassium chloride was omitted.

The dry yield of tops produced by this solution was 0.764 gram,

while the yield from the T7R1C1 culture was 0.700 gram. It is

thus clear that the omission of the potassium chloride did not

markedly increase the yield of tops. The next solution [T0R3J
C3i (1.60 atmospheres)] was derived from the T7R1C1 solution

by the omission of potassium chloride and the addition of suffi-

cient amounts of the other salts to give a total concentration of

1.60 atmospheres. It will be seen that this solution is similar

to the second solution, but that the total concentration is here

increased from 0.48 atmosphere to 1.60 atmospheres. The yield

from this culture was 1.221 grams. Thus a very marked in-

crease in yield is brought about by increasing the essential salts

from the concentration in which they occur in the T7R1C1 solu-

tion (0.48 atmosphere) to a total of 1.60 atmospheres. The
fourth solution of this set (T10R0C0) was a single-salt solution

containing potassium chloride in sufficient amount to give an
osmotic concentration of 1.60 atmospheres. The yield from this

culture is very low, being only 0.265 gram. From this set of

cultures it may be concluded that the very low yields obtained

in seines I, II, and III with very high proportions of potassium
chloride were due principally to the reductions in the amounts
of the essential salts and not to any specific effect of the potas-

sium chloride.
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Table 14 .—Dry weights of wheat tops and roots; for series III A, con-

ducted from January 28 to February 24, 1917.

Culture No. Nature of solution.

Dry w
(6 ph

Tops.

eights
ints).

Roots.

a • a .

T7R1C1 (1.60 atmospheres) 0. 7 of osmotic concentration due 0. 712 0.269

to KC1, 0.1 to each of the 0. 687 0.256

other salts.
0.700 0.262

T0R3JC3J (0. 48 atmosphere) The T7R1C1 solution with KC1 0. 753 0.267

omitted. Equal osmotic con- 0.690 0.244

centration of the essential 0. 801 0.258

salts. 0.810 0.267

0.764 0.257

T0R3KJ3J (1. 60 atmospheres) The T7R1C1 solution with KC1 1. 220 0.879

omitted and with concentration 1.222 0.410

of other salts to give a total
1.221 0. 395

T10R0C0 (1. 60 atmospheres) Single-salt solution with 1.60 0.258 0. 100

atmospheres osmotic con- 0.272 0.105

centration due to KC1.
0.265 0. 108

Returning to series III, it will be seen that with all of the ten

sets of proportions of the salts other than potassium chloride

the greatest dry weight of tops was produced in the solution

having the least amount of potassium chloride ; that is, for each

set of proportions the cultures of triangle 2 gave higher yields

than did the corresponding cultures of triangles 7, 8, and 9.

The weight of tops varied inversely with the proportion of chlo-

ride for the following combinations : R1C1, R2JC5^, R3JC3J, R4J
Cl, R5JC2J, R8C1. These data indicate that (with a given set

of proportions of the essential salts) increased proportions of

potassium chloride give decreased top production; though, as

has been emphasized, this decrease is probably due merely to the

accompanying decrease in the amounts of the essential elements.

The highest dry yield of roots was obtained with the greatest

partial concentration (that is, in triangle 9) of potassium chlo-

ride with the following combinations of the essential salts : R1C1,
R1C4|, R2JC2i, R3JC3J, R4iCl, R5iC2J, R8C1. Considering

all four triangles, the weight of roots varied directly with the

proportion of chloride for the following cultures : R1C1, R4JC1,
and R8C1. The combinations which did not give greatest dry

weight of roots with the greatest amount of chloride were R1C8,

R2JC5£, R4^C4|. These solutions were characterized by the
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largest amounts of calcium nitrate and the smallest amounts of

magnesium sulphate; that is, by low Mg/Ca values. These
results indicate, therefore, that an increased proportion of potas-

sium chloride gives increased root production, except in solu-

tions having very low Mg/Ca values.

SERIES IV

METHODS OF SERIES IV

Series IV lasted thirty-two days, from January 23 to Feb-
ruary 24, 1917, the period being of the same length as for series

III. The maximum temperature during this period was 29°

C. (February 4, 17, 21) and the minimum was 7° C. (February

11). The average daily maximum for the period was 25°

C. and the average daily minimum was 13° C. The mean
daily evaporation rate from the atmometers was 15.3 cubic

centimeters, and the total loss was 491 cubic centimeters.

In this series it was planned to study the effect upon the

plants of different total concentrations for the same set of salt

proportion's. Only three of the eighty-four sets were tested in

this way, and with them was tested a three-salt solution,

without potassium chloride, having the salt proportions nearly

the same as those in Shive’s best solution for wheat. For each

one of these four sets of salt proportions eight different total

concentrations were employed. The three sets of four-salt pro-

portions used were as follows: (1) T7R1C1, which contained

the maximum amount of potassium chloride occurring in any

of the eighty-four solutions; (2) T1R1C1, which contained the

maximum amount of magnesium sulphate present in any of the

eighty-four solutions and which also had the poorest physio-

logical balance for dry top yield in these plants; (3) T2R4C2,
which had the best physiological balance for dry top yield. The
three-salt solution in this series was one that is to be designated

as R5C2| on the Shive diagram.

For each one of these four sets of salt proportions the eight

total concentrations tested, expressed in terms of their osmotic

values, were as follows: 0.50, 1.00, 1.60, 2.50, 3.50, 4.50, 5.50

and 7.00 atmospheres. It will be noticed that the third one of

these concentrations (1.60 atmospheres) is the one employed in

all of the preceding series.

The calculations were, based upon the data given for series

I, and the various concentrations were obtained by first prepar-

ing a solution having an assumed osmotic value of 7.00 atmos-
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pheres and then diluting this to give the concentrations required.

The assumption is here made that the ionization constants for

the salts are the same for the lower and higher concentrations

as they are for the solution having an osmotic value of 1.60 at-

mospheres. This method, therefore, is not strictly accurate.

The error thus introduced is practically negligible for the solu-

tions having values below 1.60 atmospheres. For the higher

concentrations, freezing-point determinations indicated that this

error gradually increased with the total concentration until it

amounted to about 8 per cent. Thus solution T1R1C1, planned
to have an osmotic value of 7.00 atmospheres at 25° C., proved
by the freezing-point method to have an actual value correspond-

ing to 6.50 atmospheres at 25° C. Since the purpose of this

series was to study only the general relations between the growth
of the plants and the total concentration, the error just alluded

to may be disregarded.

RESULTS OF SERIES IV

Appearance of the plants .—Most of the morphological modi-

fications of tops and roots noticed in the preceding series were
also observed in series IV ; but the longitudinal striping of

leaves and branching from the base of the stem were not seen

in this series. Root development was retarded in the higher

concentrations, both primary and secondary roots being thick

and short. In the lowest concentrations the roots were long,

slender, and flexible in appearance. Roots in the corresponding

concentrations of culture’s T7R1C1, T2R4C2, and R5C2J were

about equal in development; but those in the T1R1C1 cultures

were all greatly retarded. With all of the sets of salt propor-

tions, the greenness of the plants decreased with decrease in

concentration of the nutrient solution. The greenest plants

were those having the T1R1C1 salt proportions; those in the

R5C2| and T2R4C2 proportions were somewhat lighter in shade,

and those in the T7R1C1 proportions were much lighter. Mag-
nesium injury was not observed in any of the T7R1C1 culture’s.

Only one plant in the R5C2J cultures showed injury, this occur-

ring in the 5.50-atmosphere concentration. Slight injury was
observed in the T2R4C2 cultures in the 5.50-, 4.50-, and 2.50-

atmosphere concentrations. Severe injury, with coiling of the

leaves, was observed in all concentrations with the T1R1C1 salt

proportions, the more severe injury appearing in the higher

concentration.
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Dry weights .—The actual dry weights of tops and of roots

for this series are given in Table 15, the weights of the plants

in each of the duplicate cultures and the average weights being

shown. The data given in this table have been plotted as

graphs in fig. 10. In these graphs abscissas represent concen-

tration, in terms of osmotic pressure in atmospheres, and ordi-

nates represent yields in grams. The heavy line is the graph
for the T2R4C2 cultures, the light line for the T1R1C1 cultures,

the dotted line for the T7R1C1 cultures, and the broken line for

the R5C2i cultures.

Table 15 .—Dry weights of tops and roots of wheat; for series IV, conducted

from January 23 to February 2U, 1917.

Culture No.
Oamotic
concen-
tration.

Tops (6 plants). Roots (6 plants)

.

A. B. Average. A. B. Average.

Atm. 9. 9. 9 . 9- 9. - a.

7.0 0.675 0.582 0. 629 0. 210 0.240 0.225

5.5 0.728 0. 696 0.712 0.280 0.271 0.276

4.5 0.788 0.750 0. 769 0.305 0.301 0.803

T7R1C1
3.5 0. 769 0. 760 0.765 0.297 0.266 0.282

2.5 0. 767 0.699 0.733 0.271 0. 258 0. 265

1.6 0.712 0.687 0.700 0. 255 0.269 0. 262

1.0 0. 828 0. 600 0. 714 0.217 0.216 0.217

0.5 0.613 0. 602 0. 608 0. 226 0.234 0.230

7.0 0. 709 0. 705 0. 707 0.203 0. 166 0. 185

5.5 0. 771 0.740 0. 756 0.205 0. 196 0.201

4.5 0.823 0.762 0. 793 0.230 0.233 0.232

T1R1C1
3.5 0.823 0.771 0. 797 0.236 0.249 0. 243

2.5 0. 789 0.763 0. 776 0.241 0.257 0.249

1.6 0.747 0. 722 0. 735 0.257 0.262 0.260

1.0 0. 650 0.611 0. 631 0.204 0.208 0.206

0.5 0.642 0.610 0.626 0.210 0.207 0.209

7.0 0.776 0.762 0.769 0.271 0. 273 0.272

5.5 0. 851 0. 790 0.821 0.314 0.297 0. 306

4.5 0. 922 0.885 0. 904 0.329 0. 304 0.317

T2R4C2
3.5 1.056 1.003 1.030 0. 371 0. 350 0.361

2.5 1. 164 1. 070 1. 117 0. 373 0.356 0.365

1.6 1. 165 1. 138 1. 152 0. 367 0. 379 0. 373

1.0 0. 994 0.900 0.947 0. 305 0. 284 0.295

0.5 0.973 0. 878 0.926 0.268 0. 332 0. 300

7.0 0. 723 0.642 0.683 0.226 0.221 0.224

5.5 0.819 0. 752 0. 786 0. 272 0. 266 0. 269

4.5 0. 963 0.912 0.938 0. 324 0. 305 0.315

R5C2I
3.5 1.016 0.933 0.975 0. 304 0. 346 0.325

2.5 1.127 1. 123 1. 125 0.350 0. 388 0. 369

1.6 1. 160 1. 143 1. 152 0.385 0. 345 0.365

1.0 1.013 0.985 0. 999 0.314 C.293 0.304

1

0.5 0. 908 0. 875 0. 892 0. 271 0.274 0.278
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Concentration, atmospheres.
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Fig. 10. Graphs of average actual yields (grams) of wheat tops and of roots for series IV.

Water-absorption .—The water-absorption data for this series

are shown in Table 16, which corresponds in arrangement to

the preceding table. These data have been plotted as graphs

in fig. 11, where the method of plotting is similar to that em-
ployed in the preceding figure.
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Concentration, atmospheres.
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Fig. 11. Graphs of average total amounts of water absorption for series IV.

Water requirement .—The data of the amounts of water ab-

sorbed per unit of dry top and dry root yields are shown in Table

16. These data are plotted as graphs in fig. 12, where the

method of plotting is similar to that heretofore employed for

this series.

DISCUSSION OF SERIES IV

Appearance of plants .—In this incomplete series bearing on
the relation of total concentration to the growth of the plants (it

being remembered that only three of the many possible sets of

salt proportions were tested) there was evidence again that the
occurrence of magnesium injury is generally accompanied by a
more-intense green color of the foliage. With the set of salt

proportions producing greatest injury in a concentration cor-

responding to 1.60 atmospheres of osmotic pressure (T1R1C1),
the severity of the injury as well as the number of leaves injured
increased with higher total concentrations and decreased with
lower. When salt proportions were employed that gave the
highest dry weight with an osmotic value of 1.60 atmospheres
(T2R4C2)—which did produce some magnesium injury in series
I—no magnesium injury occurred with concentration values
below 2.50 atmospheres, though such injury did occur with higher
concentration values. The fact that aerial conditions were dif-
ferent from those present for series I may possibly explain why
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Table 16 .

—

Water-absorption data for wheat; also
, average amount of

water absorbed for each gram of yield of tops and of roots (water
requirement ) ; for series IV, conducted from January 23 to February
24, 1917.

Osmotic
Water absorption. Water requirement.

1

concen-
tration.

A. B. Average. Tops. Roots.

Atm. cc. cc. cc. cc. per g. cc. per g.

7.0 205 233 219 348 973

5.6 304 289 297 417 1,076

4.5 350 341 346 450 1, 142

T7R1C1
3.5 405 381 393 514 1, 394

2.5 475 406 441 602 1, 664

1.6 488 487 488 697 1, 863

1.0 404 364 384 538 1, 770

0.5 423 358 391 643 1,700

7.0 228 215 222 314 1,200

5.5 261 256 259 343 1,289

4.5 314 306 310 391 1,336

T1R1C1
3.5 364 339 352 442 1,449

2.5 405 394 400 516 1,606

1.6 446 437 442 602 1,700

1.0 412 398 405 642 1,966

0.5 396 379 388 620 1,856

7.0 250 242 246 320 904

5.5 315 306 311 379 1,016

4.5 390 381 386 427 1,218

T2R4C2
3.5 489 447 468 454 1,296

2.5 577 530 554 496 1,518

1.6 660 632 646 560 1,732

1.0 638 597 618 652 2,095

0.5 620 682 651 703 2, 170

7.0 224 223 224 328 1,000

5.5 316 305 311 396 1, 156

4.5 402 370 386 412 1,225

R5C2*
3.5 469 424 447 459 1,375

2.5 555 536 546 485 1, 480

1.6 617 611 614 533 1, 682

1.0 622 596 609 610 2,003

0.5 655 620 638 715 2,337

this injury was not apparent with these proportions with a

concentration value of 1.60 atmospheres, for which injury was
observed in series I. At any rate, these results indicate that

magnesium injury is not to be expected with the lower concen-

trations of this set of salt proportions, but that it is to be expected

with higher concentrations. With the other four-salt mixture

here tested (T7R1C1, having the highest content of potassium

chloride of all the original eighty-four solutions) no magnesium
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injury occurred, although it did occur in series I with this set

of salt proportions for a total concentration corresponding to

1.60 atmospheres. It is clear that magnesium injury does not

increase with total concentration with this set of salt propor-

tions. The fourth set of salt proportions tested in this series

(R5C2^ on the Shive diagram, which resembled very closely

Shive’s best solution) showed no magnesium injury in any
of these concentrations, except a slight indication with a con-

centration value of 5.50 atmospheres, although Shive’s best

solution regularly produces this form of injury. It is to be

noted that while this set of salt proportions differed from that

of Skive’s best solution to only a small degree, yet this dif-

ference was in such a direction as to justify an expectation of

less magnesium injury than occurred in the Shive solution. It

appears that solution R5C2J lies on the border line where more
or less marked magnesium injury may or may not occur, accord-

ing to conditions so far uncontrolled, such as those of the climate

or the susceptibility of the individual plants.

Dry weights .—The top yields of this series (fig. 10) bring

but what appear to be some very important considerations.

With the set of salt proportions (T2R4C2) giving highest yields

in series I a concentration value of 1.60 atmospheres, or per-

haps somewhat higher, appears to be optimal for dry yield of

tops. Both lower and higher concentrations give lower yields.

With concentrations below this optimum, the yield falls off much
more rapidly than with those above. It is especially interesting

to note that a total concentration value of 0.50 atmosphere nearly

corresponds in top yield with a total concentration value of 4.50

atmospheres. Lower total concentrations than the lowest here

employed (0.50 atmosphere) would doubtless have given still

lower dry weight values, but it is not to be expected that the

latter would have been reduced very much in this way. It is

noticeable, on the other hand, that the low top yield occurring

with the highest concentration here used (7.00 atmospheres) is

much lower than that occurring with a concentration value of

0.50 atmosphere. The three-salt mixture of this series (R5C2^,

on the Shive triangle) agreed very well in all particulars with

solution T2R4C2. The graph of this set of three-salt propor-

tions may be regarded as indicating what would have been ob-

tained if Shive’s set of salt proportions had actually been used.

On the basis of this supposition, and on that of the data here

given for solution T2R4C2, it is not to be expected th&t either this

four-salt solution with chloride, or the Shive three-salt solution
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without chloride, can be significantly improved for the produc-

tion of top yield under these general conditions by altering the

total concentration. As has been mentioned, it is possible that

the yield might have been a little higher had the total concen-

tration been slightly increased. But it is safe to regard a con-

centration value of 1.60 or 1.75 atmospheres as optimum for

both sets of salt proportions, under the aerial conditions fur-

nished by the greenhouse used in this study, and with the plants

and frequency of solution renewal employed.

The two other four-salt proportions included in this series

(T1R1C1 and T7R1C1), both of which gave very low top yields

with a total concentration value of 1.60 atmospheres in series

I and II, here show their highest top yields with a concentration

value of 3.50 atmospheres and 4.50 atmospheres, respectively.

As in the case just discussed, concentrations below and above the

optimum show much lower yields. The two graphs are seen to

be nearly parallel throughout. Their form differs from that

of the other two graphs of this series, not only in position of

the maximum but also in the fact that they are nearly sym-
metrical about the maximum. Both are rather flat-topped.

While root yields (fig. 10) agree in a general way with top

yields as related to the total concentration of the nutrient solu-

tion, some rather marked differences occur in other respects.

It will be noticed that both the heights of the graphs, indicat-

ing actual yields, and the forms of the graphs, showing the rela-

tion of changes in concentration to changes in yield, differ for

the four sets of salt proportions tested. The graph for the

T2R4C2 cultures shows that maximum root yields were obtained

with a concentration of 1.60 atmospheres, from which it appears

that this solution cannot be significantly improved for root pro-

duction by changing its total concentration from 1.60 atmos-

pheres. It will be observed, however, that solution R5C24,
which had no chloride and resembled Shive’s best solution for

tops, gave a slightly higher root yield with a concentration of

2.50 atmospheres than with one of 1.60 atmospheres. The dif-

ference, however, is small. With the two concentrations higher
than 4.50 atmospheres root yields were significantly higher with
the solution containing the chloride (T2R4C2) than with
the one that lacked it (R5C2J). Apparently, high total con-

centrations are less injurious to roots in the presence of the

chloride than in its absence. The graph for culture T7R1C1
(having 0.7 of its concentration due to potassium chloride) is

175542 5
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very different in form from those just considered. This graph
exhibits a marked maximum at 4.50 atmospheres, instead of at

1.60 or 2.50 atmospheres. The fourth graph, that for the

T1R1C1 cultures, having 0.7 of their total concentration due to

magnesium sulphate and 0.1 due to each of the other three salts,

resembles the first two graphs much more closely than it does

the third. With these solutions having very high proportions

of magnesium sulphate, the optimum concentration was 1.60

atmospheres, and the yields decreased rather slowly with increas-

ing concentrations above that value. Very high total concentra-

tions retarded root production much less when the solution had

high proportions of potassium chloride than when it had high

proportions of magnesium sulphate.

This series furnishes very conclusive proof of the point already

brought out by Shive and Tottingham ; namely, that the optimum
total concentration may be expected to vary with the sets of

salt proportions used, and that for any total concentration an

optimal set of salt proportions may be found. There appears

to be no such thing as an optimal total concentration without

reference to the salts and salt proportions used, and there is

no optimal set of salt proportions except for some specific range

of total concentrations.

Water absorption.—The most striking feature of the graphs

shown in fig. 11 is the nearly linear decrease in total water ab-

sorption with an increase in concentration between the limits

1.60 and 7.00 atmospheres. It will be observed that the graph

for the T2R4C2 cultures tends to parallel and lie slightly above

that for the R5C2^ cultures. The graph for the T7R1C1 cul-

tures (which have 0.7 of their concentration due to potassium

chloride) lies considerably below these two and tends to parallel

but remain above that for the T1R1C1 cultures (having 0.7 of

their concentration due to magnesium sulphate).

The graphs for the T2R4C2 and the R5C2^ cultures are ir-

regular below 1.60 atmospheres. The R5C2£ cultures, it will be

remembered, have no potassium chloride but otherwise are ap-

proximately the same in composition as the T2R4C2 ones. It is

impossible to determine from these graphs what concentration

may be expected to give maximum water absorption, because the

values for 0.50, 1.00, and 1.60 atmospheres are so nearly alike.

But a markedly lower absorption is evident for concentrations

higher than 1.60 atmospheres. Both graphs show an approxi-

mately linear decrease in water absorption with an increase in
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concentration, between the limits 1.60 and 7.00 atmospheres.

The omission of potassium chloride did not alter the relationship

between concentration and absorption for concentrations lying

between these limits.

The graphs for the T7R1C1 cultures and the T1R1C1 cul-

tures both show perfectly definite maxima at 1.60 atmospheres.

Above this concentration, water absorption bears an approxi-

mately linear relationship to concentration.

The most interesting portions of all of these graphs are those

between the concentrations 1.60 and 7.00 atmospheres. It will

be seen that the slopes of the T2R4C2 and R5C2^ graphs are

about the same. But the slopes of the T7R1C1 and T1R1C1
graphs are much less steep. Thus changes in concentration in

the T7R1C1 and T1R1C1 sets of proportions (both of which were
unfavorable media at all concentrations) produced much less

marked changes in water absorption than did similar changes

in the very favorable T2R4C2 and R5C2J solutions.

By comparing figs. 10 and 11 it will be seen that for cultures

T2R4C2 and R5C2J, between 1.60 and 7.00 atmospheres at least,

water absorption is a good measure of top yield, and appears to

depend principally upon the size of the plants. But for the

T7R1C1 and T1R1C1 cultures, water absorption does not vary
in the same way as do top yields. In both of these sets of

cultures absorption decreases with increasing concentration

between 1.60 and 7.00 atmospheres, while dry weight of tops

increases with concentrations of from 1.60 to 3.50 (for T7R1C1)
and to 4.50 (for T1R1C1) atmospheres and then decreases.

Thus, as the concentration changes from 1.60 to 3.50 or 4.50 at-

mospheres, top yields increase while water absorption decreases.

The difference in amount of water absorbed in this case is not

at all a measure of the change in dry weight.

Water requirement .—As shown in fig. 12, a decrease in water

requirement of tops accompanies an increase in the concentra-

tion of the culture medium. This is true for the T2R4C2 and
R5C2^ cultures throughout the whole range of concentrations

studied; while for the T1R1C1 cultures it holds only between

1.00 and 7.00 atmospheres, and for the T7R1C1 cultures only

between 1.60 and 7.00 atmospheres. This decrease approximates

in most cases a straight line
;
though, for a given change in con-

centration, there is apparently a more rapid decrease in water

requirement with the lower concentrations than with the higher.

This is especially marked for the T2R4C2 and R5C2J cultures,

between the concentrations 0.50 and 1.60 atmospheres.
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For concentrations above 1.60 atmospheres the T7R1C1 graph
lies above the other three for all concentrations. The water
requirement for these cultures, which are very high in chloride,

is thus higher than for the other three sets for all concentrations

between these limits. The graphs for the other three sets of

salt proportions lie very close together, and cross one another

frequently, so that there appear to be no significant differences

between them.

If equal dry weights in different cultures corresponded to

equal leaf areas, then the water requirement would of course

give an approximate measure of the transpiring power per

unit area of leaf surface; that is, of the ability of a unit area

of leaf surface to give off water .by transpiration. 52 It is of

course not to be expected that equal dry weights do corre-

spond at all rigidly to equal leaf areas, and hence the use of

water requirement as a measure of transpiring power would

be only a rough approximation at best. But the relations that

have been observed in these studies between concentration and

water requirement are likely to be approximately the same as

those between concentration and transpiring power of unit

leaf area. Transpiring power might be expected to decrease,

in the way represented by the graphs, with increasing osmotic

concentration of the medium surrounding the roots. Trans-

piring power, for the whole plant, is taken to be practically

identical with water-absorbing power, measured by total water

absorption.

The graphs for the water requirement of roots (fig. 12)

show the same general features as those already described for

tops. There is a general decrease in the water requirement

of roots with an increase in concentration of the culture medium.

The graphs frequently cross, and all have about the same slope,

though above 3.50 atmospheres the T1R1C1 graph falls less

rapidly than do the others.

The water requirements of roots may be taken as an approxi-

mation of the water-absorbing power of the roots per unit root

weight and also of their absorbing power per unit area of root

surface. This is seen to decrease with an increase in the osmotic

concentration of the medium surrounding the roots, as might

be expected on physico-chemical grounds.

52 Livingston, B. E., The resistance offered by leaves to transpirational

water lost, Plant World 16 (1913) 1-35. Livingston, B. E., and
s

Hawkins,

Lon A., The water-relation between plant and soil, Publication Carnegie

Inst. Washington 204 (1915) 5-48.
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GENERAL CONCLUSIONS

A mass of experimental data such as is furnished by the pres-

ent study suggests a very large number of questions and inter-

pretations pertaining to the numerous details of the results. But

it is desirable that the first analysis of these results should refer

to none but the more broadly general problems. Only these

general relations have been included in this study and, of these,

those pertaining to the appearance of the plants and the dry

yields have received principal attention in this discussion.

It appears that the growth of these wheat plants for twenty-

four days was nearly the same, whether a nutrient solution con-

taining (1) Tottigham’s four salts, (2) Shive’s three salts, or

(3) the latter with potassium chloride was employed, provided

the set of salt proportions giving the best growth was selected

in each case. These three types of solutions appear to have

been equally efficient for promoting the growth of the plants.

The four-salt solution with potassium chloride apparently offers

no advantages or disadvantages, as compared with either of the

mixtures previously studied systematically. It was found that

the presence of potassium chloride exerted no marked influence,

at least for the total concentration principally studied (1.60 at-

mospheres), when the four salts were used in the proportions

giving highest top yields; and the best four-salt solution with

potassium chloride contains the other three salts in nearly the

same relative proportions as those in which the same salts occur

in Shive’s best three-salt solution of the same total concentration.

No injurious or retarding effect was observed that could be

definitely ascribed to high partial concentrations of potassium

chloride, even when this salt made up 0.9 of the osmotic value

of the solution; and no characteristic injury was seen that could

with certainty be related to the chloride. Retardation of growth
associated with high chloride content of the culture solution

appeared to be due to the accompanying low concentrations of

the other three salts rather than to high partial concentration

of the chloride. It is possible that a rather pronounced chlorosis

may have been related to a high chloride content of the solution,

but the evidence is not definite upon this point.

While it seemed to be impossible to obtain better growth of

these plants in the four-salt solution containing potassium chlo-

ride than in Shive’s best three-salt solution, there is some evi-

dence, nevertheless, that poorly balanced proportions of Shive’s

three salts may have been improved for the growth of the plants,
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especially with reference to root yields, by the addition to the

solution of a proper amount of potassium chloride.

Since the wheat plant is not very sensitive to changes in

concentration of potassium chloride, the osmotic value of the

solution must be changed when potassium chloride is added
in large enough amounts to cause a physiological response. If

the nutrient solution is to remain the same in total osmotic value,

the concentrations of the other three salts must be decreased

when potassium chloride is added to give high partial concen-

trations. It is impossible to decide whether such plant responses

as are thus obtained are due to the high partial concentration

of the chloride or to the low partial concentrations of the three

other salts. This dilemma was always encountered in seeking to

obtain evidence on the points just mentioned, and this whole

general problem is too complicated to treat experimentally.

It is also difficult to interpret the results in such a way as

to determine the action of the chlorine ion (Cl), as such.

The problem is complicated by the fact that additions of the

chlorine ion to the nutrient solution were always accompanied

by equal additions of the potassium ion. It is possible that such

additions of the potassium ion may have modified any effects

of the chlorine ion that might have been observed under other

conditions.

Data on root development are never so easily interpreted as

are those on the development of tops in such plants as wheat,

a difficulty experienced also in the present study. But effects

upon the root system are of especial physiological importance,

because this is the part of the plant that is in immediate contact

with the culture solution, and it is through the roots that all the

water and salts absorbed by the plant must enter. It appears

to have been true, in a general way at least, that those salt pro-

portions of the four-salt solution with chloride that gave high top

yields also gave high root yields. Conversely, salt proportions

giving low top yields generally gave low root yields also. This

statement is the opposite of the one given by Shive, based upon

his studies with the three-salt solutions. It is possible that the

addition of the chlorine ion to the ones already present in the

three-salt solution, or some special influence of potassium chlo-

ride, may account for this difference. The general indefiniteness,

however, of the root data makes superfluous a further discussion

of this point without further experimentation.

Certain of the sets of salt proportions with chloride produced

a characteristic form of leaf injury, which was observed in
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Tottingham’s and in Shive’s studies, and has been termed “mag-
nesium injury” by Tottingham. The plants giving lowest yields

in all three studies exhibited this form of injury, and all three

studies support the conclusion that the occurrence and sever-

ity of this injury is related to the ionic ratio of magnesium

to calcium in the culture solution. This is the only case brought

out by any of these three studies (Tottingham’s, Shive’s, and

the present one) in which a clear relation may be regarded as

demonstrated between the value of an ionic ratio and the de-

velopment of the plant. The occurrence of this injury was, in

general, not altered by the presence in the solution of potassium

chloride, except perhaps with very high proportions of that salt.

In the present study the greenness of the foliage was roughly

proportional to the severity of the injury, the color being darkest

green in the most severely injured plants. Only two sets of

salt proportions producing this injury were tested with total

concentrations other than the one generally employed in this

study; but these agreed in showing that both severity of injury

and intensity of color increased with increase in the osmotic

value of the solution. The plants in the most dilute solution

(0.50 atmosphere) were markedly chlorotic.

The occurrence of magnesium injury is apparently limited,

as has been stated, by the value of the Mg/Ca-ratio. With solu-

tions having an osmotic value of 1.60 atmospheres this injury is

to be looked for, under the conditions of the present study, when
the value of the ratio Mg/Ca is greater than 1.70. Also, the

plants may be expected to be without this injury when this ratio

value is below 0.80. Since neither Shive nor Tottingham de-

tected any injured plants in their series of lowest concentrations,

and since in series IV of the present study injury was found to

increase with increase in concentration, it may be expected that

these approximate limits will differ with difference in the total

concentration.

The solution giving highest top yields with a total osmotic

value of 1.60 atmospheres (T2R4C2) contained the four salts in

the following partial volume-molecular concentrations: 0.0047

M calcium nitrate, 0.0138 M monopotassium phosphate, 0.0081

M magnesium sulphate, and 0.0067 M potassium chloride. This

solution is not very different from what would be obtained by

diluting Shive’s best solution for wheat to an osmotic value of

1.28 atmospheres, and then adding sufficient potassium chloride

to give a partial volume-molecular concentration of this salt

of 0.0067 M. Shive’s best solution contains the other three
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salts in the following partial volume-molecular concentrations:

0.0052 M calcium nitrate, 0.0180 M monopotassium phosphate,

and 0.0150 M magnesium sulphate. The two solutions differ

in the value of the Mg/Ca-ratio, which in Shive’s solution has

a value of 2.88, while in the four-salt solution with chlorine it has

a value of only 1.72. As would be expected from this difference

in the Mg/Ca-ratios, magnesium injury was less pronounced

in the four-salt solution than in Shive’s best solution. The best

solution with chloride for tops has quite different salt propor-

tions from Tottingham’s best four-salt solution without chloride,

which has potassium nitrate instead of potassium chloride and
has a higher partial concentration of calcium nitrate.

The four salts used by Tottingham (potassium nitrate, mag-
nesium sulphate, calcium nitrate, and monopotassium phosphate)

are the same as are employed in the solution generally called

Knop’s solution, and the three salts used by Shive (magnesium
sulphate, calcium nitrate, and monopotassium phosphate) are

those used in the Birner and Lucanus solution. Likewise, the

four salts used in the present study are the same as those of the

solution that has come to be known as Detmer’s, which contains

the four salts in the following volume-molecular proportions:

0.0130 M calcium nitrate, 0.0039 M monopotassium phosphate,

0.0044 M magnesium sulphate, and 0.0072 M potassium chloride.

In the case of each of the three solutions, it has been found that

the well-known solution could be markedly improved for the

growth of wheat by altering the salt proportions. As indicated

in the present study, Detmer’s solution may be expected to give

only about 0.80 as high top yields as does solution T2R4C2. It is

important to note that at least thirty out of the eighty-four

different sets of salt proportions employed in the first series of

this study gave higher yields than the one indicated for the

Detmer proportions.

It is worthy of particular attention that, with an osmotic value

of 1.60 atmospheres or higher, the Shive three-salt mixture pro-

duced magnesium injury when the salt proportions were such

as to give the highest yield of tops. This was also true of the

four-salt mixture of the present study in the first series ;
but the

solution giving highest top yields did not exhibit this injury in

the second series. It has been suggested that increased growth

is the first response to agents or circumstances which would

prove injuriously toxic in greater concentration or on longer

exposure
;
in other words, that slight poisoning, such as is caused
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by magnesium, is essential for the greatest dry weight of tops. 53

The problem thus suggested will not be discussed here, but it

is important to consider what salt proportions may be expected

to give the highest top yields without magnesium injury. The
results of the first two series indicate that either solution

T3R3C3 or T2R3iC3^ may fulfill these requirements. An
examination of Shive’s data makes it appear that his solution

R7C2, having an osmotic value of 1.75 atmospheres, should pro-

duce highest top yield without magnesium injury. The various

characteristics of the solutions just mentioned are brought

together for comparison in Table 17.

From a study of the osmotic properties of the nutrient solu-

tion, as distinguished from its chemical properties, it was found
vthat the optimum concentration for the yield of tops corresponded

to an osmotic pressure of about 1.60 atmospheres, at 25° C., when
the salt proportions were those of solution T2R4C2. The indi-

cations are that for these salt proportions the optimum
concentration may be somewhat higher than 1.60 atmospheres,

rather than lower. From the results of the present study this

statement is true also for a three-salt mixture which would be

designated on Shive’s composition triangles as R5C2^ and which,

therefore, very* closely resembles his best three-salt solution

for wheat tops.

The optimum concentration was found to be markedly higher

for two other sets of salt proportions of the four-salt solution

used in this study. The osmotic value was 3.50 atmospheres for

solution T1R1C1 and 4.50 atmospheres for solution T7R1C1.
These two solutions had salt proportions that gave relatively

low top yields, and the yields from their optimal concen-

trations were very much lower than those obtained from
the optimal concentration of solution T2R4C2, which had the

best proportions for top yield. It may be tentatively concluded

that solution T2R4C2 with an osmotic value of 1.60 atmospheres,

or perhaps a little higher, is about the absolute optimum for these

four salts, for the frequency of solution renewal and for the

plants employed, and for the general greenhouse conditions and
length of growing period of the present study.

It seems worth while to lay stress upon some of the prominent
considerations that must be constantly borne in mind in trying

58 Free, E. E., and Trelease, S. F., The effects of certain mineral poisons

on young wheat plants in three-salt nutrient solutions, Johns Hopkins Cir-

cular N. S. No. 3 (March, 1917) 199-201.
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to interpret the experimental results furnished by this study.

The growth and development of a particular set of culture plants

is, of course, controlled by the environment, which comprises a

large number of different kinds of effective conditions. An
attempt was made in these experiments to control only a small

number of the conditions that may influence the plant. Of these

effective conditions of the environment, only the initial concen-

tration (osmotic value), the initial salt content of the solution,

the frequency of renewal of the latter, and the duration of the

experiment were controlled and taken into account. Other con-

ditions that might act upon the plants and might alter the

influence of the controlled conditions were allowed to vary as

they did in the experiment greenhouse, without being taken into

account at all. Among such uncontrolled conditions may be

mentioned, for illustration, the temperature of the nutrient solu-

tion and of the air around the foliage, the composition of this

air, the radiation, etc.

Since it is apparent that no solution remains unaltered after

the introduction of the plants, the frequency of renewal of the

nutrient solution must be considered a very important environ-

mental condition. It is well known that the absolute plant

values may be greatly changed by altering the frequency of re-

newal of the solution, and with any other frequency of renewal

than the one employed in these experiments the comparative

results might have been very different from those recorded in this

paper. Other changes in the comparative plant values might
have been induced by aerating the culture solutions. The tem-

perature of the culture solution also must have an important

effect upon the comparative plant values. With other solution

temperatures than those employed, the comparative values

obtained might have been very different from those that were
obtained in these studies.

It appears probable that any given set of solution conditions

may produce very different effects upon the plant according to

the kinds and intensities of the conditions other than the solution

that are effective. If two duplicate series of different sets of salt

proportions or of different total concentrations of the nutrient

solution were carried out, one with higher air temperature or

with more sunshine than the other, it might well happen that the

comparative plant values obtained from one series might be very

different from those obtained from the other. It seems possible,

for example, that lower optimal concentrations might have been

obtained in series IV under aerial conditions that favored higher
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rates of transpiration. It may be added that the length of the

period during which the plants are exposed to the environmental
conditions is unquestionably very important in determining the
nature of such results as were obtained in the present study. In
consequence of these considerations, it is evident that conclusions

drawn from this study can be regarded as applicable only for
nonsolution conditions that are not greatly different from those

encountered in these experiments. As has been mentioned, these

conditions were, in a general way, those of a greenhouse in the

winter and spring in the temperate region.

Aside from the conditions of environment there is of course

another set of conditions that is very influential in determining
plant activities. This is the group of internal conditions, which
are effective from within the plant body itself. All that can be

done toward the control of these internal conditions must be
accomplished either by employing for the experiments plants

that are as nearly alike internally as possible, or by subjecting

the available plants to thoroughly controlled environments for an
adequate period to make them alike. In this work, as in most
experimentation of this kind, considerable care was exercised to

employ plants, for the different cultures of any series, that were

very nearly alike in size and general appearance. This method
is clearly not entirely satisfactory, but it is about as good as

the present state of our knowledge permits. Of course it is

evident, just as in the case of the environmental conditions, that

the conclusions of this study can be interpreted only with re-

ference to the particular, initial, internal conditions of the plants

used. It is not to be expected that the results would have

been quite the same if some other species or variety of plant

had been used, or if the plants had been introduced into the

experiments at a different stage of their development.

While the somewhat complicated considerations just expressed

may make such problems as those dealt with in this study

seem very difficult, or even practically impossible of solution,

from our present point of view, yet, physiological progress seems

to lie in the accumulation of such partial answers to these ques-

tions as may be obtained experimentally, and in the careful

correlation of these partial answers as they become available. It

was with this idea in mind that the study here reported was

carried out.



ILLUSTRATIONS

Fig. 1. Diagram for series I, showing culture numbers and osmotic pro-

portions of the four salts. Also, showing the relative dry weights

of wheat tops; area of low yields (60-77), denoted by small

circles; area of high yields (100-87), denoted by small crosses;

culture giving lowest yield is marked by a large circle, that

giving highest is indicated by a large cross.

2. Diagram for series I, showing leaf injury; cultures marked by
crosses showed severe injury; those marked by circles showed

slight injury.

3. Diagram for series I, showing relative dry weights of wheat roots;

area of low yields (56-69), marked by small circles; area of

high yields ( 100-80 )^ marked by small crosses; culture giving

highest yield is marked by a large cross, that giving lowest yield

is indicated by a large circle.

4. Diagram for series II, showing culture numbers and osmotic pro-

portions of the four salts. Also, showing relative dry weights

of wheat tops; area of low yields (69-77), marked by small

circles; area of high yields (100-92), marked by small crosses;

culture giving lowest yield is marked by a large circle, that

giving highest is indicated by a large cross.

5. Diagram for series II, showing leaf injury; cultures marked by

crosses showed severe injury; those marked by circles showed

slight injury.

6. Diagram for series II, showing relative dry weights of wheat roots;

area of low yields (56-69), marked by small circles; area of

high yields (100-80), marked by small crosses; culture giving

lowest yield is marked by a large circle, that giving highest yield

is indicated by a large cross.

7. Diagram for series III, showing culture numbers and osmotic pro-

portions of the four salts. Also, dry weights of tops; high yields

marked by triangles; low yields marked by squares.

8. Diagram for series III, showing leaf injury; cultures marked by

triangles showed severe injury; those marked by squares showed

slight injury.

9. Diagram for series III, showing dry yields of roots; high yields

marked by triangles, low yields marked by squares.

10. Graphs of average actual yields (grams) of wheat tops for series

IV. Also, average actual yields (grams) of wheat roots for

series IV.

11. Graphs of average total amounts of water absorption (cc.) for

series IV.

12. Graphs of average water requirement of tops and of roots, for

series IV.
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