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HI STORICAL* 

It has long been known that the growth of legumes enriched 

the Boil and enabled the growing of better succeeding cereal 

crops. The nature of this beneficial effect, however, has come 

to be known only in fairly recent times. 

The earliest theories regarding the nutrition of plants were 

that all derived their nitrogen from the humus of the soil. The 

beneficial effect of legumes was supposed to arise quite largely 

from their deep-rooting habit and consequent bringing up of 

plant food from under layers to be mixed with the surface soil 

upon decay of the plants. 

It was during this time that chemistry began to be an exact 

science. The composition of plants was studied and investigations 

were started as to the origin of plant food. Reasoning from the 

known facts of the large amount of nitrogen in the air and the 

small amount in the soil, many of the early chemists incli.ned to 

the belief that all plants took their nitrogen directly from the 

air. 

This view was dispelled by the appearance, in 1840, of Liebig's 

book, "Chemistry in its Application to Agriculture and Physiology~ 

In this book Liebig set forth his so called "mineral theory", 

namely that plants derive only certain essential mineral elements 

from the soil and that nitrogen, ,along with carbon, is taken from 

the air. Liebig, however, maintained that the nitrogen used was 

not the free nitrogen of the air, but was taken from the small 

amounts of ammonia present in the atmosphere. 

*Some pains will be taken to review rather briefly most of the 
important work that has been done along the line of symbiotic 
nitrogen fixation as well as to pay some attention to the present 
status of the problem, partly for the direct bearing this will 
have on the experimental data to follow, and partly for interest 
in the problem alone. 
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Although widely accepted at the time, this view of Liebig's 

was destined to a short life for tt was soon ascertained that the 

amount of ammonia nitrosen present in the atmosphere was entirely 

too small to support plant growth. Shortly afterwards,laborious 

inves~igations were made by Boussingault in France, and. Lawes and 

Gilbert in England as to the source of plant nitrogen. As a re

sult of these investigations, it was definitely settled that 

plants have no power of using atmospheric nitrogen and hence must 

secure their nitrogen from combined forms in the soil. 

This made the strange behavior of leguminous plants all the 

more inexplainable. 

In the meantime something of the role played by bacteria in 

soil processes was beginning to be known. It was discovered that 

through the action of bacteria nitrogenous compounds in the soil 

were broken down into nitrates which under normal conditions 

formed the entire nitrogenous food of plants. 

All this paved the way for the discovery of Hellriegel and 

Wilfaith in 1886, which finally cleared up the mystery. In a 

series of sand culture experiments they found that the growth of 

non-leguminous plants was directly proportional to the amount of 

nitrates applied, but that such a relation did not always obtain 

for the legume plants. The legumes supplied with nitrates grew 

in the normal way • . Of those not supplied with nitrates, most 

perished after the supply of plant food in the seed had been ex

hausted, but oocasionally a plant recovered, started to grow, and 

made practically the same growth as those supplied *ith nitrates. 

Hellriegel and Wilfaith drew two conclusions, first that legumes 

could use atmospheric nitrogen, and second that this power of 
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using atmospheric nitrogen was not directly a power of the plant 

but was brought about by means of bacteria existing in the nod-

ules on the roots of the plant. 

other investigators, notably Nobbe in Germany, Atwater in 

America, Lawes and Gilbert in England, and Boussingault in yrance, 

immediately verified their results so that now the power of le-

gumes to fix atmospheric nitrogen through the agency of the 

nodule bacteria, Bacillus radicicola, is scarcely questioned. 

Aside from scientific interest in the matter, the immense 

practical ends that may be gained make the study of the Bacillus 

radicicola one of much interest and of great importance. 

From the very first it was known that bacteria from one legume 

might not inoculate another. Later it was found that in some 

cases the bacteria would finally acquire the ability to exist on 

a different host plant from the first. !t then became quite a 

question whether there were one or more species of the bacteria. 

Early investigators believed that the organisms were all of one 

species, - the different varieties being the natural result of 

" different environmental conditions. Latterly Hiltner and stormer 

have decided that there are two species, one Rhizobuim radicicola 

and the other Rhizobuim beyerinckii. The former includes the 

organiams of soy beans, lupines, and seradella, while the latter 

includes all other. The point cannot be said to b~efini tely 

settled as yet. 

At first it was thought that the relation existing between the 

host plant and the bacteria was one of true symbiosis, the plant 

furnishing the bacteria carbohydrates and the bacteria furnishing 

the plant nitrates. In the main this is correct and the relation 

is, broadly speaking, a symbiotic one. 





However, as pointed out by Hiltner and other recent workers, 

there are objections to the unqualified acceptance of this view. 

In the first place either the plant or the organism may exist in-

dependently of the other. The bacteria exist thus independently 

between crops of the legume, obtaining the necessary carbohydrates 

from decaying organic matter in the soil. Also conditions may 

arise when the host plant is injured rather than benefited by the 

bacteria; such a state is indicated by the weakening of a plant 

after the entrance of the bacteria. Similarly the plant may op

press the bacteria. The changes undergone by the bacteria in the 

bacteroid tissue are supposed by some to be efforts on the part 

of the bacteria to adjust themselves to this oppression. Fur the r-

more, the plant seems to resist the entrance of the bacteria. It 

is known that on soils rich in available nitrogen legumes inocula~ 

but slightly, resisting efforts of the bac~eria to secure entrance 

It is only when the plant is weakened by nitrogen starvation that 

the bacteria are able to overcome its resistance and produce in

oculation. In accord with this, Lipmanl - makes the statement that 

"After some tubercles are formed on legume plants, the formation 

of add! tional tubercles becomes more difficul t." And he continue, 

"Now, since plants already possessing a few nodules are better 

supplied with nitrogen, their vigor is increased and they can bet

ter resist the attacks of the bacteria." Hiltner claims that 

there exist strains of bacteria differing in their power to break 

down the resistance of the plant and secure entrance, and further 

that when a plant has been invaded by a strain of these more viru

lent bacteria that then it is immune to attacks of all weaker 

strains. 

Note - Numbers re.fer - _; to : refe.rence8~ li·sted at the close ot 
the thesis, page 52. 
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The question may be raised whether the present belief is not 

swinging too far from the earlier one of true symbiosis. It is 

not as yet definitely proved that the bacteriod forms represent 

a stage of degeneration or transformation due to oppression by 

the plant. B. Heinze2 , as a result of investigations, comes to 

the conclusion that the utilization of the ni trogen of the air and 

soil goes on simultaneously and there does nothave to be a com

plete or even large depletion of soil nitrogen before the nodule 

forming process begins. 

The method of entrance of the bacillus into the plant root and 

of subsequent development has been studied by several workers in 

some detail. The following statements, summarized from a recent 

publication by E. B. Fred of the Virginia Station,3 express very 

well the results of these studies. In artificial cultures B. 

radioicola is for a short time actively motile but it is difficult 

to say how the organism will act in the soil. Infeotion probably 

depends upon the accidental nearness of roots and bacteria in the 

80il. The first infection is through the root hairs. The bacter

ia on attaoking a root hair secrete a substanoe which causes a 

bending at that point. After having once gained entrance into the 

root hair, the bacteria multiply rapidly, forming a thread-like 

growth from the pOint of infection along the hair into the inner 

cells. Soon the young tubercle arises and growing outward forms a 

swelling on the side of the root. Growth is at the outward per

iphery of the tubercle and not at the base. It is due to this 

manner of growth that the tubercles appear as if developed exo

genously . to the roots instead of endogenously as they are. 

The activities of the tubercle bacteria are readily influenced 

by most soil conditions but of particular importance are the 
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following three: the aeration of the soil, the presenoe of organic 

matter, and the supply of lime or other basic sUbstances. 

The B. radicicala is aerobic and hence thrives best in well 

aerated soils. This perhaps partly explains the location of most 

of the nodules in the first few inches of surface soil. However, 

in a paper4 publi shed in 1900 Hil tner makes the statemen t that the 

location of nodules is independent of their oxygen requirements. 

The freedom from infection of the lower roots is due, he claims, 

to the immunity brought about by earlier infection of the upper 

ones. He further states that it is not difficult to secure inoc

ulation on the lower roots if only inooulation is prevented by 

some means on the uppeB. 

In this oonnection some observations by Alway and Bishop5 of 

the Nebraska Station are interesting. They removed sections of 

soil from an eight year old alfalfa field. Only a few nodules 

were found on the roots exposed on the pit walls within the first 

few inches; but at greater depths they were numerous, many large 

clUsters being found in the second and third feet and one very 

large clUster at a depth of four feet. The authors state that the 

deeply located clusters had apparently formed in old vertical 

fissures. 

The effect of organic matter on inoculation is two fold. The 

nitrates resulting from its decompositbn are injurious but the in

creased aeration due to its presence is beneficial. The deoay of 

organic matter furnishes the carbohydrates neoessary for the 

bacteria when existing in an unsymbiotic state. 

The third important soil condition influencing the activities 

of the tuberole baoteria and hence the growth of legume plants, 

is the presence of lime or other basic substanoes in the eoil. 
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The following statements from Hopkins' -Soil Fertility and 

Permanent Agricu1ture- 6 express the generally accepted belief 

as to the detrimental effect of soil acidity on the growth of 

legumes. ".C10ver, alfalfa, a1sike, cowpeas, soy beans, and most 

other valuable legumes will not thrive on soils that are strongly 

acid. To be sure such crops can be made to grow by the alibera1 

application of farm manure or other fertilizers but the nitrogen-

gathering bacteria of such legume plants do not properly develop 

and multiply in acid soils, and consequently the legumes do not 

have the power which they should have to accumulate large quanti-

ties of atmospheric nitrogen by means of the root tubercle bacteria., 

Lupines and serade11a are known exceptions to these statements; 

the nodules develop better and the plants make a better growth in 

acid soils. It is doubtful if cowpeas are very sensitive to soil 

acidity. Kellerman? of the U. S. Bureau of Plant Industry, states 

that the cowpea does not respond to lime in soils where clover re

fuses to grow without lime. 

-The favorable effect of lime on leguminous plants is due to 

the direct action on the plants as well as on the bacteria in 

the soil.-8 Aside from physical amelioration 01" the SOil, 1ime

stome may directly affect the plants in the following ways: in

creased production of available nitrogen and potassium, and in

creased or decreased production of available phosphorus. 

several i~vestigators have endeavored to ascertain the effect 

of calcium carbonate on the availability of phosphorus in soils. 

In some instances the availability was increased while in others 

it was diminished. The nature of the phosphorus compounds in the 

80i1, the form in Which the phosphorus fertilizer is applied it 

one is used, and probably other more deeply looated soil oondi-
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tions greatly influence the results. If a conclusion can be 

drawn from experimental work, it is that the first effect of lime 

may be to iecrease the amount of available phosphorous but that 

the final result is generally an increased supply. 

Lime is believed to increase very markedly the amount of ava~ 

able potassium. The magnitude of this action depends largely 

upon the character 01" the potassium compounds in the soil but 

doubtless under most conditions it is appreciable, and in some 

instances may be considerable. 

A considerable amount of recent work has been done as to the 

effect of oalcium carbonate in stimulating nitrification. The 

results of two investigations of tnis nature will be noted. 

Lipman, Brown and others9 of the New Jersey Station tested 

the ammonifying power of varying amounts of CaCo3 added to mix

tures of 80 gms. silt loam, 20 gms. quartz sand, and 2 gms. dried 

blood. After incubating for seven days at a temperature of 270 C 

the ammonia found was as follows: 

)(gs. CaC03 

0 
50 

100 
300 
500 

added )(gs. NH3 found 

106.86 
120.56 
121.88 
130.63 
123.78 

Ammonification increased up to the addition of 300 mgs. CaC03 

after which a decrease set in. Three hundred mgs. CaC03 to 100 

gms. soil is at the rate of three tons per 2,000,000 Ibs. soil. 

BrownlO , of the Iowa Station, has recently published the re-

suIts of some work along this line. Part of his work had to do 

with the effect of ground limestone on nitrification. The soil 

used was of the glacial Wisconsin drift formation. Pots were 

filled with 30 Ibs. of the soil to whioh varying amounts of lime-
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stone had been added. One-half of the pots was left bare, to be 

sampled from time to time, 4 in all, as the experiment progressed 

for bacteriological work. In the nitrification work 100 gm. 

samples of the soil were taken. Two hundred mgs. dried blood 

were added to each. The samples were tben incubated for six weeka 

Optimum moisture conditions were maintained throughout. The re-

sults as given in the following table are the average of the four 

samplings. 

Pot No. Treatment Av. Jlgs. N. 

1 & 2 No lime 15.41 

5 & 6 1000 lbs. lime 
per acre. 17.81 

9 & 10 2000 lbs. lime 
per acre. 19.78 

13 & 14 4000 llDls. lime 
per acre 23.14 

17 & 18 6000 lbs. lime 
per acre. 26.08 

Brown's conclusion is as follows: -Applications of lime 

cause increasing ni trate production, dependi ng on the amount of 

lime applied, the gains being almost proportional to the amount ~ 

lime." 

Evidently in analyzing the effect of limestone on the growth 

of legnmes considerable importance shOUld be at~ohed to the direct 

effect of the material on the plant growth. 

The question arises here as to the effect on legume inocula

tion of the increase in nitrates due to liming. Hiltner 4 ob

served that pea plants grown in a liter of nutrient solution con

taining 5 mgs. of saltpetre remained free from nodules, whereas 

in a similar solution except for the absence o:f ni trates, abundant . . 
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nodules were formed. Hiltner's comment is that the effect here 

could not have been the stimulating effect on the plant of the 

small amount of nitrogen, but rather that of an injurious effect 

on the bacteria. In sand cultures Hiltner also found the nitrate 

to have a strong depressing effect on nodule formation. Eut on 

plants grown in rich humus soils the formation of nodules was but 

little depressed showing that the effect of the nitrate is not 

due to its food value to the plant. As further proof of this, 

other nitrogenous compounds such as ammonium sulphate were less 

harmful, and extract of horse manure was entirely without effect 

on nodule formation. 

These results afHiltner are interesting but are of little 

assistance in answering the present question. It seems probable 

that the only effeot of the increased nitrates from liming would 

be that arising directly from their food value to the plant. 

The statements previously quoted from Hopkins' "Soil Fertility 

and Permanent Agriculture" express the belief in the immense bene

fits acoruing to legumes from the presenoe of lime. In aooord wtih 

this, the particular richness of limestone soils in legume vege

tation, and the proverbial riohness of limestone oountries are 

oommon facts. And yet lime in field tests on aoi. soils frequent

ly does not produce as great an increase in legume growth as in 

the growth of oereals.- Pot culture experiments in several instanc

es have shown depressed growths where lime was employed. 

-An average of the results of " 6 to 10 years oropping on five 
experiment fields on the acid solls of southern Illinois shows 
that limestone inoreased the yearly yield of olover one-half a 
ton, and 9f oow peas and soy beans eaoh a tenth of a ton, whereas 
corn was increased 8 bushels, wheat 5t bushels, and oats 9 bushels. 
The clover yield is an average of the years when some sort of a 
catch was secured. If the computation had been based on the num
ber of seedings the increase would not have been a fourth of a to~ , 
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In connection with the ammoniafication experiment already 

noted from New Jersey (p. 8) a green house pot experiment with 

barley and winter vetch was performed. Pots were filled with 

20 lbs. of a soil mdxture consisting of sis pounds of quartz sam 

and 14 lbs. of silt loam soil. Four grams of acid phosphate and 

two grams of potassium sulphate were added to each pot. 

pot No. Special Treatment Crop Av. yield of dry mat. 

1 Be 2 None Barley 18.'75 

3 Be 4 12 gms. ground 
oyster shell. Barley 19.25 

5 & 6 30 gms. ground 
Oyster shell. Barley 16.'75 

11 Be 12 None Winter vetch 8.0 

13 Be 14 12 gms. ground 
oyster shell. Winter vetch 5.85 

15 Be 16 30 gms. ground 
.oyster shell • Winter vetch. 5~5 

The decrease of ilie vetch yield is greater than that of the 

barley. The author's comment as to the depressed yields when 

30 gms. of oyster shell were added is, "there was a depressed 

growth that is sufficiently marked even when due allowance is ma~ 

for eXperimental - error." 

An earlier experiment at New Jersey, by Voorhees, Lipman and 

Brown
ll 

may be mentioned in this connection. Oats and crimson 

clover were grown in boxes containing 50 lbs. of soil. Two soils 

were used. One was a sandy soil ~sed for market gardening; the 

other was a red shale poor in available plant food. Different 

amounts of limestone were applied with and without other fertil

izers. Where no other fertilizers were applied lime increased 

the yield of oats in the sandy soil and decreased it in the shale 
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soil. The explanation given was that the sandy soil was low in 

avails.ble N. and tie lime, by stimulating increased production of 

nitrates, made possible increased yields. The shale soil, on the 

other hand, was low in available phosphorous and the lime, by 

fixing part of this small supply, depressed the crop yields. Th~ 

explanation is borne out by the fact that when dried blood, acid 

phosphate, and potassium sUlphate were applied in connection with 

the lime, that then lime neither increased the yield in the sandy 

soil nor decreased it in the shale soil. 

On the whole, lime decreased the yields of clover in both 

soils whether applied wi th or vii thout the other fertilizers. 

Commenting on the entire results the authors say that applica

tions of lime reduced in many instances the yields of dry matter. 

Bacteriological studies made at the time showed that 'lime in-

creased nitrification in all instances, therefore the depression 

in yields of dry matter were not due to lack of nitrogen but to 

some other cause'. "This cause must be sought either iri direct 

physiological interference with the assimilation processes in the 

plants, in the decreased supply of available phosphoric acid, in 

the accumulation . of injurious substances on ~ccount of the greater 

bacterial development, or in the using up of a portion of the 

aVaila.ble plan t food by the incre~ded hosts of soi 1 organi sms." 

As an instance of pot cul ture work showing increased growth ct 

legumes due to the application of limestone, the recent Vlork at 

the Penn. StatiOn, by Gardner & Brown12 may be mentioned. They 

carried on extension pot culture work to determine the effect of 

lime on the growth of clover. The soil used was obtained from 

the station fertility plots. The varying amounts of acidity were 

Consequently due to the different fertilizer and crop treatments. 
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Relative Green Wt. of Clover lops 
No. Av. lime required 
Plots per acre as No Lime Suffi cient lime Limestone 
AVeraged determined by the to Neutralize Veitch+one 

Veitch Method. Acidi ty ton. 

24 None 100 -- 103 

26 190 Ibs. 100 102 110 

12 843 " 100 115 131 

10 1395 " 100 197 222 

Here lime produced largely increased growths, in Ule very 

acid plots practically doubling the yield. 

In this connection the question may well be raised whether 

acidity due to different sources, has the same quantitative effect 

on plants. For instance, compare the case of an upland soil low 

in organi c matter where the B.cidi ty is presumably largely due to 

the decomposition of acid silicates, with that of a marsh soil 

Where the acidity is largely due to the incomplete oxidation of 

Organic material, Assuming equal amounts of acidity as measured 

by the lime water test it would not seem to necessarily follow 

that equal appli cati ons of limestone would produce equal increases 

in crop growth. 

In the experiments noted no attempt was made to separate the 

effect of limestone on the growth of legUmes into its two factors, 

viz. its direct effect upon the plant and its indirect effect upon 

the plant through its influence on the legume bacteria. It has 

already been sta.ted that the direct effect upon the plant, through . 

the increased amounts of available plant food, must be consider

able. This is verified by the fact that the growth oj:· cereals is 

increased appreciably by the direct use of lime. Nevetheless, it 

is generally believed that the indirect effect, through providing 

better conditions for the bacteria, is of much more importanQe. 
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Very little definite experimental data can be found bearing on 

this pOint. In fact very little data of a.ny sort could be found 

by the writer dealine with the effect of lime on legume inocula

tion. Indefini te statements based on rather casual observations ; 

seem to include the whole of the experimental information on this 

important pOint. 

As one of the more definite of these statements that of 
13 

A. V. Donnan may be given. "Lime applied to (lucerne) plots 
• 

Caused an enormous increase in the number of plante with nodules, 

and also increased the number of nodules per plant." 

In view of the fact that legumes are grown quite largely on 

account of their power to add atmospheric nitrogen to the soil, 

it becomes important to determine somewhat definitely the amount 

of nitrogen they can thus fix. Experimental work of this nature 

is rendered ra~her difficult in that relatively large amounts of 

nitrogen must be added to a soil before the change can be petect

ed by present analytical methods. However, some fairly definite 

work of this Bort has been done. 

In 1902 on the Canada Experimental Farms, an experiment14 was 

begun to determine to what extent the nitrogen content of a soil 

could be increased through turning under successive growths of a 

clOver crop. The plan of the experiment is bri ef1y as follows .: 

A plot 16 by 4 feet was laid off and boards sunk to the depth 

of 8 inches. The surface soil was then removed to this depth and 

a poor sandy soil substituted in its place. The plot was seeded 

to red clover and by digging and reseeding every second year has 
; 

been kept ·in c1 over continuously since. At tne beginning of the 

eXperiment superphosphate and muriate of potash were applied at 

the rate of 400 and 200 1bs. per acre respectively. In 1909 lime 
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was added at the ~ate of one ton per acre. At intervals the plot 

has been sampled and determinations made for total nitrogen. 

Nitrogen found • . 
Percentage in water- Lbs. per acre to a 

Time of Sampling free soil. depth of 4 inches 

Before experiment .0437 533 

After 2 years .0580 708 

" 4 " .0608 742 

" 5 " .0689 841 

" 6 " .0744 908 

" 7 ft .0750 915 

" 9 " .0824 1005 

Increase of N. in 
9 years. .0387 472 

In interpreting these results it must be considered that the 

plants m~ have received some of their nitrogen from under soil 

layers; also that an appreciable amount of nitrogen may have been 

fixed by Azotoba.cter bacteria. On the other hand the plants grow

ing year after year on the same plot would in all probability se-

Cure much less of their nitrogen from the air than under average 

farm conditions. So that on the whole the results li~ely do not 

equal the fixing power of the same number of crops grown under 

average farm conditions. 

Hartwell and pember15 of the Rhode Island Experiment Station 

have lately published the results of a 5 year pot experiment to 

determine the gain in nitrogen through the growth of legumes. Two 

crops were grown each year, making a total of ten crops. As a 

Winter crop, vetch was grown in 8.11 the pots and mixed wi th the 

soil. The summer crops were removed and analyzed for nitrogen. 
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Optimum amounts of all nutrients were a.dded except ni trogen. 

Ground limestone was applied at the rate of about 2600 Ibs. per 

acre 7 inches. The soil was a sandy loam, containing some fine 

gravel. The results obtained from the soy bean and cow pea series 

are given in the fo1]owing table: 

Crop pot N. in ini- N. in aer- N. in N. in Net Av.lbs. 
No. tia1 soil ia1 portion soil final gain per 

- amount of summer at end soil in N. a.cre 
tiodded in legume re- of expo & in 
seeds. moved. crops 
water & re-
manure. moved 

Soy Av.of4 
Beans pots 35.25 10.95 39.38 50.32 15.07 1844 

I 

Cow Av.of4 
Peas pots 31.12 12.01 36.70 48.71 17.59 2153 

The data show that in round numbers the legumes added one ton 

of nitrogen per acre in 5 years. If we assume that the fixing 

power of the vetch was equal to the summer legumes, this is at 

the rate of 200 1bs. per crop. The average weight of the moisture 

free crops was approximately 5 tons per acre. Forty pounds, there 

fore, was the amount of nitrogen added per ton of dry weight of 

crops. It should be borne in mind that this experiment p~esented 

optimum conditions for the fixation of atmospheric nitrogen. 

In this connection reference may be made to the well known 

Rothamstead work onleescroft Field where in three years land 

cropped to barley ~d clover gained 175 1bs. nitrogen per acre 

and in addition 319 1bs. were removed in the crops, making a 

total of 494 1bs. secured from the air per acre in three years 

time16 • 
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EXPERIMENTAL 

PURPOSE 

The experimental work for this thesis was planned to secure 

information as to the effect of limestone applied to an acid soil 

(1) on the growth of legumes, (2) on the activities of tubercle 

bac teri a, a.nd (3) on the amount of ni trogen secured from the ai r 

by symbiotic fixation. A minor experiment was added to determine 

the effect of quantities of organic matter on the location of 

nodules. 

In working on these problems it was found possible to obtain 

information on other points of interest. These will be presented 

as they more or less naturally introduce themselves in connection 

'lith the other work. 

PLAN 

The experiment was a greenhouse pot experiment with cowpeas, 

soy beans, a.nd mammoth red clover. A strongly acid ' 80il was 

used. The main experiment consisted of four series with the fol

lOWing special soil treatments: 

Series 1 - No limestone. 

Series 2 - Medium limestone (at the rate of one ton per 

2,000,000 lbs. of soil over the amount required 

to neutralize the acidity.) 

Series 3 - Heavy limestone (five tons over amount to 

neutralize acidity.) 

Series 4 - Heavy limestone (five tons exceas) and dried blood ' 

at the rate of 1100 lbs. per 2,000,000 lbs. of 80il. 
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Each series included three pots of each legume and also two 

fallowed pots. Thus series (1) included three pots of clover, 

three of cowpeas, three of soy beaDs, and the two fallowed pots. 

All pots were inoculated for their respective legumes andrll 

received treatments of bone meal and potassium sulphate that op

timum growing conditions might be secured with respect to phos

phorous and potassium. 

In addit,10n there was a 'minor experiment including three 

series of two pots each in which mammoth clover was grown and in 

which the special soil treatments were as follows: 

Series 1 - ~ifty grams limestone (at the rate of 3 tons over 

the amount requi red to neutra.li ze the aci di ty.) 

Series 2 - Fifty grams limestone and 150 grams manure (at the 

rate of 15 tons per acre.) 

Series 3 - 150 grams of manure. 

The manure, well rotted yard manure, was not mi~ed throughout 

the soil but was added in lumps to various parts of the pots 

while filling with soil. It was hoped in this way to secure infor

mation as to the effect of organic matter on the location of 

nodules. The p8ts were inoculated and received treatments of 

bone meal and potassium sUlphate. 
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THE SOIL. 

The soil was secured from just outside the Bowling Green 

outlying Experiment Field in N. E. Missouri. In type it is a 

gray silt loam on tight clay. The tight layer begins at 12 to 

15 inches and extends on to the point of a forty inch soil aug.r. 

A chemical analysis of the Bowling Green soil previously 

made by the Experiment Station chemists gave the following results: 

Organic Total Ac. Sol. Acid Soluble 
soil layer matter N. P2 ~5 K20 

-
0-7 inchee 5.77% .175% .236% .292% 

._- .- . 

An aci di ty determinati on by the Vei tch lime water method of a 

composite sample from the 80il secured, showed tha~one gram of 

soil required 0.0012885 gms. CaC03 to neutralize the acidity. This 

is at the rate of 2577 pounds per 2,000,000 pounds of soil (an 

acre 7 inches . ). 

Only the surface seven to eight inches was used. When 

secured the Boil was in grass sod. The soil was secured directly 

after a heavy rain and while it was still almost muddy. 

Preparatory to putting in the jars, the soil was sieved and 

thoroughly mixed. 
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TECHNIQ,UE. 

Three gallon glazed earthenware jars were used. No drainage 

was provided. To secure if possible a more uniform distribution 

of roots than is generally secured in pot culture work, to prevent 

excessive evaporation, and to prevent baking and packing of the 

surface soi~, the following scheme was tried out for the addition 

of the water needed by the plants. Three inch porous flower pots 

were inverted on the bottoms of the jars from each of whiah a glass 

tube extended up above the surface of the soil. This arrangement 

served its purpose very well indeed. The soil remained in fine 

physical condition throughout the experiment, and when harvested 

the roots were found well distributed throughout the soi~. Had it 

not been necessary towards the close of the experiment to add water 

to the surface of the soil in applying spray mixtures to keep in 

check the red green house spider, fairly accurate- data would have 

been secured as to transpiration of water. 

The amount of moisture in the pots was kept at one-half the 

saturation amount as nearly as could be done by adding distilled 

water once a week during the early part 01" the experiment and 

twice a week during the remainder of the time. This amount was 

found to be twenty percent of the air dry weight of the soil. 

The limestone used was sifted through a 100 mesh sieve, the 

dried blood through a 40 mesh, and the bonemeal through a 60 mesh. 

As analyzed by the station chemists, the dried blood contained 

12.84% nitrogen; - the steamed bone meal, 1.17% nitrogen and 30.66% 

P205· 

In the main experiment 9247 grams of the air dry soil were 

used per pot. The complete fertilizer treatment in this part of 
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the work is shown in the followine outline.* 

series 1- .•. '" ...............•.••.••• 1 gm. bone meal,l gm. K2S04 

II 2-30 gms. lime- II It It " " " II 

B to n& ••.••.......... 

" 3-75 .. .. " \I It .. II • " II .. . .............. 
II 4-'10 " " 6 gms.dried blood" " " " .. .. .. 

The inoculating material and fertilizers, exceptine the 

potassium sulphate, were added and well mixed with the soil 

before putting it in the jars. The potassium sulphate was added 

in solution afterwards. 

In the minor experiment the amounts of soil and the fertili-

zers used in each series were as follows: 

series 1 - 10,000 gms. soil, 50 gms. limestone, 2t gms. bone meal, 

Series 2 - 9850 gInS. soil, 150 gms. manure, 50 gms. limestone, 

2t gms. bone meal, 2 gms. K2S04. 

Series 3 - 9850 gms. soil, 150 gms. manure, 2t gms. bone meal, 

With the exception of the manure, all the fertilizers were 

mixed with the soil before putting it in the jars. The 150 gms. 

of manure were roughly di vided into 10 lumps and added to various 

parts of the jar while putting in the soil. Four of the lumps 

were placed near the surface of the soil, four near the center, 

and two well towards the bottom. 

In both experiments inoculation was secured by adding soil 

from the station farm on which the various legumes had grown the 

previous season and also by adding liquid cultures kindly furnished 

by the Bureau of Plant Industry of t he U.S. Dep't of Agriculture. 

*Two orops of soy beans were grown in the same pots. The first 
crop made a very small growth and no weights were taken. Before 
planting the second time an additional It grams of bone meal 
and likewise of K2S04 were added to each pot. 
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All the clover pots and half the fallowed pots were kept in the 

horti cul tural greenhouse at a temperature of 70 0 
- 750 C. during 

the day" and 600 - 70 0 C. during the ni gh t. The cow pea and soy 

bean pots were kept in the ae ronomy greenhouse at a temperature (j 

850 - 95 0 C. dur ing the day and 700 - 750 duri ng the night. 

The time of plan ting and of harvesting, th~lUmber of plants 

per pot, nnd something as to the maturity of the plan ts are 

shown in the following outline: 

Date of Date of No .Plants Maturity of 
Plant planting harvest per po t plants at 

harvest. 

Black Cowpeas Nov.22,19l2 Feb.22,19l3 5 Mature pods on 
many of the 
plants. 

l!edi urn yellow 
Soy beans Jan.lO,19l3 Mar.12,19l3 8 Mature pods on 

many of the 
plants. 

Mammoth red 
clover (main 
experiment) Nov.15,19l2 Apr. 5,1913 20 Not yet in 

bloom. 
Mammoth red 
clover (minor 
experiment Dec.13,19l2 Ap r .19 , 1913 10 " u " 

In the main the laboratory work carried out for the a.ccumu-

lation of data was as follows: 

Determinations of nitrates by the phenol-disulphonic colori

metric method were made before the experiment started and at the 

close in the fallowed pots and in the pots in the main experiment 

plan ted to cowpeas and to clover. The dry weights o:f all the crop s, 

tops and roots separately, were secured. The amount of inoculation 

was ascertained, by removing, counting, and weighing the nodules of 

the cowpeas and soy beans an d by in specti on of the clover. Ni tro-

gen determinations by the Kjeldahl method were made of the cowpeas 

and clover in the main experiment, tops and roots separately. 

.' 
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CROP YIJI';LDS. 

The total dry matter contained in the crops is shown in the 

following table:. 

Table I Grams of Dry Ma.tter in the Tops and Roots of the Crops. 

No. No. Clover Cow Peas Soy ~eans 
Series Treatment Pot ( oven-dry) loven-dry) (ai r-dry) 

1 None 1 20.48 14.69 6.88 

2 19.93 13.46 6.78 

3 21.28 15.98 6.74 .. 

Av. 20.56 14.71 6.80 

2 Medium 

Limestone 4 17.96 12.61 5.60 

Only 1 5 20.31 (10.66 4 6.22 
p1;:Jnts 

6 18.25 14.17 5.61 

Av. 18.84 13.39 5.81 

3 Heavy 

Limestone 7 18.98 15.47 4.75 

8 18.23 15.27 5.16 

9 18.49 15.11 6.31 

Av. 18.57 15.28 5.41 

4 ~ Heavy L. 10 15.71 16.30 5.15 
and 

11 17.68 10.22 5.96 
Dried 

12 14.88 11.11 5.37 
Blood 

Av. 16.09 12.54 5.49 

It is seen that the clover yield was best on the untreated 

·Proper1y the total nitrogen in the crops should be included 
in this table. The data are omitted !·or the reason that the 
&tfect of the fertilizer treatment was very li t Ue different on 
the total nitrogen from what it was on the total dry matter. 
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pots and decreased apprecie.bly as the treatment increased. A like 

decrease is evident with the soy beans except that the application 

of dried blood increased the yield slightly over heavy limestone 

alone. The yields secured from the cow peas ~re variable; but the 

varia.tions likely a.re not the result of the crop trea.tment. On 

the night 0 f February 18th the temperature in the greenhouse 

dropped almost to freexing. The cow peas were damaged consider

ably, the be st po t s seemi ng to suffer mo st. 

The yields of clover secured in the minor experiment are 

shown in the following table: 

TABLE II - Clover weights in llinor Experiment. 

No. Clover (Roots & Tops, 
Treatment Pot ai r - dry wt s. ) gms. 

3 tons lime- 1 19.68 
stone (in 
excess of 2 25.12 
aci di ty) 

Av. 22.40 

3 tohs L. 3 33.72 
( excess) 
And 15 tons 4 32.57 
manure 

Av. 33.15 

15 tons 5 28.61 

manure. 6 28.89 

Av. 27.75 

Unfortuna.tely the no- treatme nt po ts were omi tted in thi s 

experiment. It is,. therefore, impossible to determine the effect 

of the lime-alone treatment on the crop yield. The data show the 

yields here to be less than in the manure-alone pots. However, 

applied with manure limestone gave a substantial increase. The 

reason for this is not clear since in the main experiment limestone 

produced no increase even when applied in connection with la.rge 





?
to

n
e
. 

m
am

m
ot

h 
lie

 I 
C

 lou
el

' 
. 

C
lo

v
er

 i
n

 m
ai

n 
ex

p
er

im
e,
n

t 
a

t 
'h

a
rv

e
st

" 

~e
Cl

.v
'1

 
L

tm
es

to
lt

 e-





-25-

amounts of dried blood. It may be that a deficiency of mineral 

plant food existed which was corrected by that in the manure, 

thoue;h the heavy applicfltions of bone meal and potassiUI:l sulphate 

render this improbable. Neglecting this point, it may be said 

th8,t on the whole the influence of limestone was unfavorable on 

the growth of the legume plants. 

The manner of growth of the crops, perhaps, throws some light 

on thi s part 0 f the work. 

The following statements are taken from the notes on the 

growth of the clover in the main experiment made from time to time 

as the experiment progressed. December 24 (one month from time 

plants were up). The plants in series 1 are noticeably larger 

than tho se in the 0 ther seri es. 

January 2. Plants in series 1 and 2 are much larger than 

those in series 3 and 4. 

February 11. Plants in series 1 are considerably the best. 

The other series grade on down in order of treatment. There 

does not appear to be over half the growth in series 4 as in 

series 1. 

March 13. The plants of the different series are losing 

their noticeable variations. series 4 is still clearly the 

poorest, with series 3 next. There does not appear to be a large 

amount of difference between series 2 and series I.' 

A t the clo se of the exper iment the difference s betl/een seri es 

1, 2 and 3 were but scarcely apparent to the eye. Series 4 was 

still inferior in appearance. 

probably the amount of water transpired by the clover plants 

througho ut the expe rimen tis a bet ter index of the relat1 ve growth 

from time to time on the different series. In the following table, 
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the figures under any date represent the amount of water tran-

spired by the crops from the previous date up to thaf time. The 

transpiration figures were obtained by subtracting from the amourits 

of wa.ter lost by the pots the average amount lost by the four 

fallowed pots. To facilitate comparison between the series, 

instead of the actue.l amounts, rel ative figures are given based on 

the transpira.tion in series 1 always equalling 100. The last 

column is added to show the fairness of the method. 

TABLE III 

R 1 t' e a ~ve W t a er U d b Cl se ,y over S er~es Th rOUf h t th E au e xper i t men • 
Dec Jan Jan Feb Feb Feb Mar Mar Mar Mar Total 

21 18 31 8 14 22 1 10 17 24 dry wt. 
of crop 
gms. 

Series 1 100 100 100 100 100 100 100 100 100 100 20.56 

" 2 87 78 81 89 80 88 80 95 74 89 18.84 

" 3 72 51 56 54 107 80 85 84 95 81 18.57 

" 4 74 31 28 29 67 64 68 78 67 72 16.09 

Comparing series 2, 3 and 4 with series 1, the decrease in 

transpiration of series 2 was slightly greater during the first 

half of the experiment, the transpiration of series 3 was but 

little over a half during the early part of the experiment but was 

almost as much during the latter part, that of series 4 was not 

quite a third during the first part of the experiment but was . 

almost three fourths at the close. 

It is evident .. that the . differences in growth amohg the series 

were not the result of a gradual increase or decrease, but were 

almost wholly due to the fact that some series started rapid growth . 
\ 

sooner than others, i. !. the period of no apparent growth chara~ 

teristic of plants from small seeds was of longest duration in the 

i nfe ri or seri es. .. 
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The clover in the minor experiment afforded similar characmr

istics of growth. The manure-alone and manure-lime pots began rap

id growth first. Later the lime-alone pots apparently made as rap

id growt~ as the former. Likewise with the cowpeas, series 1 during 

the first part of the experiment was slightly the best. 

This much seems to be shown by the manner of growth of the 

plants. The effect of the limestone at first was to produce 

changes in the soil detrimental to the crop growth. Later this 

influence was largely overcome. It is not possible to state defin

itely just what these changes were. Work to be presented later 

shows that the limestone greatly stimulated nitrification. Clearly 

the inferior growths were not due to lack of nitrates. 

Some investigators17 are making much of the using up of 

available phosphates by· the increased bacterial life as a means 

of explaining the depressing effects of lime sometimes observed 

on plant growth; but the locking up of phosphorous in this way 

could exist for only a short time and the process would hardly 

seem to be of sufficient moment to account for the results in 

the present experiment. 

The most ready explanation is that the lime largely fixed 

the available phosphates. Laboratory work as to the dissolving 

effect of water solutions of carbon dioxide on tricalcium phOS

phate has shown but Ii ttle action when the solutions are satur

ated with calci~~ carbonate, whereas in its absence the amount of 

phosphorous dissoived is proportional to the strength of the 

solution. 

To secure information as to the effect of the limestone on 

the availability of phosphates in this experiment, samples of 

soil were secured on March 12 from the fallowed pots in the agron

omy greenhouse. Determinations of available phosphates were made 
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by the Official fifth llOrrr;al hydrochloric acid method. 

The rA8ults nre as follows: 

T.AJ3L::J: IV - Effect of Limestone on Ava.ilabili ty of Phosphates. 
lPariis .t'. per ml.1.110n 

Series Trentmen t of oven-dry soil. 

1 None 28 

2 Medium L. 29 

3 Heavy L. 35 

4 Heavy L. and dried B. 35 

As shown here lime stone increased the ave.ilabili ty, the 

medium flpplicCltion very slightly and the heavy application con-

si derably. However, as previ 0 usly indicC'.ted, the first ef fec t of 

the limestone mClY have been to lessen the phosphorous nvaila-

bi li ty. It is po ssi ble that wi th some soil e the fi rst effect (f 

an a.pplication of limestone might be derogatory to plant growth 

through fixHtion of a considerable portion of the available 

phosphates whereas the fina.l resul t might be beneficial through 

reduction of the insoluble iron and aluminum silicates. 

The tendency of lime to depress crop yields in pot-culture 

work has been noted by a number of investigators. Two experiments 

from the Hew Jersey Sta.tion illustrating t h is Vlere mentioned in 

the Historical of this thesis. 
18 

The work of Ellet a nd Hill 

al so, may be referred to. They found tha t in sand cul tures acid 

pr .. osphate gave a smaller yield when applied with calcium carbon-

ate tha.n when applied alone. 

Tha t a depressi ng effect of calci urn carbonate is scarcely 

ever noticed in field experiments is perhaps due to several facts~ 

In field experiment 6 the fertili ze rs are usually appli ed in much 

smaller amounts th 8n in pot cuI ture work. Q,ui te likely there is 

*Moers19 did notice a depressing effect of limestone on the 
power of floats to increase crop yields. 
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not a very intimate mixing of the fertilizers either among 

themselves or with the soil. The fertilizers are often applied 

some little time before planting, and hence the first effect of 

the limestone in fixing available phosphates is likely to be 

largely overcome before plant growth. Nevertheless, if in pot 

culture work an application of less than three tons of limestone 

per aCre produced a noticeable decrease of crop growth, it would 

seem that heavy applications of lime to the same soil in the field 

probably would have a depressing effect for a time at least. 
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IN 0 C UIJA '1' ION, AMO UUT O:b' Nl TRA TES , andPERCENT OF NI TROGEN 

The following table shows the inoculation secured with the differ
ent crops. 

TABLE V - Inoculation Showing the E f'fect of the Treatment 
cow peDS ~ov bean~ 

No. Count Wt.of oven- Count Ai r-drJi C10- Clover 
Ger Treat- No. of nodi- dry nodules of nod· wt.of ver in min-
ies men t. pot u1es. gms. u1es. nodu1ee . or ex-

gInS. perimen i 

-
1 213 .2165 7 .0130 Inoc- Inocula-

1 none u1a- tion 
2 201 .2693 17 .0524 tion 

best on 
3 164 .1849 17 .0280 best - the man 

Av. 193 .2236 14 .0311 on ure-
- a.10ne 

Medi- 4 164 .1073 23 .0230 the 
urn pots. 

2 5 214 .0643 17 .0124 no-
Lime- Second 
stone. 6 264 .1136 2.L .0160 treat 

Av ..... 
~214 

best on 
.0951 25 .0171 ment 

- the man -
Heavy 7 181 .u243 13 .0046 pots. ure-

3 Lime- 8 198 .0187 9 .0034 Thence lime 

stone 9 167 .0292 20 .0048 de- pots, & -
Av. 182 .0241 14 .0043 cre~s ... pooresl; 

-
Heavy 10 195 .0265 8 .0024 ing in on the 

4 L. & 11 94 .0099 3 .0016 order 1ime-

dried 12 173 .0164 7 .0020 - of alone 

blood Av. 154 .0179 6 .0020 'treat- pots. 

ment 

thru-

out 

the 

ser-

ieee 
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The effect of limestone on inoculation was one of marked 

depression not so much on the number of nodules, at which pOint 

the influence was only slight, but on their size, where the in-

fluence was very great. The effect was largely independent of 

the legume used.* 

Originally it was planned to count the nodules on the clover 

roots but the work proved too laborious. However, inspection 

clearly showed that inoculation decreased as the treatment in-_ 

creased. There was proba.bly most difference between the series 

2 and series 3 pots and least be.tween the series 3 and 4 pots. 

In the minor experiment the manure alone pots showed clearly 

the mest inoculation. The difference between the lime-alone and 

manure-lime pots was not · great but was in favor of the manure-

lime pots. 

The count of nodules on the cow-peas and soy beans showsa 

close agreement in the variation from series to series, increa.sing 

in series 2, dec.'reasing the same amount in series 3, and further 

decreasing in series 4. Inspection of the clover roots afforded 

no data along this line. From the limited data secured it can not 

be said that any significance attaches to the behavior of the 

count of nodules. 

In seeking for an explanation of the fact that inoculation, 

as measured by dry weight of the nodules, decreased as the treat

ment of limestone increased,two possibilities present themselves: 

(1) the effect is direct upon the bacteria; (2) the effect is 

first upon the plant, and thence upon the bacteria. 

It is very improbable that the limestone had a direct detri

mental or toxic influence upon the bacteria. The limestone used 

*This is neglecting the fact that the depression with the 
cowpeas was greater than vdth the other legumes. It is not at all 
certain that this greater depression was due to a. more inimical 
effect of the limestone on the cowpeas or on the cowpea b~cteria. 
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was of a pure grade and the chance that it contained any impuri

ties toxic to the bacteria is very remote. The possibility still 

remains that the limestone altered the soluble salt content of 

the soil or stimulated the growth of bacterial life in ways in-

j urious to the tubercle bacteria. The work of thi s thesis afforcE 

no information upon this possibility except in so far as an 

increased production of nitrates was shown. This point will be 

discussed later. 

The more likely esplanation is that the effect was first 

upon the plants and thence on the bacte ria. Work already noted 

in this thesis by Brown at Iowa and Lipman et al at New Jersey, 

shows that one of the effects of limestone when applied to soils 

is a marked increase of the nitrification processes. Results 

secured in thi s experiment were in accord wi th these. In the 

following table is shown the amount of nitrates in the soil at 

the end of the experiment both in the fallowed and in the cropped 

pots. 
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TABLE VI - Nitrates in the Pots at the Close of the Experiment. 

~o • No. Clover Cow Peas I 
~eries Treatment pot p.p.m. of ovendry soil p.p.m. of ovendry s 

Fallowed Planted . Fallowed Planted , 

pots. pots. pots. pots. 

1 5.15 11.64 
1 None 

, 2 5.15 10.'75 

3 5.15 15.61 

Av. 92.56 5.15 6'7.86 12.6'7 

4 6.12 14.20 
Medium 

2 5 6.12 14.35 
Lime-

6 6.12 12.'71 
stone 

Av. 131.56 6.12 119.'71 13.81 

'7 '72.6'7 86.02 
Heavy 

3 8 64.61 6'7.'73 
Lime-

9 36.45 92.54 
stone 

Av. 280.58 5'7.91 145.22 82.10 

Heavy L. 10 150.98 . 1'70,12 
4 I 

and 11 163.50 123.09 

Dried B. 12 153.34 181.11 

Av. 386.64 155.94 2'71.6'7 158.11 

From the data secured from the fallowed pots it is seen that 

the limestone greatly increased nitrification. In the fallowed 

pots in the clover experiment medium limestone gave ~n increase of 

42% over no 1imesto·ne, heavy limestone an increase of 113% over 

medium limestone, and the addition of dried blood a further increas 

of 38% over heavy limestone alone. Do~bt1ess the assumption can 

safely be made that the amount of nitrates formed in the planted 

pots was not widely different from that formed in the corresponding 

fallowed pots and that tile increases due to the treatment were 
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approximately the same in both cases; but it is seen from the 

table that the increase in runount of nitrates in the planted 

po ts is no t nearly equa.l to the corre spondi ng increases in the 

fallowed pots. Hence the crops must have secured increasing 

amounts of their nitrogen from the soil corr!sponding to increased 

production of nitrates. The two facts cannot be con nected posi

tively in the relation of cause and effect, yet it seems natural 

to suppose tha. t the increased amounts of nitrates is the fact 

explaining the depressed inoculation. As stated in the historical 

part of thi s thesi s presen t day investigators believe that when 

legumes can secure sufficient nitrogen from tile soil, nodule 

formation is quite largely suppressed. 

However, it will be remembered that in the minor experiment 

better inoculation was secured with the manure-alone pots than 

with the lime-alone pots. Unfortunately no determina.tions of 

nitrates were made in this experiment but the manure must have 

increa.sed the supply of ni tra tes to qui te an extent. I t would 

seem that in this case the difference in inoculation could hardly 

be explained by a difference in the food supply of nitrates. Per

haps the effect is due to the toxic influence of certain forms of 

nitrates on the tubercle bacteria, but it seems improbable that 

any more of a toxic influence liould arise from the increased 

nitrates due to limestone than from those added in the manure. 

The two effe~ts of limestone, depressed growth and depressed 

inoculation, are difficult of explanation. It has been stated 

that the fixation of the available phosphates perhaps explained 

the depressed crop yields and the increased nitrates the depr~BBed 

inoculation. But as already mentioned, the behavior of the cl~ 

ver crops in the minor experiment throws some doubt on the lat~r 
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part of this statement. If it was known that some other cause 

than increased nitrates accounted for the depressed inoculation, 

th~n it could be supposed that the better inoculation in the no

lime pots VlaS a sufficiently potent factor in placing available 

nitrogen at the disposal of the crops to more than balance the 

increased ni trates in the lime-pots. The better crop growths 

could, in this case, be attributed directly to the better inoc-

ulation. The difficulty with this, however, is in finding the 

"some other cause" for the depressed inoculation. 

The growth and inoculation of the crops present problems of 

a difficult nature and for which a satisfactory solution is not 

afforded by the data in hand. 

It is of interest to notice more in detail the effect of the 

limestone on the formation of nitrates as shown by the data from 

the clover fallowed pots. At the beginning of the experiment 

the soil contained 10 parts of nitrates per million. Subtracting 

this eIDount from the nitrates found s.t the close of the experi

ment gives the amounts formed during the experiment, as shown in 

the following table. 

TABLE VII - Influence of Limestone on Ni trification. 

INa. Treatment Parts NO~ Equi- Increase' Percent Bushels of 
ser- per M. a valent due to of total corn in-
ies. soil to Ibs. treat- N. in crease of 

formed N.per ment,of soil N. would 
during 2000000 N.formed 3500# grow. 
the expt. Ibs.of per made a-

soil 2000000# vailable 
.. soil. during 

the expt 

1 None 82.56 37.98 ..... 1.08 . ...... 
2 Me.dium L. 121.56 55.92 17.94 1.60 12.0 

3 Heavy 1;0 270.58 124.47 86.49 3.56 58.0 

4 Heavy I~ • 
and 376.64 173.25 135.27 ..... 90.0 . , 

Dried 
blnnd 
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The data clearly show the important influence limestone had 

on nitrification. 

20 d Hopkins assumes that roughly 2/0 of the nitrogen in a soil 

c8.n be made avai1a..b1e during a growing season. This is indicated 

to be attained only under favorable conditions. 

The last column is added to show the considerable effect 

limestone may have in increasing crop yields through increasing 

the amount of available nitrogen. 

The d~ta as to the amount of nitrates formed in the series 

3 and series 4 pots offer a means of approximately determining 

the amount of the dried blood nitrified during the experiment. 

Assuming that the soil proper yielded the same amount of nitrates 

in the two pots then the increase of nitrates in the series 4 pot 

came from the dried blood. This increase was 106.06 parts or 

0.215 gms. of nitrogen in the pot. Five grams of dried blood co~ 

taining 12.84% N. or 0.642 ges. of nitrogen we~added to the pot. 

Then of the nitrogen added in the dried blood approximately one

third was transformed into nitrates in the twenty weeks. 

In this connection it will be well to notice whether the 

treatment influenced to any extent the percent of nitrogen in 

the plants. 
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TAB I.E VI II-percen t of Ni trogen in the Various Parts of the Plants. 

No. No. Clover Cow Peas 
series· Treatment pot Tops Roots' Tops Roots Nodules. 

1 3.378 2.177 3.033 1.774 7.121 
not 

2 2.918 2.197 3.212 2.081 inc. 7.531 
1 None nod-

3 3.474 2.257 3.003 1.774 ules. 7.172 

Av. 3.257 2.210 3.083 1.876 7.274 
2 • 9 321 I'li'Q7 

Hod. 

4 3.317 2.143 3.011 2.515 

Medium 5 2.891 1.995 3.142 2.415 
2 lime-

stone 6 3.086 2.229 2.878 2.316 

Av. 3.098 2.146 3.010 2.415 
- -

7 3.348 2.223 3.022 2.248 

Heavy 8 3.653 2.459 2.907 2.122 
3 lime-

stone 9 2.847 2.378 3.019 2.084 

Av. 3.283 2.353 2.983 2.151 

Heavy 10 3.665 2.412 3.183 2.453 
lime & 

4 dried 11 3.884 2.237 3.467 2.547 
blood. 

12 3.114 '2.606 3.420 '2.804 

Av. 3.554 2.418 3.357 2.601 

Looking over the table in a general way it is seen that the 

per cents within anyone series vary appreciably. In view of this, 

the only variation between series to which any significance Can be 

attached is that between series :3 and 4. Here the largely increased 

amounts of ni trates have appreciably increased the percent of ni tro-

gen in the plants. That the increased nitrates in series 3 or in 

series 2 did not produce a like change is probably du~ _ to the off

setting influence of the decreased inoculation in these instances. 
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;~ > 
The percent of nitrogen in the clover roots was approxi~at~l~ 

three-fifths of the percent in the tops. 
~ . , - " 

The percent in the co.~ 

pea roots was four-fifths of that in the tops. Comparing the t~ 

plants, the cow pea tops contained a seventeenth of a percent less 

nitrogen than the clover tops but the cowpea routs contained a 

tenth of a percent more than the clover roots. 

AS a matter of interest within itself. the percent of nitro-

gen in the cowpea nodules of the series 1 pots was determined. 

It was found to be over seven percent. 

Anot~er point deserving attention is that the average percent 

of nitrogen in the cowpea roots of series 1 after the nodules had 

been removed was only 1.876, whereas in series 4 the percent in 

roots and nodules combined was 2.601; but the weight of nodules 

in series 4 was very small comprising only a fiftieth of the weight 

of roots alone. Clearly the percent of nitrogen in the roots 

alone was much greater in series 4 than in series 1. In view of 

the fact that but little difference was found in the tops this dif

ference is hard to understand; but in some way heavy inOCUlation 

largely decreased the percent of nitrogen in the roots alone.* 

RELATIVE WEIGHT OF ROOTS TO TOTAL WEIGHT OF PLANTS. 

It has been suggested by Lipman of New Jersey that inOCUlation 

decreases the root range of plants. This might possibly be ex

plained either as due to the fact that the nodules supply suffici

ent nitrates and hence perhaps lessen the root range necessary to 

*Smith and Robinson
2l 

noticed this same effect in some work 
they did as to the effect of inoculation on the nitrogen content 
of cowpeas and soy beans. Their results as to the percent of 
nitrogen in the roots are as follows:. 

Inoculated cowpeas 0.89; not ~nc. cowpess l.~? 
" soybeans 1.01; " M soybeans 1.4~ 

They thought it was due to the greater ease of transportation 
of ·the nodule ni trates. 

" 
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secure needed plant food or as due directly to injury of the roo~ 

by the bacteria whereby they become stunted. 

In digging the roots of the crops in this experiment some 

attention was paid to this point to see if by inspection any dif-

ferences in root range could be discerned among the different 

series. The cowpea plants especially presented wide variation in 

inoculation, but it could not positively be stated that any root 

variation was evident. The fact that the plants were growing in 

small pots may have prevented appreciable developing of differences 

that under field conditions might have appeared. 

In so far as the ratio of wei~lt of roots to weight of tops 

is an indi cation of the r elati ve development of roots ,thi s can be 

ascertained by reference to the data,which for convenience will 

be reproduced here. 

TABLE 1 t' t IX-Re a ~ ve percen age wt . 0 f R t t Ttl wt 00 s 0 0 a . 0 f 1 t Pan s • 
Soy 

1N0. No. Inoc- Cow Peas Beans Clover in 
ser~ Treatment pot' ula- Incl. Not incl' Incl. Clover minor 
i es. 

. 
tion :Nod. nodules Nod. Expt. 

1 None Av. Heavy 7.77 6.25 5.54 30.88 36.22 (Man.-
ure-
alone t Ser. 2 Medium L Av. Medium7.75 6.99 6.34 31.74 40.00(L.&M. 

3 Heavy L. Av. Light 7.18 7.02 7.10 31.61 39.74 (Lime-
alone 

4 Heavy L. Av. ' Light 7.19 7.05 
sere ) 

6.64 30.83 
& dried 
blood 

Noticing first the cowpeas, when the nodules are included wi th 

the roots no stunting of root development due to inoculation is 

evident, when ~~e nodules are not included a slight stunting is 

to be seen. The soybeans show an appreciable decrease of root 

development even when the nodules are included. Clover shows a 

very slightly decreased root development compared only with series 
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2 and 3. In the minor experiment clover Shows an appreciable de

crease of root development in the manure-alone pots, which were 

the pots having the best inoculation. 

In the main the data show a decreased development of roots 

when inoculation is heavy; but the difference is not sufficient 

to be of any great significance. 

PROPORTION OF DRY MATTER AIID NITROGEn OF THE PLANTS 

IN THE TOPS AND ROOTS. 

The proportion of the total nitrogen and dry matter of the 

plants found in the tops and roots respectively is Shown in the 

following tables. 

TABLE X - percentage of the Total lU trogen of the Plants Found 
in the Tops and Roots. 

No. Bo. Clover Jk)w PeaB 
series Treatment pot Tops Roots Tops Roots 

1 None Av. 77.12 22.88 92.97 7.03 

2 Medium L. Av. 75.87 24.13 93.68 6.32 

3 HeaVY L. Av. 75.15 24.85 94.72 5.28 

4 Heavy L. Av. 76.93 23.07 94.84 5.16 
& Dried -
Blood Dfall~ls· 76.27 23.73 94.05 5.95 

TABLE XI - Percentage of the total dry matter of the plants found 
in the tops and roots. 

No. 
Clover Cow Peas 

pot. Tops Roots Tops Roots • . ' 

Average of all pots 68.71 31.29 92.53 7.47 

The series treatments are seen to have had little or no 

effect upon the percent of ni trogen in ei ther the tops or roots. 
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Noticing the average of all the pots as to the relative per

cent of nitrogen and dry matter in the tops and roots, it is seen 

that about three-fourths of the dry matter and five-sevenths of 

the nitrogen of the clover plants are in the tops; over nine-te~ths 

of the ni trogen and of dry matter of the cowpeas are in the tops. 

AMOUNT OF HI TROGEU SECURED FROM THE AIR. 

The nitrate analyses of the soils in the fallowed pots and in 

those which had grown clover and cowpeas offer a means of deter-

mining the amount of nitrogen in the crops secured from the air. 

Assuming that the amount of nitrates formed from the soil was the 

same in a planted pot as in the corresponding fallowed pot, it is 

only necessary to determine the difference in nitrates in the two 

pots at the end of the experiment to ascertain the amount of 

nitrogen secured from the soil by the crop. The difference, then, 

between thi s .amount and the to tal ni trogen found in the orop is 

the amount of nitrogen secured from the air. 

It is not intended that the results thus seoured shall be 

allowed any great weight as a measure of the fixing power of the 

legumes. It is not likely thHt the assumption as to equal quanti

ties of nitrates formed in the fallowed and planted pots is strictV 

oorreot. The moisture oonditions in the pots were not always the 

same; further it is probable that the plan ts by removi ng the 

nitrates as formed, or perhaps in more direot ways, influenced 

the production of nitrates considerably.* 

*Leather22 has found some ev~denoe t~at higher plants depress 
nitrifi oati on. Lyon and Bi zzel12a say thl s: "The growth of a 
legUme is thus apparently favorable to the process of nitrifioation" 
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The results secured from the clover are as follows: 

TABLE XII-Nitrogen secured from the air by the clover. 

p.p.m. p.p.m. Dif- Gms. of Total Grams Percent 
N03 in N03 in fer- Ni tro- N. in nitro- Ni trogen 
fall- plan t- ence gen plants gen se secured 

No. No. oVied ed pots due to ,used by. . cured from air 
Ser- pot pots at end pla.nt plRl1ts gJDs. from 
i cs. at end of expo growth from air 

01 Exp soil ( 
9000 gInS 
oven dry) 
in ea.poJl 

1 Av. 92.56 5.15 87.41 .1778 .6002 .4224 70.37 

2 Av. 131.56 6.12 125.44 .2552 .5243 .2691 51.33 

3 Av. 280.58 57.91 222.67 .4529 .5545 .1016 18.32 

4 Av. 386.64 155.94 230.70 .4692 .5151 .0459 8.91 

It is seen that the amount of nitrogen secured from the air 

became less as the inoculation decreased. The percent of nitrogen 

(70.37) secured from the air in series 1 corresponds fairly 

closely with that (66 2/3) usually considered to be secured from 

the air unde1average conditions. 

The results from the cowpeas are not so satisfactory: 

TABLE XIII - Nitrogen secured from air by cow peas. 

p.p.m. p.p.m. Dif- Gms.of N. TotallGms. % N. ~eight 
NOr in N03 in fer used by N. in N. se- of 
fa 1- plant- ence plants plants se- cur- inodulee 

No. No. owed ed pots due to from cured ed 
ser- pot pots at end plant soil ( Gms. from from Gms. 
ies at end of exp. growth 90-00 gnlS. air air 

of expt~ oven dry 
in ea.pot 

.. 

1 Av. 67.86 12.67 55.19 .1144 .4475 .3331 74.44 .2236 

2 Av. 119.71 13.81 105.90 .2194 : .3686 .1492 40.4E .0951 

3 Av. 145.22 82.10 63.12 .1308 .4467 .3159 70.7~ .0241 

4 Av. 271.6? 158.11 113.56 .2305 .4109 .1804 43.9Cl .0119 

.' 
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comparing the percent of nitrogen secured from the air ~1th 

the weight of nodules it is evident that the percent in the series 

2 pote is too low and that in the series 3 pots too high. The dif-

ficulty arises quite likely from an error somewhere in the nitrate 

determinations of the series 2 and series 3 fallowed pots. This 

appears probable from a. compari son of the amount of ni trates found 

in the cowpea fallowed pots with that found inthe clover fallowed 

pots. 

TABLE XIV-Ratio of nitrates in the two lots of fallowed pots. 

No. 

series 

1 

2 

3 

4 

Parts p.m. 
N03 in , 
cowpea fal~ 
lowed po ts. 

6?86 

119.?1 

145".22 

2?1.6? 

Parts p.m. 
N03 in 
clover fal
lowed pots. 

92.56 

131.56 

280.58 

386.64 

Ratio N03 
in clove r 
F.P. to 
that in 
Cowpea F.P. 

1.364 

1.099 

1.932 

1.432 

There is no apparent reason why the ratio should not be prac

tically the same in all the series. If now an average of the 

ratios for series 1 and 4 pots (1.364 and 1.432) be taken and the 
fallowea 

ni trates in the series 2 and ~cowpeal\Pots be determined by divid-

ing this average ratio into the amount of nitrates found in the 

corresponding clover faliowed pots then the results for the 

cowpeas become as follows: 





-44- . 

TABLE XV - Corrected amount of N. secured from air by cowpeas. 

Parts Parts Dif- Gms. of Total Grams Percent 
p.m. p ,.·m. fer- ni tro- N. in nitro- nitrogen 

No. No. N03 in N03 in ence gen plants gen se- secured 
ser- pot ' fallow- plantec due to used cured from air. 
i es. ed pots pots a1 plant by gms. from 

at end end of growth p18nts air. 
of expo Exp. from 

soil( 
9000 gms 
oven dry 
in ea.pot 

1 Av. 67.86 12.67 55.19 .1144 .4475 .3331 74.44 

2 Av. 94.44 13.81 80.63 .1671 .3686 .2051 55.64 
c ;:l,lc. 

3 Av. ~01.4l 82.10 119.31 .2472 .4467 .1995 44.66 
calc. 

4 Av. ~7l.67 158.11 : ~113. 56 .2305 .4109 .1804 43.90 , 

Comparing t his table with table XII it is seen that the cow-

peas secured a larger amount of their ni trogen from the air than 

the clover. This is to be expected since the greater root devel-

opment of the clover would enable it to secure a greater amount 

of nitro s en from the soil. 

As stated it is not intended that the results given in tables 

XII and XV shall be considered authoritative; nevertheless it is 

believed that results secured in this way could be made fairly 

accurate if a greater number of pots were used both of the fallowed 

and of the planted and if part of the legumes were grown without 

inoculation to determine their effect on nitrification. 

EFFECT OF ORGANIC MATTER on THE LOCATION OF NODULES. 

The minor experiment, consisting of six clover pots, was 

planned particularly to supply information as to the effect of 

lumps of organic matter on the location of nodules. 

Fairly well rotted yard manure was added to four of the pots 

at the rate of fifteen tons per acre in ten lump's Der pot. The 
. ".' 





plants made rapid growth and were harvested after four months 

time. Good inoculation was secured in all four pots. The loca-

tion of the nodules were determined merely by inspection. 

The organic matter had very little effect on the location of 

the nodules. However, there may have be en a slight increase in 

and directly around the lumps. Roots were' much more numerous 

here than elsewhere and the inoculation may have appeared better 

on thi s account. 

EFFEc'r OF ONE CLOVER CROP ON THE LIME REQ.UIRIruENT. 

It was thought that it would be of interest to determine the 

lime requi remen t at the clo se of the experiment 01' the three no

treatment clover pots in the main experiment whence by comparison 

with the original lime requirement the effect of one clover crop 

could be ascertained. 

The Veitch limewater method was used in this work. The 

results are as follows: 

TABLE XVI-Effect of one Clover Crop on the Lime Requirement. 

no. pot. 1 2 3 

Lime requirement at 
beginning of Expt. 
(camp. Sam. from · 
3 pots) 2577 2577 2577 

. Lime requirement 
·3221 2706 3479 ate nd 0 f Exp t • 

Increase in Lime 
129 902 Requirement 644 

The table shows that in all three pots the crop increased the 

lime requirement but in very different amounts. It is not probable 

that this difference is due to a varying effect at· crop growth but 
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rather to differences somewhere in the analytical work or in the 

action of the chemicals. 

Throughout this experiment the Veitch method was used to 

determine the lime requirement since it was thought the most re

liable of the methods in use, but it has not proven entirely 

satisfactory. Evidently the amount 0:1:" lime neutralized by a 

soil is due in part to other factors than its aCidity24, and 

capable of rather wide variation through small differences in 

laboratory technique or in action of the chemicals used. 

TRANSPIRATION FACTORS OF COW PEAS AND CLOVER. 

The following tables show the amount of water used by the 

cowpea and clover crops. 

TABLE XVII - Water Used By Cow Peas. 

No. No. Total Average Water Total Gms. water 
ser- pot water water , trans- weight used per gm. 
ies lost lost from pired of plants dry matter 

Gms. 4 fallowed by plants gms. formed. 
pots. gms. gms. 

1 12316 3893 8423 14.691 573 

2 11686 " 7793 13.459 579 
1 

3 12471 " 8578 · 15.981 537 

Av. 563 
. ' 

4 11241 " 7348 12.606 583 

2 5 10741 " 6848 10.662 642 

6 11431 .. " 7538 14.173 532 
.. 

Av. 586 

7 11396 " 7503 15.466 485 

8 1.1916 " 8023 15.267 525 
3 

9 11211 " 7318 15.108 484 . . 
Av. 498 





TABLE XVII (Cont'd) -4'7-
. 

10 11678 3893 '7"185 16.296 4'78 

11 9366 .. 54'73 10.222 535 
4 

12 10126 " 6233 11.10'7 561 

Av· 523 

Average of all po t s .•.••••••........• 542 

TABLE XVIII - Water used by Clover. 

110. No. Total Average , Water trans- Total Gms. watel 
ser- pot water water pired by weight of used per 
ies lost lost from plants. gms. plants. gm. dry 

Gms. 4 fallowed gms. matter 
pots. gms. formed. 

1 10956 3915 '7041 20.48 343 

2 11081 " '7166 19.93 360 
1 

3 11206 .. '7291 21.2e 342 

Av. 348 

4 9386 .. 5471 17.96 305 

5 9898' .. 5983 20.31 294 
2 

6 10026 " 6111 18.25 334 
, 

Av. 31"1 

7 9156 .. 5241 18.98 2'76 

8 9556 .. 5641 18.23 309 
3 

9 9651 .. 5736 18.49 310 

Av. "298 

10 '7966 .. 4051 15.'71 258 

11 8046 .. 4131 1'7.68 233 .' 

4 
12 '7406 'il . 3491 14.88 234_ 

I 

. , 

Av. 242 

Average of all po t B ••••••••••••••••••••••• 300 
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The transpiration f 'actors have only an approximate value 

since the amount of water lost by the fallowed pots probably cor

responded only fairly closely with that lost by evaporation from 

the cropped pots. 

Investigations as to the transpiration factors of various 

plants have shown clover to have a slightly higher factor than 

peas*. The much higher factor found for cow peas in the present 

vlork is due. no doubt. in part to the fact tha.t thei r average 

growing temperature was some 150 C. higher than that of the clover 

but,for the most part,it is to be ascribed to the fact that the 

soil under the dense clover foliage probably eVaporated consider-

ably less water tha.n under the more open peas. 

A compari$)n of the transpiration factors as averaged by ser

ies afford a. means of determining the effect of the densi ty of 

the soil solution on the amount of water used by the plants. 

Referring to Table VI, (p. 33) it is seen that the n1 t .rates 

increased very slightly from series 1 ·to 2. and very markedly 

through series 3 and 4. both under the clover and the cow peas. 

It is not known to what extent the special fertilizer treatment 

influenced the amount of other salts in solution but probably the 

differences in the nitrate content form the main differences in the . , 

densities of the soil solutions of the different series. 

Noticing first the results from the cowpeas, it is seen that 

in the main the transpiration factor decreased as the density of 

the soil solution increased; however the resul ts here are errati c 

and afford but little positive information. Turning to the olover: . 

a consistent and appreciable decrease of the transpiration factor 

. is . eV±'dent throughout · the series as the densi By of the soil solu-
25 

·Cf. Bull. 285, Bur. of Plant Industry. p. 83 
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tion increased. This is in line with practically all investigati(Jl~6 

on this point which have shown that any soil trea.tment whereby 
soluble 

the amount of API ant food is increased appreciably decreases the 

amount of water used per unit of dry matter formed. 





-50-

SUMMARY 

In the main limestone exerted an unfavorable influence on 

the crop growth. In accounting for this it was sUggested that 

perhaps the lime by fixation created for a time a deficiency of 

available phosphates. 

Limestone very markedly decreased the inoculation as 

measured by dry weight of the nodules. The large increase in 

ni trifi cati on due to the treatment ws.S held as the most probable 

explanation for this. The fact that manure exercised no depres

sing effect on inoculation was a disturbing element in this part 

of the work. 

As indicated by determinations from the fallowed pots. lime

stone greatly stimulated nitrification. It was pointed out that 

on an acid soil where nitrogen is the limiting plant food this 

effect of limestone may alone be sufficient to account for the 

increased yield of cereals due to limestone treatment. 

The limestone tre"tment with the attendant large increase of 

nitrates produced no change in the percent of nitrogen in the 

plants. The fact that inoculation greatly decreased as the supplY 

of ni trates incr~ased probably accountS for thi s. 

Heavy inoculation slightly decreased the root developme~t 

of the plants. 

Three fourths of the dry matter and five sevenths of the 

nitrogen of the clover plants were found in the tops; over nine 

tenths of the nitrogen and of the dry matter of tne cowpeas were 

in the toP.s. 

As determined by differences in the ni trate content of the' 

planted and fallowed pots at the clgse of the experilllent.·, in the 

no-treatment po.ts the clover secured seventy percent ot· :its .· 
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nitrogen from the air and the cowpeas seventy four percent. In 

the other pote the percent decreased as inoculation decreased 

and as the treatment increased. The results thus secured were 

not to be considered authoritative, nevertheless it was indicated 

that with more care fairly accurate results should be secured by 

thi s me thod. 

Masses of decaying organic matter perhaps increased inocula.

tion in their immediate vicinity to a. very slight extent. 

Work as to the effect of one clover crop on the lime re

quirement showed the unsatisfactoriness of the Veitch method 

for determining acidity. 

Under the conditions of the experiment the transpiration 

factor for cov~eas was found to be over a third higher than for 

clover. It was also found that the increased nitrates in the 

limed series ap·preciably decreased the amount of water used per 

gram of dry matter formed. 
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