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INTRODUCTION

A number of investigators have found that applica-
tions of 1lime to an acid s0il have in many cases resulted in a
depression of orop yields. This effect has been observed
especially in connection with pet cultures where various phos-
phate fertilisgers have been used and where the applications of
lime have been heavy or applied immediately before the growth
of plants.

P+ E. Karraker at this Station observed a depress-
ing efféct of ground limestone on the growth of certain legumss.
It was purposed in the experimenﬁs herein reported to continue
the work begun by Karraker in order to determine whether the
effects observed on the first year's growth would continue dur-
ing the second year. It was also planned to add other experie
ments with the hope of obtaiping information which might give
some indications of the cause of the depressing effects observ-
ed. In addition to this, it was intended to make further
observations on the effect of ground limestone on the growth
of certain legumes and cereals and on the action of certain
bacteria in the soil, namely, tubercle bacteria and nitrifying
organisms.

The applicetion of lime to the soil is one of the

oldest agriocultural practices. . The ancient Roman writer,

Pliny, mentions in his writings the fact that the most preo-

gressive Roman farmers practicéd marling more than two thousand
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years agoe. In English agrioculture the use of lime, marl,
oystershell, eto., had already become quite an extensive prac-
tice at the beginning of the era of modern agriculture two or
three centuries ago. The English have applied chalk, ground
shells and other calcareous materials in large quantities to
sour, marshy lands for the purpose of sweetening the soil. 1In
America liming has become most extensive in the older settled
regions of the eastern states where limestone and abundant
timber have made it possidble to erect lime kilns and produce
burnt lime. The use of lime as a 80il amendment, therefore,
is a very o0ld practice which has grown out of the beneficial
results observed in the experience of farmers through centuries

past.

Only within recent years, however, have expe riments

been made explaining the action of lime on the soil. In the.
latter half of the eighteenth century scientists devoted con-
siderable time in search of plant nutrients. Calcium was
found to be one of the essential elements; and the early idea
regarding the benéfit of lime was that it supplied a necessary
plant food which was lacking in the soil. But beneficial
results were obtained on soils ocontaining an abundance of cal-
cium to supply the nutritive needs of plants for that element; -
and, moreover, the benefits from linihg were often far in ex-

cess of what ocould be possible merely from its supplying any

‘deficienocy of caloium for plant food purposes. Other factors,
therefore, were responsible for its benefiecial influence; and

lime was classed as an indirect ﬁanure, the aoction of which

was due to factors not concerned with supplying the plant with
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caloium. As early as 1761 Walleriusl, professor of chemistry
at Upsala, expressed the idea that certain constituents of the
80il were nutrients while others were only instrumental in make
ing the proper food mixture. Thus, chalk and probably sal ts
help in dissolving the fatness of the humus. And later
Humphrey Davy? stated that lime is useful because it dissolves
hard vegetable matter. Modern investigators explain the effect
of lime as being due to one or more of several influences which
it has in the soil. These influences are olassified as physic-
al, chemical, physiological and bacteriological.

The physical effect of lime depends upon the nature of
the s0il to which it is gppliod. It is a flocoulating agent
and has the effect of making olay soils more porous and friable,
thereby increasing aeration, facilitating the movement of ocap-
illary water, and improving the structure to eone-oxtent. On
light sandy soils it decreases the porosity bf cementing the
soil partiocles together. This 1noreaa§s the water hold ing pow-
er of the soil and limits aeration to some extent, making a
more favorable medium for the growth of dacteria. While the
physical effects may be of minor importénce in themseives, the ir
ind irect influence in affecting chemical changes and bacterial
growth in the soil may be far reaching.

The chemical action of lime is the effect usnally

first considered. Ite power to sweeten sour soils by neutral-

izing the acid comdition is well known. It is for this pur-

rose that practically all applications of 1lime are made. But

a8 modern investigators have found, this is only ome of the
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chemical influences of lime. When lime is mixed with the
soil, various chemical reactions take place which liberate or
make less soluble many of the so0il constituents, some of which
are important elements of plant food. Lime has come to be
regarded, therefore, not only as a corrector of soil acidity
but also as an indirect fertilizer. It is mainly in relation
to potassium and phosphorus that reactions of importance to.
plant growth take place. Its action in liberating potash has
been noted by many investigators. Its effect upon phosphorus
a8 stated in some accounts seems to depend upon the condition
of the phosphorus in the soil. It has been stated that
where it exists as iron or aluminum compounds, lime reacts with
them, forming calocium phosphate which seems more availadle to
plants. Its effect upon calcium phosphate, however, is said
to be to retard the changes of phosphorus to more soluble forms.,
Some of the most important chemical effects of lime come about
ind irectly through the action of bacteria. For example, the
hastening of the decay of organic matter and inoreased produce
tion of carbon-dioxide is only one of the chemical influences
which lime produces indirectly through its bacterial influence.

By some investigators the physiological effects of

lime upon the growth of plants has been emphasiged. Accord-

ing to Loew, the ratio of caloium and magnesium which may be
absorbed by plants seems to affect their growth materially,
‘hence the addition of 1lime to the 30il which would alter the
existing ratio between those two elements would affect the

the plants in a commensurable degree. The reaction of the
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8011, whether acid, alkaline or neutral has an important
influence upon plant growth, different plants being affected
differently and to different degrees by the acidity or alka-
1inity of the soil. Applications of lime which neutralige
the acidity and furnish more basic material may change the
nature of vegetation by producing more favorable conditiona
for some plants and less or relatively less favorable condi-
tions for others. |

The study of soil bacteria has shown that the bacter-
iological effects of liming are among its most important in-
fluences. Bacteria are very sensitive to any changes in the
medium in which they grow; and practically all bacteria of
great importance in the so0il are harmfully affected by acid
conditions. The basic material, tharefo;e, which ié8 furnished
by lime to neutrglize the acids already present or which develop
may entirely alter the bacterial flora of the soil. The or-
I.ganiams of decay are all favored by the presence of lime. As
was already mentioned, lime, by its influence upon the bacteria,
hastens the decay of organic matter and the production of ocare
bon dioxide, which, in the form of sarbonic acid, is instrumen-
tal in making plant food available. The decomposition of
proteid material is also favored; and ammonification is in-
creased. The presence of calcium to neutralike the nitric
acid produced by the nitrifying organisms makes possible the
continuation 6f the process and the accumulation of nitrates

in the soil. The nitrogen fixing organisms, whether sym-

biotic or non-symbiotic, are dependent upon lime. The agoto-






L

bacter cannot flourishunder acid conditions; and the bacter-

ia of legumes refuse to develop in a strongly acid soil. The

inoculation of most legumes is hardly possible in a very acid

soil. The fixation of free nitrogen from the air, therefore,

is quite dependent upon a sufficient supply of lime.

Such in brief are the current explanations of the
effect of lime in the soil.
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A REVIEW OF THE RESULTS .OF THE MORE
IMPORTANT INVESTIGATIONS CONCERNING THE EFFECTS
OF LIMING

THE EFFECT OF LIME ON GROWTH

Lime is applied with the expectation that it will
prove a benefit to the crops growing on the soil thereafter;
and orops are usually benefitted by its action, but nqt always.
Notwithstanding the great number of instances which might be
cited to show where lime has benefitted plant growth, injurious
effects have not infrequently been noted. Perhaps the most
extensive work which has been done to observe the effects of
liming on the growth of various plants under natural field con-
ditions has been done by Wheeler® of the Rhode Islahd Experiment
Station. The so0il on which the experiments were conducted was
very acid. Air slaked lime was applied at the rate of 5400
pounds per aore in the spring of 1893 and again at the rate of
1000 pounds per aore in the spring of 1894. During the next
four years Wheeler observed the effect on a large mumber of
plants, including nearly all the common cereals, 5fassea, leg-
umes and garden vegetables. Moat of the ocrops were benefit-
ted, in some cases being inoreased seventy~seven fold.

Some,
however, were injured; and strangely among those injured are

-found some of the common legumes. The 1list of plants whose

growth was reduced by liming includes, among others, cowpeas,

millet, beans, waterualons.'blue lupines, seradella and in
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gsome yearsrye and corne. In some cases, a8 with blue lupines
in 1894, the yield of the crops injured most on limed soil was
only one-~fourth as much as the yield on unlimed soil. Cowpeas
on 1imed soil yielded 80% in 1893 and 94% in 1894 of the yield
on unlimed soil. Wheeler and Adams? also later noted a dis-
tinotly disadvantageous effect of lime upon lima bdeans.
Kellerman® states that different legumes behave differently
toward lime, lupines and seradella being injured by lime.
Other investigators have noted injurious effects on different

kinds of plants as will be referred to later in comnection with

other discussions.

EFFECT DEPENDENT UPON THE AMOUNT USED

A number of expsriments have been conducted which go
to show that the effect of liming depends upon the amonnf of
lire applied. In many cases where moderate amounts may be
benefiociasl, excessive applications have proved harmful. M.
Iasaokas reports injurious effects of libersal applioatiqns of
lime on rice fields; and S. Suzukiv, in conducting pot exper-
iments, noted a decided depression on the yield of rice from
excessive amounts of caleium carbonate. D. Pryaneshnikov8
grew oats in an acid clayey soil with various amounts of lime.
The ocats were benefitted when lime was applied at one-fourth
‘to one-half per cent of the weight of the soil, but when in-
creased to one per cent, the yield was greatly reduced.

This
writer states that on some s0ils too great an amount may prove

injurious to cereals.
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" P. S. Kossovitch? conducted similar experiments with
various plants and found that the favorable action of lime on
podzol soils increased up to a certain limit close to the amount
required to meutralize the acidity. Purther additions of lime,
according to the plant, either made no influence or perceptibly
lowered the yield. In some cases large quantities of lime
ruined plants. Mustard and clover, which were more sensitive
to acidity, were at first greatly benefitted, but an excess
affected them injuriously. The time of introduction (imme-
diately before or thirty days before sowing) d4id not modify the
influence of excessive iiming. The results were similar when
the same plants were sown again on the soils which had received
lime the previous year. Vetches and buckwheat which were used
in these experiments suffered to the same extent each year.

Gardner and Brownlo have noted an injury to oclover

due to excessive liming in pot experiments on soil from plots
which had received various fertiliger treatments, including

lime. Soil from limed plots showed a reduction in growth of

clover when more lime was applied.

THE RELATION OF LIME TO PHOSPHORUS

Speculations as to the cause of the injurious effects
of 1liming have centered around the relation of lime and phos-

phorus in the soil and the effects of applications of 1lime upon

the soluble phosphates. The question has been studied under

various conditions with somewhat varying results. Inasmuch

a8 the effect of 1ime upon the solubility of phosphates in the
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80il has been one of the subjects especially considered in
the present 1nveatigation.Athe results of other investigators
are reviewed as fully as possible. Many experiments have
been conducted to show the effect of lime in comnection with
various phosphatic fertilizers.

M. Nagaokie, in order to determine the cause of the
detrimental effect often observed in connection with liberal
liming of riece fields, conducted a series of experiments with
80il in wooden boxes to which was added caustic lime at the
rate of 356 pounds per acre mixed with the soil to a depth of
one foot. A large number of phosphatic fertilizers were used.
From two years'work he concludes that lime exerts a retarding
and unfavorable influence upon the availability of phosphoric
acid of various organic manures and that the effect extends
beyond the second year.

F. Westhausser and W. Zielstorfll found in a series of
pot experiments with mustard, ueiné 6.6 Kg of ordinary field
80il poor in calcium and magnesium to which phosphoric acid in
water soluble form had been applied at the rate of 50 and 100
Kg per hektare and Thomas slag at the rate of 100 Kg per hek-
tare, that caustic 1ime and calcium carbonate reduced the yield
in connection with the soluble phosphates and that large appli-
cations of lime reduced the efficiency of the slag;

A. Otryzaneiuﬁn pot experiments with oats and rye,
'applying phosphatic fertiligers with iime, found that the
effect was satisfactory only when superphosphate was used, that

in the presence of lime the action of Thomas slag was reduced
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and that the action of still more difficultly soluble phos-
phateé (bone meal and phosphorite) was reduced to a greater
extent.

B. Sohulze13 has shown the demessing effect of lime
with bone meal on oats and ooncludesl4 that liming reduces the
effect of water soludble phosphoric acid least, of citric acid
gsoluble phosphoric acid more, and of bone phosphoric acid most.
He further states that "liming injuriously affecfs the phos-
phoric acid of the soil, rendering it less soluble; the acid
compounds of the soil are apparently of considerable value in
rendering difficultly soluble phosphates available™.

Bachmanl® concluded,after conducting plot experiments
with rye, oats and beets on, sandy soils fertilised with super-
phosphate, Thomas slag. and bone meal with and without lime,
that the use of lime in odﬁnection with superphosphates and bone
meal results in little or no reversion of the phosphoric acid
during the Iiraf year.

S. Suzuki? found that an excess of calcium carbonate
in pot experiments with rice depressed the yield decidedly
notwithstanding the fact that phosphoric acid was applied in
the easily available form of sodium rhosphate. On the other
hand, calcium sulphate inoreased the yield, indicating that
the carbonate depressed the assimilability of phosphoric acid.

‘Moderate liming with bone dust did not noticeadbly diminish the
yield.

Cy A. Mooersl® obtained results which show a distinct
tendency of lime to lower the availability of rock phosphate






12

but not to affect acid phosphate. In other field experi-
mentsl?. with cowpeas and wheat lime decreased the relative
vaelue of both Thomas slag and rock phosphate. ¥W. B. Ellett
and H. H. Bi17%ound that calcium carbonmate markedly depress
the effect of phosphate in pot experiments on corn, wheat and
oats.

Patterson and Soottl® report the results of pot ex-
periments with wheat which showed that the addition of lime
increased the availability of phosphoric acid in insoluble
phosphates such as wavellite and vivianite.

Pollowing the observation of reduced yield due to
applications of 1lime in connection with phosphatic fertiliz-
ers, seversl investigators in their search for the cause of
the depression have‘endeavored to ascertain by chemical means
whether lime changes the phosphates in the soil and in the
fertilizers to a more insoluble form which is less available
to plants. Various results have been obtained depending upon
the kind of phosphorus compounds with which they worked.

W. T. Sutherst20 found by mixing iron and aluminum
phosphates with twiée their weight of slaked 1lime in the pres-
ence of water that the solubility of the phosphoric acid was
greatly increased, the results varying from 2 to 20%4. Com-
menting on the wﬂrk, Sutherst states fhat it is essential that
the lime should be in the form pf hydraté, cérbonate being of

no value whatever.

J. E. Greaves?l tested the effect o soluble salts
on insoluble phosphates by treating 2 g of the phoaphate with
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500 oo of a 1% solut ion of the various salts and allowed the
mixture to stand ten to fourteen hours with ehaking_. His
resulte showed that calcium and iron salts decreased the sol-
ubility of the phosphates.

E. W. Gaither22 mixed calcium oxide with a soil in
varying amounts and grew alfalfa on the soil in 6 galloh dars.
At the end of the experiment he ascertained the amount of phos-
phoric acid soluble in fifth normal nitric acid. The table
below gives the parts of 1lime applied per two miliion parts of
80il and the amounts of phosphoric acid soluble in 5/n HNO3
Parts Ca0 per 2000000 parts soil % PpOp soluble in 5/n HNO3

Check before growth of alfalfa «00210

Check after " " " .00262
4000 | .00226
8000 .00264
12000 .00428
16000 00486
20000 .00720
24000 | 00796
30000 00860
36000 00990
40000 01094
50000 - .01300

Gaither found also that Pe and Al were rendered
more soluble and oonoludeS'tﬁat lime renders insoluble phos-
phates in the soil soluble by replacing iron and aluminum
wvhich is in conbimation with the phosphorus and renders all






three more soluble in 5/n HNOz.

Guthrie and Cohan®® comdusted experiments on three
soils: 1. a light sandy soil, 2. a garden loam fairly rich in
humus and 3. a very stiff oclay, to determine to what extent
the availability of the soil constituents is affected by the
addition of lime . Ten pounds of each s0il was mixed with
1% of freshly daked lime and placed in unglazed terra-cotta
pots exposed to the weather where they were allowed to remain
for a month. The plant food constituents soluble in hydro-
chloric acid, citric acid and water were determined on the
original soils and the treated soilg at the end of the experi-

ment. The results are as foliows:

WATER SOLUBLE P20

Original After standing After standing Increase
soil untreated limed .
‘ 1 month 1 month _
Sand .0019 <0007 ' .0033 .0026
Loam .0026 0006 .0024 .0019
Clay «0027 «0008 «0019 ‘.001}

CITRIC SOLUBLE Pp0p

Increase Decrease

Sand .0317 0309 - 0312 .0003  ----
Loam 1674  .1815 21792 . ---  .0023
Clay 0405 0426 0241 . --- 0185

Attention should be called to the fact that the amount
of phosphoric acid soluble in water has suffered a very consid- \?

erable decrease during the period of the experiment. The ac=-
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tion of lime has been in all cases to produce an increase in
the quantities of water soluble phosphoric acid over the un-
limed; but only in the sandy soil has it increased the water
soluble'phoaphoric acid over the amount originally present in
the soil. It seems that there was a steady loss of water
soluble phosphoric acid during the period either by percola-
tion through the sides of the pot or by conversion into in-
soluble forms. Whether the lime present prevents thig rever-
sion of the water soluble phosphoric acid or whether it renders
fresh plant food soluble in water is not shown by the experiment.
In case of the citric acid soluble, the quantities have not
been greatly al tered except in the case of the clay. The e f-
fect of liming is much less marked than with the water soluble
phosphoric acid.

Farther information as to the offoét_or lime on the
water soluble phosphorus is afforded by the work of E. Rousseaux
and C. Breoux®4. These investigators set up some large pots
about 30 om in diameter in which they placed 18 kiles of soil.
Enough watei was added to moisten the soil. More water was
added in small smounts end at frequent intervals during a per-
iod of from tweive to fifteen days, the leachings being collect-
ed for amalysis. Columms of soll which -had been treated with
various fertilisers were leached in this way. The following
table gives the results with a light sandy soil which are
significant:
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Treatment Water Water G. 1’2015; Total Gms. Parts PgOp
added recovered per liter P20 per million
Leacgad ~ of soil
No treatment  ---cec ecece-- «0163 e g
1000 kilos slag 8.000cec 4.570 «0107 0489 2.7

A month later the same columns were again leached with

the following results:
G. Pg0g per liter of soil

solution
No treatment «0182

Yet another month later
No treatment <018

Slag «007

The addition of slag had the effect of diminishing,
in this special soil, the content of phosphoric acid in the
solution of the soil about 60%. "This effect could result in
our opinion", say the writers, "only from the action of free
lime in the slag which, combining with a portion of the phos-
phoric acid, rendered it less soluble.” In order to be
certain of this they conmiucted some experiments with liming.
On Pebruary 8 the sandy soil of the untreated pot whieh had
given regularly for nine months solutions containing from 16
%0 18 milligrams of phosphoric acid per liter was 1imed in the
proportion of 2500 kilos of quick lime per hectare; the lime
and the s0il were thoroughly mixed, then watered and allowed
to remain untouched eight days. The 801l was watered in such

a manner as to slowly collect one to two liters of soil solu-
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tion. At first it was watered after eight days, February
15, then at longer intervals. Following are the results

obtained:
Times drained P20pper L
after liming mgs.
days
Water ocollected Feb. 16 7 3.6
" " " 25 17 3.6
" . April 4 - 57 2.7

The effect produced by liming was very much more noticeable
than that produced by the slag which contained only 200 kilos
of quick lime per hectare in place of the _2500 kilos which the
lime experiment furnished. ’

The amount of phosphoric acid soluble in citric acid
in the 1imed and unlimed scil was determimed. It was found
that while the application of lime reduced the solubility of
the phosphoric acid in water, the per cent indicated as assim-
ilable by Dyer's method was mot decreased.

By far the most extensive experiments to ascertain the
effect of lime on the phosphorus in the so0il have been a series
of plot experiments conducted at the Rhode Island Experiment
Station. The work ia based on a aeriqs of plots to which
ha;e been applied a large number of different kinde of phos-
phatic fertilizers. The plots were in duplicate, one limed,
the other unlimed. The experiments were begun in 1894, and -
annual applications of phosphatic fertilizers were made until
1902. The fertiliszers applied during the eight years, 1894-1902,
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amounted to 82 pounds of phosphoric acid per acre. The first
application of lime was made in 1894 at the rate of one ton of
air slaked per acre; and a seconl applimtion at the same rate
was made in 1903. Several kinds of crops have been grown
on these plots each year. Wheeler?d® reports the results of
1903. The yields of Swedish turnips, German golden millet and
mangel wurzel were all increased by liming with all fertiligers
except the yield of millet with acid phosphate. Even after
yoears of cropping on the plot without applicatioms af phosphorus,
on a 80il which was therefore more or less exhausted in its suﬁ-
ply of phosphorus, lime greatly increased ihe yield. A1l these
results are cited as evidence that liming inecreased the avail-
ability of the phosphoric acid.

>Ehrtwe11 and Kellogg26 review their results in attempt-
ing by various chemical msans fo ascertain the availability of
the phosphoric acid on the limed and unlimed ﬁlots mentioned
above. In a preliminary experiment on soil from plots adjac-
ent to those upon which the phosphate experiments were coniucted,
they found that hydrated lime inereased the amount of water sole
uble phosphoric acid. This was determined by means of four 65
gram samples of soil treated as follows:

No. 1. No treatment

No. 2. 7429 g. of hydrated lime mixed with the
‘8011 (10 T per A)

Noe. 3. 1486 g. sodium nitrate plus .1486 g. potas-
sium sulphate.

No. 4. .1486 g. sodium nitrate plus .1486 g. potas-
sium sulphate plus .7429 g. hydrated lime.

After mixing, the samples were placed on doudle filters amnd
leached with 20 oc portions of water until 250 cc of soil ex-
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traoct was obtained. From this extract the phosphoric acid was
determined comparatively but not gquantitatively. "The amount
of color and precipitate produced by ammonium malybdate left
no doubt about there being more phosphoric acid in the extract
of the s80il to which lime had been added than to the others.™
Prom these results the investigators concluled that some of the
benefit derived from liming fhe Station soil is probably due to
an increased amount of phosphorus. rolléwing this experiment
they determined on all plots the amount of phosphoric acid sol-
uble in n/6 HNOz, n/6 NH40H, n/26 HNO3, n/26 NH40H, and n/100
NH4O0H.This work failed entirely to give results which were in
any way correlated with the amounts of phosphoric acid assimil-
able by plants as indicated by the yields on the different plots.
The conclusion was reached that it is doudbtful if any solvent
will extract from all soils amounts of phosphorus bearihg def-
inite relations to those removed by even a given crop.-

"Having failed in extraction of the soil with nitrie
acid and ammoniuh hydroxide of different concentrations to re-
move such quantities of phosphorus as would serve to indicate
the relative amounts of this element which, according to the
crop yields, nﬁst have been available in the various plots,
attention was next given to the analysis of the crops themselves.
Phosphorus was determined in oats, Japanese millet, German millet
and turnips from\the limed plat827; Only in case of the tur-
nips did the percentage of phosphorus appear to be influenced
markedly by the amount available in the soil as shown by the
yields of crops." In this and previous workzﬁ. results showed

thet in many cases the percentage of phosphorus in the roots in-
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e

ocreased with the yield, showing that more of the phosphorus

in these plats was assimilable. "In no case did liming in-
orease the rate of growth more than the rate of phosphorﬁs ab-
sorption; that is, the percentage of phosphorus was not decreas-
ed™, from which it is assumed that the supply of available phos-
phorus in the different plats was the limiting factor and that
the increased yields were due to grea&er amounts of phosphorus
available in the soil.

Schneider28 also has found increased solubility of
phosphoric acid on limed soil as compared to unlimed seoil.

In general, the resulte of these investigators in-
dicate that the effect of lime on the solubility of phosphates
in the s0il and in fertilizers applied o the 80il depends upon
the nature of the phosphates and upon the length of time during
which the phosphates have been exposed to the astion of the lime.
With most phosphatic fertiii:efs and ﬁith the phosphates in the
80il, the majority o: investigators have found that the imme-
diate action of the lime results in a depression of crop yields.
This depressing effect is noticed eSpeoiallyAin pot cultures
where the applications are usually heavy and applied immediately
before growing the crops. In considering the results of field
tests at the Rhode Island Station where 1lime has seemed to in-
crease the efficiency of a number of phosphatic fertiligzers, it
ahonld be noted that the applications of lime had beén made a
year or more previous to the growth of the crops.

The reﬁults cited above seem to ind icate that the
effect of lime depends upon the nature of the phosphates. With
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insoluble iron and aluminum phosphates the iron and aluminum
are thought to be displaced by the calcium and a more readily
available compound results. With readily soluble phosphates,
however, the reaction with the lime apparently forms the less
g8oluble tri~calcium phosphate. These statemsnts seem to dbe
borne out by the fact that the water soluble phosphates in most
instances have been reduced while the amounts soluble in

n/5 HNOz have not been reduced but in some cases increased.
Lime seems, therefore, to react with the phosphates in such a
way as to form compounds less soluble in water but perhaps more
soluble under the stronger action of £ifth normsl acids. Whether
this form of phosphates is available to plants can only be in-
dicated by the crop yields. The majority of pot culture tests
indicate that the efficiency of the more soluble phosphates is
greatly decreased.

The depression of crop yields, hdwover. may not nec-
essarily be concerned with the solubiiity of the phoaphates.
Voorhees, Lipman and Brown40 qtate that the cause of depression
must be sought‘either in direct physiological interference with
the assimilation processes in the plants, in decreased supply
of évailable phosphoric acid due to applications of lime, in
Qcoumulation of injurious substances on account of more intense
bacterial development brought about by lime, or in the using up
6f a portion of available pfant food by the increased numbers
of soil organisms. As to the latter, bacterial counts have
shown an enormous increase of s0ill organisms due to lime treat-
ment. These writers further state that lime has an important

relation to phosﬁhoric ecid in the soil. In some instances,
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as with iron and aluminum phosphates, the availability is in-
creased while with calcium phosphates the availability is de-
dreased. Thus they explain the depressing effect of lime on
the availability of the phosphoric acid in bone meal. In
support of the idea that the depression is due to a physiolog-
ical interference of lime with the assimilation of phosphoric
acia, Keogan44 states: '”Qhat a poor yield of ecertain plants
on calcareous s80ils appears to be due to the effect of lime in
preventing the assimilation of phosphorus is a result of the
experiments of MM Deherain and Demoussy.--It would seem there-
fore legitimate to conclude that a certain proportion of lime
in the soil (say 3 or 4%) is inimical to the life of certain
plants which require a‘definite amount of phosphoric acid for
the healthy performance of their phygiqlogioal'functions."

To support this conclusion, the writer gives the analysis of
the ash of the leaves of a number of plants which show an in-
verse ratio between calcium and phosphoric acid. xroeber45_
explains the effect of lime in reducing the solubility of phos-
phates as being due to the neutralizing by the lime of the
acids formed in the so0il by bacteria, the action of the acids
upon the phosphorus compounds being instrumental in making the
phosphorus available to plants. "As lbng as such basic sub-
stances as 11me~remain~in exces8s,' says Kroeber, "they will neu-
fralize the acids and hinder the solubility of phoaphorus

compounds. "






THE EFFECT OF LIMING ON SOIL BACTERIA

Since the discovery of the imporfanoe of bacteria
in connection with the supply of plant food in the soil, many
investigators have devoted their attention to studying the
activities of these organisms. It soon became evident that
the amounts of lime and other basic material had a great in-
fluence upon the activities not only of various free living
bacteria which fix nitrogen from the atmosphere and change the
nitrogen of nitrogenoua compounds into an available form, but
also of the tubercle bacteria of legumes which have come to be
considered of such great importance in maintaining the nitrogen
supply of the soil.

According to Lipmanzg, the reaction of the soil de-
termines what species of bacteria shall flourish and &
vigorous bacterial flora is not possible in soils lacking lime.
Nitrate forming bacteria, he states, will not develop in the
absence of lime or magnesia which serve to neutralize the nit-
ric acid formed by the bacteria; and in the absence of these
bases nitric acid acoumulates until it becomes injurious to
the bacteria’which produce it. 30pk1n550 states, aﬁd the
fact is well kmown by sll, that most legumes, seradella and
cowpeas possibly excepted, will not thrive in soils that are
8trongly aeid. The nitrogen gathering bacteria of such leg-
ume plants do not properly develop and multiply in acid soils
and consequently the legumes do not have the power which théy
should have to accumulate large quantities ‘of atmospheric ni-
trogen by means of root tubercle bacteria. Nitrification






also is greatly promoted by the presence of limestone and
retarded by acid conditions.

We give here the results of a number of investigators
upon which such statements are based. |

P. E. Brown%l mixed ground limestone in various amounts
from 1000 to 6000 pounds per acre and kept the 801l under opti-
mum conditions for bacterial growth. At intervals after the
beginning of the experiment Dbacterial counts were made, the am-
monifying power of the soil was tested, and the quantities of
nitrates were determined. It was found that the application of
ground limestone inoreased the number of bacteria in proportion
to the amounts applied up to three tons per acre. The ammoni-
fying and nitrifying power of the soil was proportionately in-
creased; there were slightly increased_acoumulatione of nitrates;
and the nitrogen fixing powers of the soil were increased enor-
mously, the inereased fixation in most cases being almost direct-
ly proportional to the amounts of lime applied.

Engberding®2 found that caustic lime in 1iberal amounts
slightly inoreased the bacterial oqnfent of the soil; and Vogel's
results show that the activities of all soii micero-organisms are
promoted by liming, which, Vogel states, explains the value of
liming in increasing plant food. | )

Withers33, Lyon and Bizze11%¢, Xrlger35, Pryaneskiikov®,
Lipman and Brown36, Peck®?!, Fisher38, Patterson®9. Vorhees,
Lipman and Brown4°, have all found that increased nitrification
resulted from applications of different forms of lime to soils
under various conditions.

Ammonification also is increased by liming as shown

e’ em. . e " - AN - .-
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Vogel®l states that lime has a beneficial influence

on nitrogen fixation and estimates the minimum lime requirement
of azotobacter to be 0.1% or 2000 pounds per acre 8 inghes.

Wohltman and Bergene?Z

concluded from tests with peas on eleven
different kinds of soil that 1ime favored the production of
root tubercles.

A. V. Donnan?® observed in plot experiments the ef-
fect of lime upon the inoculation of lucern. It was found that
"lime applied to plats caused an enourmous inerease in the num-
ber of plants with nodules and the number of nodules per plant.

But where no bacteria were introduced lime caused practically

no difference”.






PLAN OF EXPERIMENTS
AND METHODS ELMPLOYED

The experiments under consideration in this discus-
dion were pot experiments conducted with mammoth clower,
cowpeas, soybeans and corn on an acid soil from the vicinity
of Bowling Green, Missouri. The experiments consisted of
seven different series of pots, divided according to the kind
of plants grown in the pots and the treatments as follows:
Series 1, cowpeas; series 2, clover; series 3, soybeane; ser-
ies 4, corn; series 5, soybeans inoculated; series 6, soybeans
not inoculated; series 7, fallow. The cowpeas and clover
were grown on soil used for the same crops the previous year
by P. E. Karraker and were thus merely a continuation of his
experiments. For the soybean, corn, soybean inoculated,
soybean not inoculated, and fallow 8eries new soil was used.
The o0ld soil for the cowpea and clover series is described by
EKarraker as follows:

"The soil was secured from Just outside the Bowling
Green oﬁtlying experiment field in Northeest Missouri. 1In
type it is a gray silt loam on tight clay. The tight layer
’begins at 12-15 inches and extends td a depth beyond 40 inches.
A chemical analysis of the Bowling Grqene s0il previously made
by the Experiment Station chemists gave the following results:
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Soil layer Organic Total Acid soluble Acid soluble
matter nitrogen P20p K20
0-7 inches 65.77% «175% .236% «292%

An acidity determination by the Veitch method of a
composite sample from the soil showed that one gram of soil
required 0.0012685 gms. CaCOz to neutralize the acidity. This
is at the rate of 2577 1bs per 2,000,000 1lbs of soil (an acre
7 inches).

Only the surface seven to eight inches was used.
When secured the soil was in grass sod. It was secured direct-
ly after a heavy rain and while it was still almost muddy."™

The new soil was obtained by the writer on November
12, 1913, from the farm of W. B. MoPike about & mile southwest
of Bowling Greene, Missouri, the particular location being
from the field about a quarter of a mile southeast of the Bow-
ling Greene experiment field. Corn hed been grown oﬁ the
field in 1913 and was out for fodder. At the time the soil
was taken it was almost saturated with moisture from recent
rains and became puddled to some extent in handling &and ship-
ping. The soil was shipped in jute wheat sacks from which it
was emptied and spread out on a bench in the green house to
dry as soon as it arrived. The description quoted from
Karraker will suffice for this soil -also. As soon as the
hoisture had evaporated sufficiently, fhe 801l was sifted
through a ona-fourtﬁ?ﬁgsh sieve. Thereafter it was stirred
daily until it became air dry. It was then shoveled 6nto a

wooden platform and reshoveled five or six times so that it

became as thoroughly mixed as possible. A large sample for
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future analysis was taken at this time by passing a sampling
tube several times through the pile of so0il at different
Places and in different directions both vertical and horizon-
tal.

Lime requirement deterninaﬁbns by the Veitch method
showed that it required about .98 mmg. of Ca0 per gram of soil
to neutralize the acidity, which is equivalent to 3600 1bs of
calcium carbonate per acre 7 inches (2,000,000 1bs of soil).
The ground limestone used in these experiments was secured
from El1lis Brothers of Elsberry, Missomri. Only that part
which passed through a 100 mesh sieve was used.

Whe rever nitrogen was used as a fertilizer on any
pots, it was added in dried blood conmtaining 12.84% nitrogen.
The phosphorus added was in the form of steamed bone meal an-
alyzing 1.17% nitrogen and 30.66 % Pg0s. All potash added
wag in the form of potassium sulphate.

The pots used were ordimmry three gallon glazed
earthenware Jjars. Three inch porous flower pots in the bottom
of each jar for watering through glass tubes eonstituted the
remainder of the apparatus.

The seed used was as follows: Black cowpeas grown
on the experiment station field 1913, mammoth red c¢lover from
the same supply as was used by Karraker the previous year,
Reid's Yellow bent corn, and medium yellow soybeans obtained
from a supply at the agronomy seed-room.

Distilled water only was used in watering the plants
throughout the experiment.






TREATMENT OF SERIES 1 AND 2 COWPEAS
AND CLOVER ON OLD SOIL

As already mentioned, the s0il used with these
series had grown the same crops the previous year in a sim-
ilar pet experiment condueted by P. E. Karraker, who de-
scribes the treatment as follows:

"9247 gms. of the air dry soil was used per pot.
The complete fertiligzer treatment is shown in the following
table:
Series 1, 1 gm bone meal 1 gm KpS04
Series 2, 30 gms limestone, 1 gm bone meal, 1 gm
K9S0,

Series 3, 76 gms limestone, 1 gm bone meal, 1 gm
K2804

Series 4, 76 gms limestone, 6 gms dried blood,
1l gm bone meal, 1 gm KpSO4

The inoculating material and fertilizers, excepting
the potassium sulphate, were we;l mixed with the s0il before
putting in the jars. The potassium sulphate was added in
solution afterwards. The pots used for cowpeas grew two
crops, while only one orop of mammoth clover was grown. Be-
fore planting the second crop of cowpeas an additionsl 1 1/2
gram of bone meal and likewise of K3S04 was added to each
pot."

The 801l remained in the Jars in the green house
during the summer and was quite dry when taken for use in

this experiment in October 1913. The triplicates of each
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treatment were sifted through 2 sieve made of ordinary
window screen and mixed together thoroughly. There remain-
ed enough soil of each treatment to run duplicates of 10,000
grams each with the clover and of 9000 grams with the cowpeas
except treatment 1, the no lime treatment. Of this soil
there was only 172650 grams. To make up this deficiency,
760 grams of soil from fallow pots of the same treatment was
used. The soil of the fallow pots 1 &, b and ¢ was sifted
and mixed together as thoroughly as the other soil. 760 grams
of this soil was thoroughly mixed with the cowpea soil making
18000 grams, or enough to run duplicates of 9000 grams each.
No further treatment was given to the soil in this experiment
a8 the experiment was conducted to observe the after effects
of the treatment given a year before.

Before placing the soil in the jars, a three inch
porous}flower pot was inverted in the bottom of each jar with
a three-eighths inch glass tube extending up through the hole
in the flower pot to a convenient height slightly above the
top of the jJjar. This arrangeﬁent was for the purpose of
watering the plants without puddling the surface of the soil,
the water being added through the glase tube instead of being
poured on to the surface of the soil. _

The seeds were planted in the dry soil, the cowpeas,
20 seeds in each pot, being pushed down about an inch deep and
the clover covered with a shallow layer of dust. Distilled
water was then poured over the surface of the s0il and allowed
to soak in. The amount added was caloulated to give the soil
an optimum moisture content of 20%. Thus 1800 cc was added






to each pot of the cowpea series and 2000 ce to the clover
series. The cowpeas were planted November 14 and the clover
November 1b.

The seed soon germinated and a good stand of healthy
looking plants came up in each jar. The clover was gradually
thinned down to twenty plants per pot: the cowpeas were
thinned down to twelve plants, the entire plant being removed;
and seeds that failed to germinate were dug up so that they
might not be taken in future samples of the soil and affect
the analyses.

After the plants had attained some height, the sur-
face of the soil was carefully mulched and kept in this con-
dition throughout the experiment. At the end of each week
enough water was added to dbring the pots up to the original
weight with an optimum moisture content. Near the end of the
experiment the clover was watered twice a week.

The cowpeas were harvested January 30, the clover
March 14. It was not possible to secure the roots of the
cowpeas; but the roots and tops of the clover were harvested
geparately. |

TREATMENT OF SERIES 3 AND 4
SOYBEANS AND CORN

In this experiment the purpose was to observe the
effect of ground limestone in connection with a 1liberal
amount of phosphorus supplied by bone meal.

A1l pots contained 10,000 grams of air dry soil.






The treatments given are shown in the following table, each
treatment being run in duplicate

5 1 g.E2S04;2 1/2 g.dried blood
2, 27 1/2 g. ground limestone nno o " wn om "
3, 10 g« steamed bone meal wen ” L " L "
4, 27 1/2 g.limestone, 10 g. bonemeal " " " " n ow "

The bone meal added to treatments No. 3 and No. 4 was
at the rate of 2000 1bs per acre 7 inches (2,000,000 1lbs soil).
The ground limestone was at the rate of one ton per acre above
the amount found necessary to neutraliszse the acidity. All fer-
tilizers except the potassium sulphate were mixed with the soil
before it was placed in the Jjars. The potassium sulphate was
added in solution afterwards. The soybeans were inoculated in
the same manner as described for series b.

The Jjars were set up with the device for watering as
~already described. The seeds were planted December 19 and
2600 cc of wmater was added to each jar. Owing to the puddling
of the soil, most of the seeds rotted. They were dug out, the
80il mulched and the pots were replanted Januwary 7. The appli-
cation of 2500 cec of water seemed to be too mush; so the pots
were kept at a water content of 2000 cc thereafter. When the
" plante had attained sufficient size, they soybeans were thimned
to six plants per pot and the corn to three plants per pot.

The roots and tops of the plants in each pot were harvested

separately March 23.
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TREATMERT OF SERIES 5, 6 AND 7,
SOYBEANS INOCULATED, SOYBEANS NOT INOCULATED
AND PALLOW.

This series of experiments was conducted for the
special purpose of observing the effect of different amounts
of ground limestone both with and without liberal nitrogenous
fertilizers on the growth of root tubercle baecteria and the
effect of inoculation on the growth of soybeans under the dif-
ferent treatments.

A1l pots contained 10,000 grams of air dry soil.

The treatments given are shown in the following table, each
treatment being run in duplicate: |

1, 1 g. K2804; 2 1/2 g.bone meal
2, 27 1/2 ge ground limestone nw " o " "
3, 67 1/2 n " ] non ] " " n "
4, 6 g.dried blood" " v T & 0 »
5, 27 1/2 g " nnewn | n L B " ] " n n
6, 67 1/2g. " Mmmom o m n now n n m on "

The ground limestone added to treatments No. 2 and No. 6 was at
the rate of one ton above the amount necessary to neutralize the
acidity; that added to treatments No. 3 and No. 6 was at the
rate of five tons above the lime requirement. The dried blood
added to treatments No. 4, No. b6 and No. 6 amounted to 1000 lbs
per acre 7 inches. The fertilizers were applied as desceribed
for series 3 and 4. Series § was inooculated by mixing with
the s0il of each pot about 75 grams of soil takeh in Decamber
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from block K on the experiment field where soybeans had
grown the previous season. In addition to this, the seeds
which were first planted were inoculated with the liquid culture
furnished by the U. S. Department of Agriculture.

As with series 3 and 4 these pots had to be replant-
ed on January 7. The amount of water added to each pot which
was at first 2500 co was reduced to 2000 cec. The soybeans

were thinned down to six plants per pot. All plants were

harvested March 23, keeping roots and tops separate.






THE EFFECT OF LIME ON THE
GROWTH OF THE PLANTS

The effect of ground limestone on the growth of the
plants was quite noticeable in the early part of the period.
On series 1 where cowpeas were grown the second year after the
treatment, the pots which had received limestone at first ap-
peared much thriftier than those growing on the unlimed soil.
They wers much larger in size and had a healthy green color.
The size, however, did not range according to the amounts of
lime applied but in inverse ratio. The largest plants grew
on the soil receiving moderate lime. Those growing on the
heavy limed soil were noticeably smaller, and the plants grow-
ing on the s80il which had rece ived a heavy application of
dried blood in addition to heavy lime were still smaller.

The plants on the unlimed 80il were at first the smallest of
the entire series and the first leaves were spotted with yel-
low, finally turning brown and dying in apots. As the leaves
grew, these dead spots caused the leaves to wrinkle and to de-
velop unevenly. As growth continued, however, the plants on
the unlimed soil rapidly recovered from the unhealthy condition
which they first showed and were soon as large as the best
plants on the 1imed soil. The accompanying photograp£;;£g£;
the plants of this series after about five weeks growth.

When the plants were about eight weeks 0ld, those
growing in the 80il receiving dried blood began to show signs
of being attacked by cowpea wilt and the plants soon began to






die. On January 17 only three plants remained in pot 4b

and only seven remained in 4a. Plants on the other pots
began to show signs of being affected in the same way and
were, therefore, harvested January 30 when the plants were
just beginning to bloom. At this time the cowpeas on the un-
limed s0il were the largest of the series.

The mammoth clover on series 2 which had grown clov-
er the previous year showed the same marked differences in
growth at the beginning of the experiment. The plants on
the unlimed soil were decidedly inferior in size and lacked
the healthy green color possessed by the plants on the limed
soil. The largest plants grew on the soil which had received
a moderate amount of lime (one ton in excess of the lime re-
quirement). Plants on the heavy limed soil were next in
size and the plants on the soil receiving 1100 1bs of blood
meal per acre in addition to a heavy application of limestone
ranked third in size. This order was maintained throughout
the éxperiment though the differences were not so great at the
time of harvesting. Plate II showé the clover at the time
of harvesting.

' In series 3 where soybeans were grown with and
without a liberal amount of bone meal both on limed and unlimed
soil immediatel& after the so0il was treated, there was a de-
pression of growth due to liming in each case as can be seen
in Plate III.

In series 4 whsre corn was grown under the same

treatment as was given in series 3, the growth was again de-
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pressed by limestone both with and without the bone meal.

In this case the differences were more marked in the early
stages of growth than at the end of the experiment. At the
time the plants were harvested, the height of the corn on limed
soil was about equal to the height of the plants on the un-
limed soil. The plants, however, were more Slender and
weighed considerably less.

Plate IV shows the corn as it appeared when the ex-
periment ended.

In series 6 and 6 soybeans were grown with different
amounts of limestone, both with and without the application of
a liberal amount of dried blood. The two series received iden-
tical treatment except that series 5§ was inoculated while series
6 was not. Iq-both series there was a depression of growth
due to the limestone in proportion to the amount added, though
the differences were not marked. Plate V illustrates very
well the appearance of series 6 at the end of the experiment.
Series 6 showed practically the same differences.

The amount of water tranqpired by plants is sometimes
taken as a rough measure of the growth which takes place. 1In
the following table is given the relative amounts of water trans-
pired by the plants in all the series. The amount transpired
by the untrested plants is taken as 100. With series 3, 4, 5
and 6, the awefage amount of water evaporated from the fallow
- potes was subtracted before the comparisons were made. With
series 1 and 2 there were no fallow pots of corresponding treat-
ment, hence it was not possible to estimate the amount of water

by evaporation.






TABLE I
RELATIVE AMOUNTS OF WATER TRANSPIRED
BY PLANTS OF ALL SERIES

0ld Soil
Treatment Cowpeas Clover
Series 1 Series 2
l. No lime ' 100 100
2. Lime, 1 ton excess 102 122
3. Lime, b tons excess 88 114
4. Lime, 5 tons excess
plus dried blood 70 112
New Soil
Soybeans Corn
Series 3 Series 4
l. No lime 100 100
2. Lime, 1 ton excess 60 48
3« Bone meal, no lime 167 280
4. Bone meal, lime 1 ton
excess 140 121
Soybeans Soybeans not
Inoculated Inoculated
Series 6 Series 6
l. No lime 100 100
2. Lime, 1 ton exocess 85 70
3« Lime, 6 tons excess 63 64
4. Dried blood, no lime 87 106
5. Dried blood, lime 1
ton excess 70 . 70
6« Dried blood, lime b
: tons excess 60 74

There is & general agreement between the amount of
water transpired and the growth. However, the agreement is
not close and no particular significance can be attached to

these figures as it is not possible to account for the exact






amounts of water lost by evaporation from the various pots.
In harvesting the plants the tops were cut off at
the surface of the so0il; and the roots and tops were harvest-
ed separately except with the cowpeas in series 1 where the
roots were practically destroyed by disease.
The weights given in the following table are of the

air-dry plants.

TABLE 2
CROP YIELDS AIR-DRY WEIGHT OF
TOPS AND ROOTS

014 Soil
Pot Cowpeas Clover
Treatment No. Series 1 Series 2
1. No lime ' A 10.56 gms 17.56 gnms
B 10.50 16.50
Total 2I.00 31,06
2. Lime, 1 ton exocess A 9.00 24.14
B 10.00 23.03
Total TI9.00 I
3. Lime, 5 tons excess A 9.20 22.54
B 11.10 23.08
Total 20.30 I5.62
4. Lime, 5 tons excess, dried blood A 5.70 21.07
B 5.565 20.60

Total TI.3% 187
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TABLE 2 (CONTINUED)
New Soil

Pot

Treatment No.

No lime
Lime, 1 ton excess A

Bone meal, no lime A

Bone meal, lime 1 ton excess A

No lime A

B
Lime, 1 ton excess é
Lime, 5 tons excess
Dried blood, no lime A
Dried bdlood, lime 1 ton exocess A

Dried blood,lime 5 tons excess A

Soybeans
Series 3

7.86 gms
6.21

5.73
5.67

13.60
13.49
27.09

10.74
9.70

Soybeans
Inoculated
Series &

Corn
Series 4

10.60 gms
8.50

9.25
8.20

44.20
42.30
56.50

28.50
29.20
B57.90

Soybeans
Not inoculated
Series 6

8.5
9.6

O

;.

7.64
8.24

]

6.561
8.02
17,52

.1l
8

@ ©
o

]

6.88
8.11

14.99

7.25
8.03
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Considering the clover grown on soil a year after
the lime treatment, it is seen that the limestone in all
cases produced a considerable increase in the yield. The
yield, however, was greatest with the lighter application of
limestone, the heavier application being less beneficial,
and the heavier liming in connection with a 1liberal amount
of dried blood giving a still smaller increase in yield.

On account of the cowpeas being attacked by disease,
the final weights of this crop can hardly be considered of
much importance in showing the effect of lime. The early
stages of growth of the cowpeas, however, showed the same dif-
ferences as were observed in the clover.

In every cese where the ocrope were grown immediate-
ly after the application of lime (series 3, 4, 6 and 6), the
lime caused a depression in the yield of the crops. Moveover,
the difference was proportional to the amount of lime applied
in all cases except one = treatment No. 6 on the uninoculated
soybean series, in which case the yleld on the soil receiving
five tons of limestone in excess of the lime requirement was
glightly more than on the soil receiving an excess of one ton.
The difference is less than 2% and may easily be due to aceci-
dental variation in the vigor of the plants.
| In this connection reference should be made to the
results obtained by P. E. Karraker on the clover and soybean
series the previous year, that is, with crops grown immediat-
ly after the application of the limestone. His results also

showed a depression of the yield of clover and soybeans as a






result of the limestone the first year, the depression being
proportional to the amount applied.

In all these experiments the amounts of limestone
applied were in excess of the lime requirement of the soil
and may be considered heavy applications. Whether applica-
tions of lime in amounts not exceeding the lime requirement
would cause a depresgion in yield can only be surmised.

The results show conclusively that applications of
ground limestone in amounts much in excess of the lime require=-
ment of a 80il may result in a depression of the yield of cer-
tain crops grown immediately after the application and under
the conditions which obtained during these experiments. The
results indicate, also, that similar depressions of crop
yields might at first result from heavy applications of lime-
gtone under field conditions.

A comparison of the results of the clover on series
2 with the results obtained by Karraker on the same soil the
previous year seems to indicate that the injurious effect upon
crops of heavy applications of limestone disappears in timé.
the heavier the application the longer the time required for
the injurious effect to disapm are.

The behavior of the corn grown in series 4 indicates
also that a orop may recover from the injury at first suffered

as a result of an excess of 1lime in the soil.
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THE EFFECT OF LIME ON NITRIFICATION

Determinations of the amounts of nitrate in the
s0il at the beginning and the end of the experiments were
made by the celorimetric method described in bulletin 31 of
the U. S. Bureau of Soils. The following table shows the

amounts of nitrate found:

TABLE 3
AMOUNTS OF NITRATE IN THE SOIL AT BEGINNING
AND END OF EXPERIMENT, CALCULATED
IN PARTS PER MILLION OF
AIR-DRY SOIL.

0ld Soil
Cowpeas Clover
Treatment Series 1 Series 2
Beginning End Beginning End
l. No lime 38.0 10.4 13.8 0
2. Lime,1 ton excess 50.0 40.0 24.4 0
3+ Lime,5 tons excess 140.8 163.3 1056.8 27
4, Lime,5 tons excess plus 270.0 296.5 167.6 164
dried bdlood '
New Soil
Soybeans Corn
Series 3 Series 4
Beginning End Beginning End
le Fo lime 20 108.7 20 65.5
2. Lime, 1 ton excess 20 172.4 20 80.0
3., Bone meal, no lime 20 90.9 20 16.5
4. Bone meal, lime 1 ton 20 162.0 20 77.0

8xcess
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TABLE 3 (CONTINUED)

Soybeans Soybeans not
Treatment Inoculated Inoculated Fallow
Series b Series 6 Series 7
Beginning End Beginning Bnd Beginning End
No lime 20 60 20 57.5 20 65.6
Lime, 1 ton excess 20 106.6 20 96.26 20 106.6
Lime, 6 tons excess 20 161.3 20 166.6 20 156.26
Dried blood, no lime 20 141.3 20 132.4 20 150.
Dried blood, lime 1 ton :
excess 20 194.2 20 192.3 20 250.
Dried blood, lime & tons
excess 20 279.0 20 270.0 20 382.5

The amounts of nitrate found in the soil are illustrat-

graphically in the accompanying diagrams.






Diagram #1

303 per million parts of soil in series 1l- cow peas.
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Diagram #2

NO3 Rper_ par s Series #2 Mammoth Clover.
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Diagram #3

¥0z per million parts of soil i -Soy Besn 4 Series #4-Corn.
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A considerable amount of nitrification took place
in the untreated soil during the experiment as can be seen
by comparing the amounts of nitrates found at the end of the
experiment in treatment 1 of series 5, 6 and 7 with the amount
in the original untreated soil.

Where lime was applied the nitrification was greatly
increased in all cases. The increaée was proportional to the
amount applied. ‘

In series b, 6 and 7, treatments 1,2 and 3 were iden-
tical with treatments 4, 5 and 6 réspectively, except that the
former received no nitrogenous fertilizer while the latter re-
ceived 6 grams of dried blood per pot. By a comparison of
the nitrates in the former with the amounts in the latter, we
can arrive at an estimate of the amount of nitrification which
took place in the dried blood. It will be necessary to assume
that the nitrates formed from the nitrogen originally in the
80il was the same in pots receiving dried blood as in corre-
sponding pots receiving no dried blood. If we subtract the
amounts found in treatments 1, 2 and 3 froh the amounts found
in 4, 5 and 6 respectively in the fallpw series for example,
we have left the nitrates formed from the nitrogen in the dried
blood under the various lime treatments. The results are

shown in the following tabdle:






TABLE 4
NITRIFICATION OF DRIED BLOOD UNDER
VARIOUS APPLICATIONS OF
LIKE.
Lime 1 ton Lime 5 tons

Lime treatment No 1lime in excess in excess
Parts NOz per million parts of soil

NOz with dried blood 150.0 260.0 382.560
NOz without dried blood 66.6 106.6 156.25
NOz formed from dried blood ~84.4 143.4 226.25
Grams NOz per pot .844 1.434 2.263
Equivalent in gms N «1906 3238 5109
Grams N added in dried blood «6420 «6420 <6420
% N in blood changed to NOz 29.7 50.4 79.6

Increase in nitrification
on limed treatments over
nitrification in unlimed
soil 70. % 168. %

As the data shows, 29.7% of the nitrogen in the
dried blood was converted to nitrates in the soil where no
lime was added. Fifty and four tenths per cent was converted
to nitrates in the soil treated with 1 ton of lime in excess
of the lime requirement; and 79.6% of the nitrogen was nitri-
fied where the soil was treated with an excess of 6§ tons of
lime. The increase in nitrification due to lime was 70%
with fhe application of 1 ton in exéqss and 168% where 5 tons
in excess was applied.

A considerable amount of nitrates was of course re-
moved from the oropped soil by the crops. In series 1 treat-
ments 1 and 2, in series 2 treatments 1, 2 and 3 and in

series 4 treatment 3 there was less nitrate at the end of

the experiment than at the beginning, thus more nitrates were
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removed by the crops than were produced in the soil during
the experiment. In 811 other instances the rate of nitri-
fication exceeds the rate at which the nitrates were re-
moved by the crops.

The above mentioned cases where ;ess nitrates were
found at the end of the experiment than at the beginning were
in conneoction with the unlimed or lightly limed soils and
where the orops were heavy, as for example in series 4, treat-
ment 3, where there was a heavy crop of corn on unlimed soil.

The results show, as many other investigators have
found, that lime increeses the nitrification in soils to which
it is applied, the rate of inocrease being proportional to the
amount of lime applied. |

THE EFFECT OF LIME ON INOCULATION

In the studies on inoculation, it was intended to
compare the effect of lime on inooulation the second year after
the application with the effect immediately following the ap-
plication. This was done by comparing the results on the
clover series 2 with the results observed by P. E. Karraker
on the same crop and soil the previous year. Series 5 was
planned to observe the effect of a liberal supply of nitrogen
with various amounts of lime as well &s the effect of lime
alone.

The nodules on the roots of the clover and soybeans

were counted; and those on the soybean roots were weighed when






air dry. The results are recorded in the following table:
TARLE b
NUMBER OF NODULES FOUND ON CLOVER AND
SOYBEAN ROOTS AND AIR-DRY
WEIGHT OF NODULES ON
SOYBEAN ROOTS.
Clover, Series 2
Pot No. of
Treatment : No. Nodules
l. No lime ). { 1217
B 1151
Total 2368
2. Lime, 1 ton excess | A 2487
B 2603
Total 5090
3. Lime, 5 tons excess A 1826
B 1976
Total 2800
4. Lime, g tons excess dried blood A 1875
1100 B 1985
Total 2860
Soybeans, Series 3
Pot No. of Wt. of
No. Nodules Nodules
l. No lime A 3 .021 g
B 3 015
Total 6 .
2. Lime, 1 ton excess A 11 017
B 4 005
Total 15 L0228
3. Bone meal, no lime A 6 .0561
B 2 026
Totel 8 o078
4. Bone meal, lime 1 ton excess A 16 <144
B 10 «109
Total 26 .






Soybeans, Series 6
Pot No. of Wt. of
No. Nodules Nodules

l. No lime A 156 «190
B 12 «046
Total BY 258
2. Lime, 1 ton excess A 18 «190
B 10 «080
Total 28 <270
3. Lime, 6 tone excess A 5] «026
B 6 «022
Total T <048
4. Dried blood, no lime A 5 030
B 1 «005

Total [} .
6. Dried blood, lime 1 ton excess A 7 .020
B 6 016

Total 13 .
6. Dried blood, lime 5 tons excess A 4 0056
B 5 «009
Total g .014

The clover was well inoculated as can be seen by the
number of nodules on the roots. The roots in the unlimed
treatment were rather small and slender; and the nodﬁles were
distributed only on the lower roots near the bottom of the jar
and around the small flower pot which was inverted in the bottom
of the jar. Under the moderate lime treatment the roots were
stocky and well branched and the nodules were well distributed
over all the robts, although most of the nodules were near the
surface and around the flower pot in the bottom of the jar where
aeration was best. The nodules under this treatment were not-
iceably larger than those under the other treatments. Those
under treatment 3 were distributed about like those under

treatment 2 but were somewhat smaller. Under treatment 4 the






nodules were very noticeably smaller than any of the others.

Only a fair inoculation of the soybeans was obtained
on series 3 and b. With series 6 which was not artificially
inoculated, only two nodules were found in the twelve pots.
Plate VI illustrates the inoculation in series 5 and 6.

The results on all the series show that the best
inoculation took place where the lighter application of lime
was made. In every case the number of nodules averages great-
er under this treatment; and the weight of nodules is also
greater except in series 3 where it is slightly less than the
weight of nodules from the unlimed pbt. These results agree
with the results found by Karraker as to the number of nodules
except in the clover series, in which he found the best inoocu-
lation in the unlimed soil. The weights of nodules, however,
do not agree with his results, He reports the greatest weight
in all cases on the unlimed soil, the we{ghts decreasing in
the order of the treatment throughout the series. The heavier
application of limestone in all cases reduced both the number
and weight of nodules.

In the soyﬁean series 5 where a liberal amount of
dried blood was added in connection with the various lime treat-
ments, the number and weight of nodules were much less in the
pots receiving dried blood than in pots‘having the same lime
treatments without the dried blood. In the clover series also
the nodules in the soil which had received dried blood were
much smaller in size than those under the other treatments,

although the number was practically the same as in the pot
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having the same lime treatment without the addition of dried blood.

These results seem to indicate that a X rge supply of ni-
trogen in the soil is injurious to inoculation of legumes and to
the growth of the tubercle bacteria. It also seems to shed some
light upon the cause of the depressing effect on inoculation due
to excessive amounts of lime in that it suggests that the injurious
effect ia due to the large amounts of nitrates produced by the
heavy applications of lime.

The results in general show that limestone applied to
an acid soil in amounts not greatly exceeding the lime requirement
of the soil is beneficial to root tubercle bacteria and facili-
tates the inoculation of legumes.

| The results further indicate thet excessive amounts of
limestone applied to an acid soil may prove harmful to the tubercle
bacteria and hinder the inoculation of legumes. This effect may
be due to the excessive production of nitrates when limestone is
applied in large amounts.

In connection with the studies of inoculation some in-
teresting observetions on the influence of tubercle bacteria in
supplying nitrogen to the host plant may be made. A reference to
Diagram 4 shows that the amount of nitrates found at the end of the
experiment in the soil of the inoculated series (line 6) was
slightly more than that found in the uninoculated series (line 6)
except in case of treatment No. 3. The difference is not great
but, with the single exception noted, is fairly consistent. This
difference might be considered as being due to the bacteria supply-
ing a part of the nitrogen used by the plants.

It would seem, therefore, that lime in amounts which are
beneficial to the rool tubercle bacteria mey play an important

part in nitrogen fixation in the soil by facilitating the growth
of tubercle bacteriae.
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THE EFFECT OF LIME ON PHOSPHATES
IN THE SOIL

As already described, the treatment of series 3 and
4 consisted of 1limed and unlimed soil both with and without
a heavy application of bone meal, the purpose of this experi-
ment being to observe the effect of a 1liberal amount of
ground limestone in comnection with phosphatic fertiligers.

The effects of the different treatments on growth
are shown in Table 2, page 40. On s0il without bone meal,
an application of 1lime amounting to 1 ton more than the lime
requirement reduced the yield of soybeans from 13.06 gms to
11.40 gme, or 12.7%,and the yield of corn from 19.10 gms to
17.46 gms, or 8,6%. In connection with the bone meal, the
same application of limestone reduced the yield of soybeans
from 27.09 gms to 20.44 gms, or 24.5% and the yield of corn
from 86.50 gms to 57.90 gms, or 33%.

The results agree with those of many other investi-
gators in showing the depressing effect on the growth of
plants due to heavy épplications of lime, especially in‘oon-
nection with phosphatic fertilizers. In explanation of this
effect, i1t has been suggested that the lime reduced the amount
of available phosphoric acid in the soil and fertilizers ap-
rlied by fixing it in a less available form. With the hope
of obtaining information which might shed some light upon the
value of this suggestion, attempts were made to determine the

amounts of water soluble phosphoric acid in the soil of the






different treatments at the end of the experiment. Difficul-
ty was found in deciding upon a method which seemed suffici-
ently accﬁrate to give conclusive results but the celorimetric
method described by Shreiner and Failyer in bulletin 31 of the
U. S. Bureau of Soils was finally adopted. Two hundred grams
of s0il was placed in a 2 1/2 liter reagent bottle with 1000 cec
of water and shaken at intervals during 20 to 24 hours. The
solution was then filtered clear and 500 ce¢ of the clear fil-
trate was evaporated down in making the determination. The

results obtained were as follows:

TABLE 6
AMOUNTS OF WATER SOLUBLE PgOp IN SERIES 3
AND 4 AT END OF EXPERIMENT PARTS
P205 PER MILLION PARTS

OF SOIL.
Soybeans Corn
Treatment Analysis No. Analysis No.

1 2 3 4 b
l. No lime : 4.16 23.80 8.62 8.62 9.09
2. Lime, 1 ton excess 4.16 10.00 65.90 10.00 9.09
3. Bone mal, no lime 6.25 23.563 1ll.11 ,056 1m
4. Bone meal, lime 1 ton

excess 4.50 8.68 1ll.1l1 6.40 11.36

In some trials, more phosphoric acid was obtained
than in others, which was probably dué to differences in the
time and amount of shaking. The readings for treatment 4
run 3, treatment 2 run 4, and treatment 2 run 5 were undoubt-

edly higher than they should have been on account of a brown-
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,~‘(M

ish color which appeared in the solutions before the color

due to the reaction of the phosphate and ammonium mglybdate
was developed, thus making the color appear more dense.
Barring these discrepancies, the results show that in all
cases but one on the soil without bone meal the amount of
water soluble phosphoric acid was found to be less where

lime was applied thaen in the unlimed soil; and in the soils
receiving bone meal, the amount of water soluble phosphoriec
acid found in the limed soil was in all cases less than that
found in the unlimed soil. It must be admitted that the
method did not give entirely satisfactory resultsf Notwith-
standing this, hovever, the fact thet in all cases where clear
solutions were obtained less color was developed from the
limed samples than from the unlimed samples leaves no doubt
that the amount of water soluble phosphoric acid was decreased
by the lime.

The results seem to indicate, therefore, that the
depressing effect on the growth of plants which resulfs from
heavy applications of lime to the soil may be caused, at‘least
in part, by a decrease in the amount of available phosphates
brought about by the reaction of the lime with the more read-

ily.available phosphates in the soil.






SUMMARY

Applications of ground limestone to an acid soil
in amounts as great as 1 ton or more in excess of the lime
requirement of the soil, as shown by the Veitech method, de-
creased the yield of certain crops grown in pot cultures
immedistely after the application of the limestone.

The decrease in yield was roughly proportional to
the amount of limestone applied.

From these results, it seems probable that similar
depressions of crop yields might also result from heavy ap-
plications of lime under field conditionms.

The injurious effect upon crops of heavy applica-
tions of limestone seems to disappear in time, the heavier the
application the longer the time required for the effect to
disappear entirely. |

Applications of limestone greatly increase the
amount of nitrates produced in the soil.

The nitrification of the nitrogen in dried blood
is greatly acoeleratéd by applications.of lime.

" The-increase in nitrification is, in general, pro-
portional to the amount of limestone applied within the lim-
its observed in these experiments.

Ground limestone applied to an acid soil in amounté
not greater than 1 ton in excess of the lime requirement seems

to favor the inoculation of certain legumes and the growth of

root tubercle bacteria.
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Limestone in amounts as great as § tons in excess
of the lime requirement, however, seems to inhibit inocula-
tion of legumes and to have an unfavorable effect upon the
growth of root tubercle bacteria.

Excessive amounts of nitrates in the soil are un-
favorable to inoculation of legumes and to the growth of the
tubercle organisms.

The injurious effect upon inoculation and the growth
of root tubercle bacteria of heavy applications of limestone
- seems to be due to the excessive production of nitrates drought
about by heavy liming.

Inoculation of legumes reduces the amount of nitrates
removed from the soil by the plantse.

Limestone applied to soil in amounts only slightly in
excess of that required to neutralize an acid soil may play an
important part in nitrogen fixation by facilitating inoculation
and the growth of tubercle organisms.

The efficiency of bone meal was g:eatly decreased by
the applioatipn of ground limestone.

Ground limestone applied to the soil used in this ex-
periment decreased the amount of water soluble phosphates in
the soil.

The résults seem to indicate that the depressing
effect upon the growth of certain plants due to heavy appli-

cations'of lime may be caused,at least in part, by a decrease
in the amount of available phosphates in the s0il due to the

presence of lime.
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