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SUMMARY
The results of this investigation concerning the relation of

lime to the production of plant food in certain prominent soil ser-
ies of the Willamette Valley can be summarized as follows:

1. The micro-flora of these soils under greenhouse conditions
shows a response to the application of lime that is in keeping with
the reports of investigators in other sections of the country.

The ammonifying power is little affected by liming, which
would indicate that crops capable of utilizing ammonia as a source
of nitrogen need not starve.

The nitrifying power of these soils is greatly stimulated
by the application of lime. This would lead one to believe that
plants requiring nitrates will not give maximum yields and will
suffer from lack of nitrogen unless at least part of the lime re-
quirement is satisfied.

2. The sample of Soil III (Amity silt loam) showing response
to lime under field conditions gives a corresponding response to
biological tests. A similar biological response is noted in samples
I (Willamette silty clay loam) and II (Dayton silty clay loam).
These soils are not always believed to give crop response.

3. Under greenhouse conditions an increase in the yield of
clover was obtained on Soils I and II. The failure of Soil III to
show a similar response is probably due to the fact that this soil
had previyusly been limed in the field where it showed great crop
response. It undoubtedly contained particles of limestone.

4. Samples of soil taken from fallow plots of Willamette silty
clay loam that had been limed at the respective rates of 0, 2, 4, and
6 tons of lime per acre gave consistently higher yields of nitrate
than where no lime had been applied. Despite the fact that this
soil had a pH value of 5.4 and a lime requirement of five thousand
ponnds per acre according to the Veitch method, the plot on which
6 tons of lime per acre had been applied contained larger quanti-
ties of nitrates than the plots where 0, 2, or 4, tons of lime were
applied. The same relation pertained in regard to its nitrifying

- power.
5. Since the soil remains cold and wet until about the middle

of May and this condition is quickly followed by a dry cool sum-
mer, there is normally such a short period of optimum moisture
and temperature conditions for bacterial action in the soil that

= moisture plays a big part as a limiting climatic factor.
6. It is only logical to believe from the evidence given that

these soils, under field conditions, will respond to the application
of lime if a sufficient amount is added in a finely divided state un-
less other limiting factors such as lack of available phosphorus, or
unfavorable climatic conditions, obscure any such response.

7. These investigations indicate that lime has a stimulating
effect on those forces that operate in the production of plant food
in the soils studied, yet it is beyond the scope of this investigation
to determine the most economical method or even to determine
whether the increases in yield due to liming will pay for the lime

- applied. This status must be determined entirely from field trials
with the plants grown normally on these types of soil.



A Study of the Biological Activities in
Certain Acid Soils

By

W1LLIM \T HALVER5EN

INTRODUCTION
The value of lime as a fertilizer has been demonstrated by extensive

investigations carried out by numerous experiment stations. Volumin-
ous is the literature showing field results from the application of lime
to ijarious crops under widely differing soil conditions. Crop response
has been so varied under divergent soil conditions that no hard and fast
rules can be formulated from the data accumulated. No attempt will be
made to review the literature pertaining tc this subject, reference being
made only to outstanding investigations having a direct bearing on our
problem.

There are several reasons for the diverse results obtained, chief
among them being the feeding habits of the plants, and the reaction and
composition of the soil. Some plants can utilize ammonia as their
principal source of nitrogen. These plants could thrive on soils contain-
ing no solid carbonate of lime.

AMMONIA VS. NITRATE AS SOURCE OF NITROGEN
Kelly shows that rice, grown in swamp land, secures its nitrogen

in the form of ammonia. Hutchinson and Miller show that peas ar
able to use ammonia nitrogen as well as nitrate nitrogen. Hall and
Miller° call attention to the fact that ammonium sulfate, on the Park
plots of the Rothamsted Farm, produces very good crops of grass,
although the soil is deficient in lime and very little nitrification takes
place. Bear concludes that plants which depend on nitrates as their
source of niti-ogen may suffer from the lack of available nitrogen in
soils having high lime requirements, unless these requirements have been
at least partly satisfied.

SOME PLANTS FLOURISH ON ACID SOILS
Certain plants of economic importance are injured by the applica-

tion of lime while yet others are benefited. \,Vheeler claims that Ken-
tucky blue-grass and timothy have less tolerance of soil acidity than or-
chard grass and meadow fescue, and that awnless brome grass, redtop
and R. I. Bent grow well on decidedly acid soils. Covilles points
out the fact that certain crops are injured by the application of lime.
A cropping system has been suggested in which all the crops are acid
tolerant, thus eliminating frequent and heavy applications of lime. Some
crops adapted to acid soils are blueberry, cranberry, strawberry, black-
berry, raspberry, potato, sweet potato, rye, oats, millet, buckwheat, red-
top, corn, carrot, turnip, and legumes such as cowpea, soy-bean, hairy
vetch, lupine, serradella, and crimson clover. in conclusion Coville
states that "soil acidity is not always an objectionable condition which
invariably requires an application of lime; that under certain economic
conditions a complete system of acid-land agriculture is practicable and
desirable."
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CERTAIN CROPS THRIVE ONLY ON ALKALINE SOILS
Some crops generally respond to the application of lime. Hartwell

and Damon show that on an extremely acid soil, Kentucky blue-grass,
orchard grass, sheeps fescue, tall fcscue, and timothy can not grow and
are replaced by other grasses. Coville1 points out the fact that the gen-
eral advocation of lime to neutralize soil acidity is to make these soils pro-
duce larger crops of such staples as clover, timothy, wheat, and alfalfa.
Hopkins21 reports beneficial results from the use of lime on alfalfa. Fr-ed
and GrauP7 found lime to give an increase in the growth of clover and
alfalfa; the increase was accompanied by an increase in the fixation of
atmospheric nitrogen. They conclude that small applications of calcium
carbonate on acid soils are far more economical. -

THE NUMBERS AND FUNCTIONS OF SOIL
MICROORGANISMS

White2 failed to confirm- Hall's statement that nitrification ceases on
very acid soils. It will be readily recognized that the base must be pres-
ent to form the salt. There is the possibility that in the Pennsylvania
plots under consideration, small particles of limestone may be present
around which nitrification is in progress while the soil shows a decided
acid reaction.

More recently Fraps has found that some acid soils show high
nitrifying power while others show a low nitrifying power. Noyes and
Conner, studying the nitrifying power of five typical acid soils, conclude
that the amount of nitrates present and the nitrifying power of the un-
treated acid soils varied with the organic matter and total nitrogen ra-
ther than with the soil acidity." Plummer shows that when the supply
of oxygen is limited and anaerobic- conditions are produced, deriitrifica-
tion sets in, which continues until practically all the nitrates are de-
stroyed. From the evidence available it seems apparent that nitrates
are entirely of biological origin and that they are formed by the nitrite
and nitrate bacteria. It has not been established whether or not the
organisms responsible for nitrification in acid soils are the same as those
in alkaline or neutral soils.

The non-symbiotic fixation of atmospheric nitrogen is influenced by
the application of lime. Ashby1 found the nitrogen-fixing power of
Rothamsted soils to be more than doubled by the use of lime. Chris-
tensen and Larsen7 found that the brownish scum which characterizes
Azotobacter failed to develop on Ashby's solution when inoculated with
an acid soil. Fred and Davenport11 show the extreme sensitiveness of
Azotobacter to slight changes in reaction. In mannitol solutions the
limits were found to be pH 6.5 to 8.6. Gainey and Batchelor11 found
that the maximum acidity permitting appreciable growth of Azotobacter
was close to pH 5.9. Given, Kuhlman, and Kern11 in a study of non-
symbiotic nitrogen-fixation in well drained clay loam or silty clay loam
soils of the general fertilizer series at the Station found that the relative
positions of the plots studied with reference to nitrogen fixation were
remarkably similar to their relative positions in crop producing power
in the cases of hay, oats, and wheat. They believe that the correlations
observed were too numerous to be mere coincidence. -

The number of bacteria in the soil varies with the treatment. Frear12
found that lime increased the number of bacteria in field soils and that
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a complete fertilizer with ammonium sulfate materially decreased the
number of bacteria present. This decrease he attributes in a large de-
gree to the acid conditions of the soil. Fabricius and von Feilitzen"
show the influence of lime on soil bacteria. They found 138,500 bacteria
per gram in newly broken and unlimed peat soils; whereas in similar
soils that had been limed and cultivated for several years the number
averaged about 7,000,000 per gram, reaching a maximum of 22,132,000
per gram of soil. Ammonification is a function common to soil bacteria.
Both molds and bacteria have been proved to function. This probably
accounts for the fact that it is possible to have an acid soil with a high
ammonifying power, thus permitting the system of acid-soil agriculture
described by Coville. Taking into consideration the constant bacterial
factor, ammonia production is greatly influenced by the chemical compo-
sition of the soil. Additions of lime and green manure would be expect-
ed to accelerate the activities of the B. subtilis group. Greaves and
Carter,'9 studying the biological activities in a calcareous soil, found an
increase in the ammonifying power on the application of manure up to
25 tons per acre. "The greatest increase per ton of manure was obtained
in soil receiving 5 tons" Brown' shows a relation to exist between the
ammonifying power of a soil and the yield of corn on variously treated
soils. Beckwith, Vass, and Robinson9 found a direct correlation between
the amounts of ammonia formed and the number of bacteria; they found
also that the number of bacteria present in soils low in organic matter
is small compared with the number in the peat and muck soils. Lime
had no effect upon the number of bacteria except in these soils showing
acid conditions, or when large amounts of organic matter were added.

\'Vhen large quantities of organic matter decay in the soil organic
acids are formed. These organic acids react with the carbonate forming
calcium salts. These organic salts can be readily attacked by molds and
bacteria. The excess acid is leached out or neutralized by ammonia
formed and thus we have a return to the alkaline reaction. Many bac-
teria are active in bringing about the formation of carbonates from the
calcium salts formed by reaction with the organic acids. Hall and Mill-
er2' claim that the organic acids are broken up into carbon dioxide and
water. The precipitation of calcium carbonate from solution by marine
bacteria is demonstrated by Drew.' Bear and Salter' suggest that the
lower lime requirement (Veitch) of plots high in organic matter may
be due to the precipitation of calcium from the humus in the soil, thus
preventing its being lost by leaching. It is probable that this return
of bases through the mineralization of organic matter serves as a base
to neutralize the acids formed during nitrification. This would account
for the nitrate accumulating in acid soils.

OBJECT OF THESE INVESTIGATIONS
These investigations seek to study prominent soil types of the Wit-

lamette Valley from the bacteriological standpoint with the object of
determining the relation of lime to the production of plant food in
these soils.

There is a difference of opinion among investigators and farmers in
interpreting the yields of crops grown on these acid soils after lime has
been applied. The terms "acid soil" and "lime requirement" have been
taken generally to be quite analagous. Here is a specific case where
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there seems to be a difference. If any soil has a marked acid reaction
it would only be logical to expect certain crops to respond when the
acidity was neutralized. If acid-tolerant plants were grown, however,
there would be no lime requirement. The questions that first come to
mind are: Are we expecting results on acid-tolerant plants or do other
limiting factors obsciire possible crop response? Lime has proved its
value as a fertilizer in many states; is our particular condition an excep-
tion? Fred and Graul,15 found that clover and alfalfa growing on Colby
silt loam and Plainfield sand were able to fix considerable amounts of
nitrogen having only one-half of their acidity (Truog) neutralized; how
would this check on our local soils?

The following experiment was outlined with the view to eliminating
the many climatic and physical factors encountered in field work and to
establish any possible relation between the "acidity" and "lime require-
ment" of the soils and crop response. It must be remembered that acid
soils are commonly deficient in total phosphorus. In such a case both
phosphorus and lime would be limiting factors, each obscuring any re-
sponse that would normally occur. The fineness of grinding of the
limestone is a determining factor as to the promptness and extent of the
crop response.

Brown6 found a correlation between certain bacterial activities in
soils and their crop-producing power under field conditions, Under these
conditions he found that liming increased the ammonifying power, and
the yield of corn. Voorhees, Lipman, and Brown13 found that the appli-
cation of lime reduced the yields of dry matter in many instances, but
increased the yields of nitrogen. Both ammonification and nitrifica-
tion, however, were accelerated by the addition of lime. Sievers3'
says, "Soil-fertility studies in Western Washington indicate conclusively
that most acid soils are deficient in phosphorus, and that application of
lime alone generally gives poor results unless it is supplemented with a
phosphate fertilizer. Indications are that much of the difficulty ex-
perienced in growing clover is due more to the deficiency in phosphorus
than to soil acidity." Since the climatic conditions in Western Washing-
ton are very similar to our local conditions these results might well be
taken as an indication of what to expect here. With these previous re-
sults in mind an experiment was outlined to correlate the crop-producing
power of a soil and its bacterial activities under controlled conditions in
the greenhouse, thus eliminating any possible limiting climatic and physi-
cal factors.

"REACTION" AND "LIME REQUIREMENT"
Many interpretations have been placed on the meaning and causes of

soil acidity: It is not within the limits of the present discussion to at-
tack this phase of the subject. One fundamental point in general agree-
ment, however, is that whether soil acidity is due to active aluminum,
acid silicates, or what not, lime has been used with good effect in over-
coming the toxic principle.

SOILS USED IN THIS EXPERIMENT
In this investigation three samples of soil were used, each represent-

ing a soil series prominent throughout the Willamette Valley. The de-
scriptions are based on Soil Survey reports covering these soils.
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Soil I was secured from the uncropped border between two plots on
the Oregon Agricultural Experiment Station. It is classified as Willa-
mette silty clay loam. In the Soil Survey Report' it is described as
fQllows: "The surface soil consists of 12 to 18 inches of mellow brown
silt loam with an average depth of about 15 inches. In certain stages
of moisture content the color of the surface is a dull chocolate brown.
The subsoil is a brown silt loam to light clay loam, which either con-
tinues to a depth of 3 feet or more without material change or passes
at depths varying from 24 to 30 inches into friable brownish-yellow silt
loam containing a relatively large proportion of very fine sand.

This is an important soil type both in regard to area and in point
of use. Probably 85 percent of it is under cultivation, and the rest,
which is mostly confined to the vicinity of streams, supports valuable
forests of fir. The principal crops are wheat, oats, red clover, alsike
clover, and oat-and-vetch hay. The clovers are grown both for hay and
for seed. Wheat and clover seed are the chief cash crops, the former
occupying nearly one-third of the area of the type. Aside from the
crops enumerated, corn is grown both for silage and for grain, and pota-
toes, berries, vegetables, and fruits are produced on nearly every farm."

The sample taken had a lime requirement of 5,000 lbs. per acre by
the Veitch method, and a pH value of 5.4.

Soil II was taken from the uncropped border between two plots
located in the area just south and west of the Men's Dormitory on the
Oregon Agricultural Experiment Station. The soil is classified as "Day-
ton silty clay loam" and is known locally as "white-land" due to its
whitish appearance when dry. It is described in the Soil Survey Re-
port', as "consisting in the virgin condition of 2 to 4 or 5 inches of light-
brown to grayish-brown silt loam, the depth to which the horizon ex-
tends depending on the surface drainage."

This is underlain by a gray to white silt loam ranging in thickness
from a few inches to more than one foot. It may vary from a uniform
gray or white to white with brown spots. When wet the soil is rather
plastic, and on drying becomes hard and intractable. It is low in con-
tent of organic matter, and the surface of freshly plowed fields has a
characteristic white appearance.

The topography is nearly level, many of the fields being so flat that
the water stands on the surface for weeks at a time. The entire type
has inadequate surface drainage, and the impervious layer in the subsoil
prevents the downward passage of water, with the result that the soil
becomes saturated soon after the fall rains begin and remains in this
condition until late in the spring.

This sample gave a lime requirement of 1430 pounds per acre by the
Veitch method, and a pH value of 54.

Soil III was taken from the farm of C. C. Dickson near Shedd, Ore-
gon. It has been classified as Amity silt loam and was chosen because
of the crop response noted on the application of lime. It is described in
the Soil Survey Report as follows:

"The Amity silt loam is an intermediate type between the Willa-
mette and the Dayton silt barns. The surface soil consists of 10 to 15
inches of light brown to light grayish brown silt loam, of an average
depth of 12 inches. The subsoil in most places is composed of two sec-
tions. The upper section, extending to a depth of 24 to' 30 inches, con-
sists of a mottled light-b wri to light grayish brown silt loam or silty
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clay loam of moderately compact structure. The lower section is com-
posed of light-brown silt loam or silty clay loam mottled with gray,
rusty brown, or brownish yellow, and as a rule somewhat lighter in
texture and a little more friable in structure than the upper subsoil.

"The Amity silt loam is one of the most extensive soil types in the
Yamhill and Willamette valleys. It occurs in all parts of the valleys
in irregularly shaped areas intimately associated with the "vVillamette
and Dayton silt barns."

This sample gave a lime requirement of 2140 pounds per acre by the
Veitch method and a pH value of 6.6.

GENERAL PLAN OF THE EXPERIMENT
The samples of soil for this experiment were taken in the spring

when the moisture was slightly below optimum. They were passed
through a 10-mesh sieve and placed in 4-gallon crocks. Eight jars
were filled with each soil and duplicate jars treated as follows: no
lime, two tons, four tons, and six tons of pure calcium carbonate per
acre. The moisture was raised to 30 percent (air dry basis) and the
jars were placed in the greenhouse to incubate.

Duplicate jars having been prepared previously, one of each set was
planted to wheat. The plants were later thinned to 20 per jar. The
other set of jars were covered to prevent evaporation and samples were
taken at regular intervals for laboratory tests. The two sets of jars
made it possible to work out a correlation between these samples of soil
as to their crop-producing power, biological activities, and response to
the application of lime.

During the summer, mildew proved to be such a hindrance to the
growth of the wheat seedlings that it was necessary to remove them and
seed the jars to red clover. Clover is not an ideal crop foi this kind of
work because of the difference in the amount of nitrogen fixed by the
plants growing in the different reactions. These plants were thinned to
12 per jar. They were inoculated by washing the organisms off a large
agar slant into the water used to irrigate the plants. This eliminated
the possibility of any material difference in the inoculation of the plants.

The fallow pots were sampled at regular intervals and the ammoni-
lying, nitrifying, and non-symbiotic nitrogen-fixing powers determined.
The numbers of bacteria and molds were enumerated usually at the
same sampling. The incubation work was started on June 25, 1920. The
first samples were taken August 13, thus giving the soil microorganisms
time to adjust themselves to the changes in soil reaction.

At the time of sampling the samples were taken to the laboratory
and passed through a 10-mesh sieve. The sieve was sterilized before
using on each different sample. One-hundred-gram portions of these
soils were weighed into jelly glasses. Dried blood was used in the am-
monification tests, ammonium sulfate was used in the nitrification tests,
and dextrose was used for the non-symbiotic nitrogen-fixation tests.
These were mixed into the soil by spreading the soil upon a piece of
oilcloth that had previously been washed with alcohol and manipulating
the soil back and forth until they were thoroughly mixed. After placing
the treated soil back in the tumblers, enough moisture was added to
bring the percentage up to 30 percent air-dry basis. The tumblers were
incubated at room temperature.
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Methods of analysis: The ammonia and total nitrogen distillations
were made by aeration according to the procedure outlined by Potter
and Snyder.2° The total nitrogen digestions were made using Hibbard's
method which has been shown by Snyder to be quite as satisfactory as
the methods modified to include nitrates. The nitrates were determined
by the plienoldisulfonic acid method as outlined by Fred,'3 the compari-
Sons being made with a Kober colorimeter.

THE EFFECT OF TIMING ON THE NUMBER OF
BACTERT,

Lipman's modified synthetic agar was used for all plating. The
reaction of the medium was adjusted to pH 7.4. The results are pre-
sented in Table I and are shown graphically in Chart I.

Soil I was placed in jars numbered five, six, seven, and eight, which
represent the application of no lime, two, four, and six tons of lime per
acre respectively. Wide variations in the number of bacteria occur, and
the ratio of one sampling to another varies widely. It does appear,
however, that liming has little effect on the number of bacteria present.

Soil II is represented by numbers 13, 14, 15, and 16. Here despite
the uniform depression in the count of jar 15, which represents four
tons of lime per acre, there is a marked increase in number present with
the application of 6 tons of lime when compared with the check, and
with 2 tons per acre.

Soil III presents a peculiar problem. Two tons of lime per acre
caused a depression in the number of bacteria; this depression was in-
creased by the application of 4 tons per acre, while on the application of
6 tons of lime, a stimulation brought the total count above that of the
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check. This would indicate that the growth of some particular group of
organisms had been stimulated. A very striking correlation existed
between the bacterial count and the yield of clover, on this type of soil.

TABLE I. BACTERIA PER GRAM OF SOIL X 1000

Jar

In general these results indicate that the total number of bacteria
present is generally stimulated in soils II and III by the: application of
lime. In no case is there a really consistent correlation, however, be-
tween the lime applied and the number of bacteria. After making a care-
ful study of the effect of fertilization upon the numbers of microorgan-
isms in the soil, Waksman says, "It would, therefore, seem con-
clusive . . . that the total number of microorganisms as determined by
the plate method can serve as a function of the bacteriological condition
of the soil and as an index of soil fertility. The relative numbers of
bacteria, actinomycetes and fungi indicate also the chemical condition
of the soil." He found that the addition of lime resulted in a decrease
in the numbers of fungi and an increase in the numbers of bacteria and
actinomycetes. It is not possible to make such definite statements from
the results presented here. It is possible, however, that difference in
technique and conditions of the experiment may account for this lack
of concurrence.

THE EFFECT OF LIMING ON THE NUMBER
OF MOLDS IN THE SOIL

The term "mold' is applied to those forms showing distinct hypha
after one week's incubation at room temperature. The number of molds
fluctuates widely. It is very hard to procure consistent results. This is
probably due to the presence of spores and to the fact that the medium
used was not particularly adapted to the growth of molds.

Despite the erratic counts obtained in several cases, Soil I shows a
marked though inconsistent increase in the number of molds. This is
the only soil having a marked acidity and the only one showing an in-
crease in the number of molds present with the application of lime. It
would appear that the application of lime to this soil stimulated the ac-
tivities of certain fungi.

In both Soil II' and III a decrease in the number of molds with the
application of lime is quite apparent. The very abnormal count obtained

TABLE II. MOLDS PER GRAM OF SOIL X 1000

Date
Jar

5 6 7 8 13 14 15 16 21 22 23 24

Aug. 27 400 260 260 460 530 360 200 230 230 400 410 270
Oct. 14 233 400 430 760 760 260 1700 300 100 230 130 300
Jan. 20 i25 550 330 350 300 700 370 370 500 450 230 230
June 24 400 370 200 300 330 400 600 230 470 270 170 230
Average 239 395 305 468 480 430 390 283 325 338 235 258

Date 5 6 7 8 13 14 15 16 21 22 23 24

Aug. 27 800 1360 1250 950 2030 2030 1900 3200 4300 4350 3330 5850.
Jan. 20 450 433 1000 766 1400 866 400 1850 1133 500 1050 1100
June 24 2700 2730 1800 1830 3960 4860 4060 3530 5260 4760 4800 5360
Average 1317 1508 1350 1182 2463 2552 2120 2860 3564 3203 3060 4103
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with four tons of lime on October 27 was not included in the average.
The foregoing data seem to indicate that wbere lime stimulates the
number of bacteria in the soil, a definite depression in the number of

molds occurs simultaneously. Studies on the nitrifying power of these
soils show an interesting contrast between the graphs depicting the
number of molds present and the nitrifying power of the soil.
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THE INFLUENCE OF LIME ON THE PHYSIOLOGICAL
ACTIVITIES
Ammonification

Since the power of transforming protein and its cleavage products
into ammonia is a function of most soil bacteria and fungi and since cer-
tain of the more widely prevalent molds are capable of growing in the
presence of relatively large quantities of free acids, lime would not be.
expected to affect so grossly the ammonifying power as it would change
the species relationships. The author has grown Aspergillis niger suc-
cessfully in sugar broth of pH 1.8. Considering the comparatively
narrow range of acidity in farm lands one might expect to find a vigor-
ous ammonifying power though the soil is decidedly sour. The greatest
results would probably be noted in the species relationships rather than
hrough the amount of transformation accomplished.
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Not included in average.

TABLE III. AMMONIFICATION
Mgs. N as NT-I3

Date
Jar-

5 6 7 8 13 14 15 16 21 22 32 24

Aug. 13 93,2 76,3 98.4 87.8 80.5 63.7 79.5 64.8 63.1 97.8 92.4 86.0
Sept. 17 45.3 47.5 51.2 35.0 21.9 42.4 29.5 39.1 34.5 55.4 63.3 49.7
Oct. 14 42.1 45.9 56.9 55.5 32.s 30.0 40.2 42.2 44.8 41.5 33.5 42.8
Jan. 20._ 18.6 26.1 25.7 27.2 11.7 18.2 21.5 23.1 33.5 33.7 39.3 32.6
June 24 22.3 24.3 18.7 22.3 21.4 19.6 25.9 20.8 24.7 24.0 20.0 24.3
Average 32.! 35.9 38.1 36.7 21.9 27.7 29.3 31.3 34.4 38.6 39.0 37.3
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The very high yields of ammonia obtained on August 13 are prob-
ably due to the rise in room temperature during the hot part of the sum-
mer. Disregarding the inconsistent results obtained on this sampling,
Soil I gave a marked increase in its arnmonifying power on the addition
of both 2 and 4 tons of lime respectively. Six tons of lime per acre also
showed marked results; the yield of ammonia, however, is less than
with the smaller applications of lime. Since the lime requirement of this
soil is two and one-half tons (Veitch) per acre, it would seem that the
maximum proteolytic activity (as measured by the NH3 produced) was
not reached until after the total acidity was neutralized.

Soil II gives on the average a greater increase in ammonifying power
up to and including the application of 6 tons of lime per acre. This
soil is low in organic matter and has a poor structure; the increase there-
fore may be due largely to the improvement in structure and its effect
on the aeration of the soil.

Soil III seems to reach its maximum ammonifying power on the ap-
plication of 4 tons of lime per acre. Use of 6 tons of lime gave an in-
crease in the ammonifying power of Soil III, yet the yield of ammonia
was less than where the smaller applications of lime were made.

In general it may be stated that on Soils I and III an application of
lime at the rate of 6 tons per acre caused a marRed decrease in the am-
monifying power of these soils when compared with the application of
two and four tons respectively. Compared with the smaller applications,
application of lime far beyond the amount necessary to neutralize the
acidity appears to have a depressing effect on ammonification.

Nitrification

The results are very apparent. The rate of nitrification is correlated
with the amount of calcium carbonate supplied. In no case is there any
apparent retarding effect on the nitrifying organisms. This confirms the
results of Bear.2

TABLE IV. NITRIFICATION

Omitted from average.

An experiment was carried out to determine the value of infusions
for transmitting the high nitrifying power observed in one sample of
soil to another. In Chart IV a great difference is noted in the rate of
nitrification, in Soil I between numbers 5 and 8, similarly in Soil II be-
tween 13 and 16, and in Soil III between 21 arid 24. A series of nitrifica-
tion tests was arranged in which a comparison could readily be made
between the nitrifying power of tile diffes-ent soils and the possibility of
transferring this nitrifying power to another soil.

Mgs. N as NO3 per 100 grains soil

Daic
Jar

5 6 7 8 13 14 15 16 21 22 23 24

Aug. 13 2.4 3.4 12.6 23.2 3.3 7.1 10.8 21.7 21.7 27.0 31.9 38.5
Sept. 17 2.9 0.6 19.0 29.9 3.8 5.3 14.3 18.8 21.7 41.7 62.5 40.0
Oct. 14 2.2 8.6 19.8 43.5 4.0 6.2 18.1 40.0 20.3 50.8 66.6 76.9
Jan. 20 2.2 3.7 9.0 14.7 2.5 4.3 10.1 17.6 11.6 23.2 32.2 34.5
June 24. 2.7 7.5 11.4 20.8 2.8 10.2 14.7 27.0 32.3 38.5 66.7 66.7
Average 2.5 5.8 14.4 26.4 3.3 6.6 13.6 25.0 21.5 36.2 52.0 53.3
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Soil I

The same laboratory procedure was fo lowed as was used in all our
nitrification tests, the results being reported as mgs. N per 100 gms.
of soil. It will be readily observed that in no single case did the infusion

TABLE V. NITRIFYING POWER IS AFFECTED BY INOCULATION

cause an increase beyond the experimental error. This indicates that
the retarding factor which is overcome by liming is not transmitted by
inocu1tion into soil with five to eight cubic centimeters of soil infusions.
The infusions were prepared by agitating 25 gms. of soil in 50 c.c. of
water. Enough infusion was added to bring the moisture to optimum.

To check further on the nature of the agent which causes the con-
sistent variation between the different soil samples, nitriflcpttons were
run in solution using the full set of greenhouse soils in the test. For
this purpose the same solution was employed as was used by Voorhees,
Lipman, and Brown.33 Incubation was at room temperature for twenty-

TABLE VI. NITRIFICATION IN SOIL AND SOLUTION

Si1 I Soil 11 Soil III
2T. 4T. ST. 2T. 4T. 6T. 2T. 4T. ST.
linie lime lime lime lime limmie mine lime Imnie

Check per A. per A. per A. Check per A. pci A. per A. Check per A. per A. per A.

Mgs. N as NO, per 100 gins, soil.
tMgs. N as NO3 per 100 cc. 0! solution

2.20' 3.70 9.00 14.70 2.45 4.30 10.10 17.60 11.60 23.20 32.31 34.50
0.57t .65 .68 .69 .33 .57 .70 .72 2.19 2.31 2.40 2.48

Splus
infusion

13pus
infusion

21 plus
infusion

S plus
infusion

5 8 from 8 13 16 fiom 16 21 24 lioni 24 Iron! 24

6.6 24.4 7.1 8.2 25.6 7.4 22.2 43.5 22.4 5.3

I /4 /5 ji 2 I 22 23 2P
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eight days. A consistent correlation is apparent between the amounts
of nitrate produced in the solutions inoculated with soils which had re-
ceived the various applications of lime. The variations are slight when
compared with the nitrification in the soil. This shows that the agent caus-
ing the apparent difference in the nitrification tests in the soil is trans-
mitted by the ten-gram samples of soil used to inoculate the solution,
though a narrower ratio exists between the amounts of nitrate produced
by them. This would indicate that the application of lime increases the
physiological efficiency of the nitrifying organisms; this increase in ni-
trifying power is subject, however, to the physical and chemical condi-
tion of the soil.

These nitrification tests show quite clearly that under greenhouse
c&nditions all three samples of soil give a consistent response to the ap-
plication of lime. Taking nitrification as a criterion, all three samples
would be expected to give crop response.

Nitrification in Field Soils

There are two possible explanations to account for the action of
lime in promoting nitrification: (1) through the improvement of the
structure of the soil permitting of more rapid aeration and (2) through
the neutralization of toxic properties either chemical or biological. To
determine to what extent these conditions are noticeable in field soils,
samples were taken on the same type of soil within a very short radius.
The purpose of this sampling was to find if any correlation existed be-
tween the compactness of the soil, its nitrate content, and its nitrifying
power. (It must be taken into consideration that the heavy rains, begin-
ning in November and continuing through the winter, compact the soil
and keep it so saturated with water that little or no nitrification can
take place. In the spring the soils are leached and devoid of nitrate.)
These samples were taken on May 13 after moisture and temperature
conditions had become favorable for nitrification to proceed. The sam-
ples came from the same locality and were of the same type as Soil I
used in the greenhouse tests.

Sample I was from a plot which had been plowed and prepared for
seeding. It was in excellent physical condition. This plot is continually
cropped to grain, and had been seeded several days before sampling.

Sample II was taken from a clover plot about ten feet from the first
sample. No cultivation had been done. This plot had a good stand of
clover on it. The rotation was: cloverclovercultivated cropsmall
grain.

Sample III was from a bare spot in a plot of winter rye. It had re-
ceived no cultivation since the planting of the crop.

Sample IV was taken between the wheel tracks of the roadway be-
tween the plots. The soil was very compact and overgrown with short
grass and vvas drier than the other samples.

Sample V was from the north half of a red clover plot. When seeded
to clover one year ago, sulfur was added to the north half and lime to
the south half to compare their value in forcing a stand of clover.

Sample VI was from the south side of the clover plot from which
sample V was taken. It received one ton of lime per acre one year ago.

Sample VII was taken from the alley between two plots. It is cul-
tivated when the plots are, but is always fallow. Since early spring
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tillage it had been compacted by the rain and had a hard crust on the
surface. The soil was very compact at the time of sampling.

Sample VIII was in excellent tilth. A fine seed bed had just been
prepared. The plot had been manured that spring and ever' four years
previously for twelve years. This plot is about two hundred feet from
where samples I and II were taken. The rotation as followed on tIns
plot is: manure on cornsmall graincloverclover.
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TABLE VII. NITRATE FORMATION IN FIELD SOILS

Sample
VII VIIIIV V VI

"Lime at the rate of 6 tons per acre.

Table VII and Chart V show some very interesting results. The
sample containing the least nitrate at the time of sampling was No. III.
These results seem to indicate that in this undisturbed soil, nitrification
had not yet become marked. This observation seems contradicted when
it is compared with sample IV, which was taken from the roadway. This
difference is probably explained by the fact that No. IV was covered
with grass, the roots of which kept the soil open. Then too, the center
of the roadway was higher, hence the firmness and topography protected

I II III
P. P. million of ti-
trate in field soils 68.32 56.33 4678 6100 54.42 59.27 67.22 60.15

Rigs. N as NO2 per
100 gms. soil 288 1.63 1.57 2.05 trace 1.55 1.81 8.45

Mgs. N as NO2 per
100 gms. limed soil" 23.8 2.04 12.05 25.00 10.55 14.54 16.94 50.0

Mgs. N as NO2 per
100 c.c. solution 2.8 1.6 1.7 2.9 1.3 1.1 1.7 5.4
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it from becoming water-logged. This soil warmed up early in the spring
and in spite of the compactness of the soil, the protection from leaching
and the aeration due to the grass roots made it more favorable for nitri-
Iication than the barren field soil. Samples II and VII contained the
most nitrate. These soils had been cultivated early in the spring. Sam-
ple VIII, though in excellent condition, did not contain as much nitrate
as would be expected using its nitrifying power as an indication. This is
probably due to the fact that just recently this seed bed had been pre-
pared. Prior to this time the soil had remained fallow since the previous
fall.

A correlation is at once observed between the nitrate content of the
field soils and their nitrifying power except in the case of sample VIII.
It is quite probable that had this soil been cultivated as early as the plots
from which samples I and VII were taken, it would have contained a
greater quantity of nitrate.

Nitrification tests were run on these samples after lime had been
added at the rate of six tons per acre. The graph representing these
results shows clearly that the same general correlation still existed
between the iiitrifying power of the various samples. It seems evident
that though the itrifying power was increased about ten times, the
agent causing the variations (chemical, biological, or physical) is not
removed at once by the application of lime. The wide variations have
been lost, and it is possible that were these various samples held in con-
tact with the lime under favorable conditions for a longer period of time
the graph showing the results would closely approach a straight line.

Non-Symbiotic Nitrogen Fixation

It will be readily seen from Table VII that on all three soils there
is a marked increase in the non-symbiotic nitrogen-fixing power, showing
conclusively that the soils in this experiment respond as do those report-
ed by other investigators. These were really anticipated because the
writer has experienced considerable difficulty in isolating cultures of
Azotobacter from Soil I. This is probably due to the acid reaction of
this soil.

TABLE VII. NITROGEN FIXATION
Average percent N.

Influence of Lime on the Growth of Clover

Each jar contained twelve plants. These jars were all inoculated by
washing the bacteria off a two-acre-size bottle of inoculating bacteria for
clover into a sprinkling can which was used to irrigate the plants.
Observations at the time of sampling showed the roots in every jar to
be covered with nodules.

Table VIII shows the yields in dry matter in grams of green forage.
It will be observed that on Soil I having a lime requirement of 5,000 lbs.

Daie
Jar

5 6 7 8 13 14 15 16 21 22 23 24

Aug. 13 .177 .145 .172 .183 .143 .155 .137 .157 .175 .180 .170 .180
Sept. 17 .165 .162 .169 .180 .127 .143 .140 .140 .173 .177 .168 .169
Oct. 14 .169 144 .170 .165 .143 .135 .133 147 .166 .172 .173 .185
Jan. 20 .167 .171 .165 .165 .135 .135 .133 .137 .177 181 .176 .182
Average .169 .155 .169 .173 .137 .142 .136 .145 .173 .177 .172 .179



Soil I---------- .-Sail II--------, -Soil III-.
OT. 2T. 4T. 6T. OT. 2T4T. 6T. OT. 2T. 4T. 6T.
lime lime lime lime lime lime lime lime lime lime lime lime

(Veitch), the yield of clover was increased by the application of lime
up to four tons, but beyond this point a depressing effect was noted.
Soil II gives similar results. This soil had a lime requirement of 1400
pounds (Veitch). These are the two samples of soil commonly reputed
to give no response to field applications of lime. In the case of Soil III
a depressing tffect is noted with the application of either 2 or 4 tons of
lime per acre. Application of 6 tons did not seem to have the same de-
pressing effect but gave a yield equal to the check. This soil had a lime
requirement of 2,000 pounds (Veitch). It was taken from a field that
had previously been limed and had shown remarkable crop response.
Since it had been limed in the field, it would not be expected to show
such great crop response to a new application of lime. From the evi-
dence furnished, this soil gave a crop response quite like Soil II reported
by Voorhees, Lipman, and Brown.35 In the red shale soil they found a
depressing effect from the application of either magnesian or non-mag.
nesian lime. The fact that both Soil I and II showed marked increase
in crop producing power after applying lime, cannot be taken as acci-
dental because the weights of the crops represent two different plantings
extending over a period of one and one-half years. There is the possi-
bility that so great a crop response may not be obtained in the field
because the adverse moisture and climatic conditions encountered in the
field were eliminated by carrying out this experiment in the greenhouse.
The results, however, can be taken as an indication of the value of lime
in the growing of clover on these types of soil. The exact rate of appli-
cation and monetary returns to expect are purely matters for field ex-
perments to establish.

To make this investigation more complete, it will be necessary to
analyze the soils and crops from the jars to determine the effeèt of lime
on the amount of nitrogen fixed by red clover. Several crops should be
grown and an analysis made after each cropping before definite state-
ments are made.

THE EFFECT OF LIMING ON THE ACIDITY
OF THE SOIL

At the beginning of this experiment the lime requirements of these
soils were determined by the Veitch method. Soil I showed a lime re-
quirement of 5000 pounds per acre. Soil II had a requirement of 1430
and Soil III of 2145 pounds per acre. After the soils had been treated
with lime and incubated for one year samples were taken. Measure-
ments were made of the H-ion concentration by the colorimetric method
suggested by Gillespie and Hurst.37 These results bring up again the
question of the value of soil acidity methods. We realize that the
growth of plants is more logically associated with the degree of ioniza-
tion than the titrable acidity. This relation has been clearly shown by

1st planting 22.4 28.4 31.4 25.1 25.2 28.6 30.1 24.2 29.4 27.2 26.0 29.5
2nd planting 18.6 26.2 26.7 22.1 23.5 27.3 32.0 22.4 31.2 31.7 25.7 32.1
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TABLE VIII. EFFECT OF LIME ON THE YIELD OF CLOVER TN THE
GREEN f-lOUSE



TABLE IX. EFFECT OF LIME AND CROP ON pH VALUE OF SOILS

Soil I cropped
fallow

Soil II cropped
fallow

Soil III cropped
fallow
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pt-I value
6.2
5-4
6.2
5-4
7.0
6.6

pt-t value
6.2
S.8
6.6
6.2
7.4
6.2

the work of Salter and Mcllvaine.3° These investigators found that
wheat, corn, soy-beans, and alfalfa gave their maximum growth in slight-
ly acid solutions. Reactions of pH3 or lower were found decidedly toxic
to all crops and a reaction of pH7 was decidedly less favorable than
pH6. Germinating seed was less sensitive to the reaction than the sub-
sequent growth of the plant, there being little difference between pH3
and pH8. The effect of reaction on plant growth largely involves two
factors; namely, the effects on the plant and on the soil organisms, es-
pecially on those responsible for the changes in soil nitrogen. For red
clover, the highest acidity pernutting successful inoculation was found
to be pH5 and for alfalfa pH6. As shown in Table VIII, 6 tons of
lime per acre on both Soil I and II had a decidedly depressing effect
on the yield of clover when compared with the smaller applications of
lime. This is in keeping with the results reported by Salter and Me-
Ilvaine, who report that pH7 is decidedly less favorable than pH6. The
fact that a similar depressing effect does not appear with Soil III may
be because all the cropped soils had a less hydrogen-ion concentration
than pH 7.0.

FIELD STUDIES ON THE EFFECT OF LIME ON THE
NITRATE CONTENT AND NITRIFYING POWER

OF WILLAMETTE SILTY CLAY LOAM
The foregoing laboratory and greenhouse results indicate that these

soils do respond to the application of lime. To the extent that the meth-
ods employed give an index of soil fertility these results might be ex-
pected to apply to field conditions. To check more carefully on the
conditions governing the behavior of soils toward the application of
lime field studies were made. These studies were all confined to Soil
I, which is Willamette silty clay loam, the plots of the Agricultural Ex-
periment Station being utilized.

For this study the Soils department through Professor W. L. Pow-
ers released four plots lying adjacent to each other that had been
cropped continuously to. grain for eight years without any fertilizer be-
ing applied. These plots are 1/10 acre in size and of uniform properties.

The nitrate content of samples taken from these plots during the
years 1923 and 1924 is shown in Table X. Each observation is the result
of two composite samples taken simultaneously from the plot, separate
analyses being made on each sample and an average being taken of the
two determinations.

pH value pH value
6.6 7.2
6.4 7.0
6.8 7.2
6.6 7.0
7.5 7.5
7.2 7.2

0 tons of 2 tons of 4 tons of 6 tons of
lime per lime per lime per lime per

Treatment acre acre acre acre
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TABLE X. PARTS PER MILLION OF NITRATE IN FALLOW PLOTS

April
13,

1923

o lime 1.7
2 T. lime
per acre 3.2
4 T. lime
per acre 3.4
6 T. lime
per acre 4.1

Despite the fact that these soils were giving low yields of grain due
to constant cereal cropping with no fertilizer being added, it is very
apparent that lime stimulated the formation of nitrates from the organic
matter present in the soil. Simultaneously samples were being taken
from about twelve cropped soils of the rotation series. These soils rep-
resented many fertilizeg treatments, but never more than a trace of
nitrate could be found in these soils during the growing season. Nitri-
fication tests on these fallow plots are just as striking as those reported
on the greenhouse soils.

TABLE XI. NITRIFICATION TESTS ON FALLO\V PLOTS
Parts per million

The above data naturally lead one to conclude that lime does stimu-
late the production of nitrates in the field as well as in the greenhouse.
It must be remembered, however, that a deep niulch was maintained on
these fallow soils, which was responsible for maintaining the soil at a
very favorable moisture content. At the same time the soils on the
cropped plots were practically bone dry before the crops reached ma-
turity.

CLIMATIC FACTORS WHICH INFLUENCE TIlE
BEHAVIOR OF PLANTS

The management of the soils of the Willamette Valley presents a
very difficult problem. Forty inches of rainfall annually would naturally
classify this as a humid region. The distribution of this rainfall, how-
ever, does not coincide with the growing season. The following figures
from the Corvallis Station show the mean rainfall for each month for the
years 1889 to 1920 inclusive. Irrigation experiments at the Corvallis Sta-
tion indicate that irrigation would be profitable for most crops.
TABLE XII. AVERAGE RAINFALL AT CORVALLIS STATION FOR 30YEARS

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual

6.96 5.55 4.54 2.78 2.08 1.25 .37 .40 1.79 2.85 7.10 6.96 42.46

Due to the peculiar climatic and soil conditions of the tVillamette
Valley no general conclusions can be drawn, nor a system of management

April 23 May 26 June 11 Average

0 '1'. lime 26.6 23.0 4.2 17.9
2 T. lime per acre 34.8 27.8 7.3 23.3
4 T. lime per acre 154.0 58.8 95.2 102.7
o T. lime per acre 334.0 67.8 198.0 199.9

June June July July Aug. Nov. Mar. April May
11, 27, 11, 21, 8, 5, II, 23, 26,

1923 1923 1923 1923 1923 1923 1924 1924 1924

9.2 8.6 15.0 12.7 9.7 14.1 1.3 3.1 8.0

8.8 7.4 14.1 8.1 14.8 233 2.1 3.5 6.0

14.7 10.7 3.6 23.3 16.1 58.6 2.6 5.5 12.3

17.9 12.3 22.5 19.9 29.2 261 3.2 7.8 12.8
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adopted based on observations from other parts of the country. The
soils are generally heavy and acid in reaction. During the winter months
much of the lowland is water-logged, and the soils become com-
pact and puddled. \Vhen spring comes the rains cease, and within a
very short time moisture is the limiting factor. The period of optimum
moisture and temperature is so short that biological activities within
these soils cannot function in making the maximum aniount of plant
food available for the crops. These facts are illustrated by the observa-
tions recorded in Table XIII, which are the moisture content and soil
temperatures of a well drained, uncropped plot of \Villamettc silty clay
loam at digerent times of sampling during the growing season of 1922.
TABLE XIII. MOISTURE AND TEMPERATURE RELATIONS IN A FIELD

SOIL DURING THE GROWING SEASON

Since these soils are leached to such an extent every winter and the
ensuing summer drought shortens the period of maximum biological ac-
tivities, it will be readily seen that the maintenance of the fertility of
these soils is a difficult problem. The soils are acid in reaction, yet
there is much diversity of opinion among investigators and laymen as
to the value of lime as a soil amendment on clover, wheat, and other
staple crops. This division of opinion also holds true for phosphorus
and other fertilizers, though certain soil types have been segregated on
which the value of both lime and phosphorus has been demonstrated.
Gypsum seems to be the only commercial fertilizer that has met with
widespread approval.

Date
Mar.

20
April

4
April

18
Slay May

9 23
june

15
july

- 7
July
26

Aug.
16

Sept. Oct.
22 19

Temperature
C. 9.5 5.7 5.0 9.3 14.0 24.0 23.5 22.3 21.3 21.3 13.0

Percent mois-
ture (air
dry basis) 34.1 30.1 30.3 28.1 23.2 13.5 39 S.9 10.9 6.1 15.2
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