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FERTILITY STUDIES ON WOOSTER SOIL.

PREFACE.

When modern chemistry had demonstrated that certain ele-
mentary substances which are found in plants are derived from the
soil, and that the growth of plants is dependent upon the supply of
these substances in the soil, it was assumed that it would be possi-
ble easily to determine the capacity of a given soil for crop produc-
tion by means of chemical analysis, and that such analysis would
at once indicate what particular substances it might be necessary
to add to a given soil in order to restore or increase its fertility.

This idea is still prevalentin the popular mind, and no request
comes to this Station more frequently than the one that it should
analyse a particular sample of soil, and on the basis of such analysis
prescribe a formula for the fertilization of the field or farm from
which the sample has been taken.

But chemists have long since learned that the amount of poten-
tial plant food actually present ina given soil, as revealed by the
methods of the chemical laboratory, may be no indication of the
quantity which the plant will be able to extract from the soil. A
single illustration may make this point clear: The element potas-
sium is absolutely essential to plant life, and a granite sand may
contain as much potassium as an equal weight of wood ashes, yet
the potassium of the sand is locked up in such an insoluble condi-
tion that ordinary plants can barely mantain an existence upon it,
while the potassium of ashes is so easily dissolved that on a soil
containing more than a very small percentage of ashes the same
plants would be destroyed by the strength of the potassic solution.

(87)
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It is true that the analysis of the soil has given some very
helpful suggestions toward its rational fertilization, and chemists
are still working in the hope of extending the usefulness of the lub-
oratory in this direction; but the most that has becn accomplished
as yet is the ability to base a few broad generalizations upon such
analysis. Very recent work gives encouragement to hope that the
question whether lime is required on a particular soil, and if <o in
what quantity, may be definitely answered in the chemist’s labore.-
tory. Certain muck soils have shown under analysis an extreme
lack of potassium, and field experiments have confirmed the chemi-
cal diagnosis. Little by little progress is being made along this
line; but no chemist is yet ready to undertake to prescribe for the
needs of soils in general on the basis of laboratory diagnosis.
Chemical analysis having failed to {urnish a satisfactory clue to
the productive capacity of the soil, chemists have tried the culture
of plants in pots of soil, to which different fertilizing compounds have,
been added. This method also has given some most useful re-
sults. It permits the use of an absolutely uniform soil, since itis
practicable to thoroughly mix a sufficient quantity of soil to fill a
considerable number of pots. Italso permits control of moisture
and temperature conditions, but it has the great defect that these
artificial conditions of soil, moisture and temperature are not such
conditions as prevail in the open field, and it is furthermore limited
to the study of the smaller plants, such as wheat and oats, since no
practicable pot experiment can deal with a sufficient uumber of in-
dividual plants of corn, potatoes or root crops to climinate the {factor
of individuality; {for plants, like animals and men, have their individ-
ual peculiarities, and they must be studied in sufficiently large
numbers to counterbalance these peculiarities in a general average.
Because of the failure of the laboratory to furnish a reliable
guide to the use of fertilizers, the field experiment has been devised,
a mode of investigation which, like the pot test, is conducted by the
application of different fertilizing materials to tracts or plots of
land, selected for uniformity of soil conditions. This method,
however, is by no means the simple affair that some suppose it to be.
In the first place, the plots must contain a sufficient number of
plants to eliminate the factor of individuality, which involves the use
of plots of such size that more or less irregularity of soil, exposure
or drainage is inevitable, and hence there must be a considerable
duplication of plots in order to offset these various sources of irreg-
ularity. Moreover, different seasonal conditions vary greatly in
their effect on vegetation. For example, the field experiments of
this Station have demonstrated beyond question that the addition
of acid phosphate to the soils upon which these experiments have
been conducted produces, in the average, a large increase in the
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yieid of wheat; yet there have been two seasons in which this carrier
o1 phosphorus produced a maiked diminution in yield of grain, al-
taough in both cases the straw was increased. Finally, the actua
manipulation of the field experiment, if its results are to be trust-
worthy, must be, in its way, as exact and careful as that carried on
in the chemist’s laboratory, but such exactness of manipulation is
far more difficult in the operations of the field than in those of the
laboratory.

In the field test the conditions of temperature, moisture, expos-
ure, aeration and subsoil influence are the same as those with which
the farmer has to deal, and for this reason this test is and must
ever remain the criterion by which all other methods of soil investi-
gation are measured; yet each of the methods above mentioned has
its points of usefulness, and all must be employed when a thorough
study of the soil is undertaken.

The Bureau of Soils of the United States Department of Agri-
culture has recently devised a modification of the pot system of soil
study, which possesses such superiority in convenience and rapidity
of manipulation that, if its results prove to be trustworthy, it will
be found an agency of very great value in the pursuit of this line
of investigation. In order to determine more fully the value of this
method the Chief of the Bureau, Prof. Milton Whitney, detailed a
party who came to this Station on February 1, 1905, and have spent
seven months in testing it upon certain soils of the Station farms
which have received a definitely known treatment for ten to twelve
yvears past. The outcome of this work has been that results ob-
tained in two or three weeks’ time, are in general agreement with
field tests which required an entire season for their execution.

The field experiments of this Station have demonstrated, as has
been shown above, that in some cases the apparent effect of a single
application of a fertilizing material may be entirely misleading.
Under some conditions such materials have allmarked cumulative
effect, the increase from a fertilizer, which is systematically used
upon the same land, growing gradually larger, year by year; while
under other conditions the opposite effectis sometimes observed.
Much s yet to be done in the study of the causes of these varia-
tions. This much is sure, that no single season’s field work on a
particular soil is a sufficient basis on which to formulate a definite
prescription for the fertilization of that soil, and it is highly proba-
ble that we shall find the same law holding good in the conduct of
the method of investigation described in the following pages. All
that can be said of this method at present—and this is much—is
that it promises to be a very useful help in one of the most intri-
cate lincs of investigation Science has yet undertaken—that of the
maintenance of soil fertility.

Cuas. E. THORNE,
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I. INTRODUCTION.

For many years plot experiments on the problems of produc-
tiveness in agricultural soils have been in progress at Wooster,
Uhio, on the farm of the Ohio Agricultural Experiment Station.
These experiments, carried on under the direct supervision of
Prof. C. E. Thorne, have been so carefully planned and have ex-
tended over so long a series of years that the recorded results are
very valuable for comparative studies.

The Burcau of Soils, desiring to determine whether the re-
sults obtained by its wire-basket and aqueous-extract methods of
studying the productiveness and manurial requirements of soils’
were in accord with those secured through plot experiments, found
in the records of the Wooster experiments a valuable means to
this end.

Accordingly, arrangments were made with Director Thorne
for a cc-operation between his station and the Bureau of Soils in the
study of the Wooster soil, and a party from the Bureau took up this
work at the Ohio Experiment Station on February 1, 1905. The
aim of this work has been to determine how nearly the results given
by the Bureau's methods mentioned above, when applied to the
Wooster soil, can be correlated with those obtained by Director
Thorne in his crop-rotation studies in the field. The results ob-
tained, together with a comparison of these with Director Thorne’s
results from his five-year rotation experiments, and some theoreti-
cal discussion of the properties of the Wooster soil, make up the
present paper.

An excellent general agreement is shown between the results
obtained by the basket and aqueous-extract methods on the one
hand and those of the plot experiments on the other. While thisis
so and while the new methods promise to be of very great value in
rapid preliminary studies and in planning experiments to be car-
ried out in the field, it is believed that the latter method should al-
ways be resorted to for conclusively answering questions on soil
productiveness and soil management.

II. DESCRIPTIUN OF WOOSTER SOIL.

The following description of Wooster soil is quoted from Direc-
tor Thorne:® ‘‘The soil here (the Staiion farm at Wooster) is a
yellow, somewhat sandy clay, lying upon the upper rocks of the

For description of this method,-the reader is referred to Bulletin 23, Bureau
of Soils, United States Department of Agriculture.

2Qhio Agricultural Experiment Station, Bulletin 110, 1899, Page 4.
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Waverly series; it i~ of glacial drift origin, butislarge.y modified
by the soft. sandy shales upon which it lies, and which have been
ground up and mixed with materials derived from granites and
limestones tothe northward. The nativerock isabundantly streaked
with iron, and a liberal percentage of iron is found in the soil, as
shown by its analysis.

“The original forest growth of this region was chiefly whit
oak \ Quercus alba L.), with a little admixture of red, scarlet and
black oaks, and an occasional chestnut ( Caslanea vesca L.). The
most striking arboreal feature is the thick undergrowth of dog-
wood ( Cornus floride L.) which belts the forest with its white
blossoms in early May.

“The topography of the country is rolling, due entirely to ero-
sion, as the rocks lie in level strata. When the forest was cleared
away the slowly decaying roots of the deep-rooting white oak fur-
nished channels of drainage through the thin sheet of clay to the
loosely stratified rocks below, and through their rifts and seams
the drainage waters percolate to feed the multitude of springs for
which the region is famous. Butas the roots decayed more com-
pletely the plow and the trampling of teams and pastured stock ob-
literated these natural channels, and artificial drainage became
necessary.”’

This soil has been mapped and described, under the name of
Volusia silt loam, by Caine and Lyman, in Field Operations of the
Burecau of Soils, U. S. Department of Agriculture, 1904. It has also
been described, under the name of Wayne siltloam, by Selby and
Ames, in Bulletin 150 of the Ohio Agricultural Experiment Station.

Data from mechanical and chemical analyses of this soil are
given by Director Thorne in Bulletin 110, just cited, pages 6 and 7,
and more complete data by Selby and Ames in Bulletin 150, pages
100—103.

A large section of the Station farm has been devoted to experi-
ments upon the effect of systematic crop rotation, extending over
a long term of years. At the same time other experiments have
been carried on to test the effect of various fertilizer ingredients
alone and in diderent combinations, attention being given especiall
to the relative value of the various carriers of nitrogen and phos-
phoric acid. The effect of lime upon these soils has also been care-
fully investigated, and the results thus far obtained, both by field
and culture methods, indicate that very marked results may be
expected {rom the use of this substance.
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The five-crop rotation experiments, with the results of which
the present work has to deal, occupy sections of the “East Farm.
These plots were prepared in 1893 and have been in continuous ro-
tation since that year. The rotation used is corn, oats, and wheat,
each one year, fcllowed by clover and timothy, two years.! Fer-
tilizers are applied only upon the first three crops; ‘‘the clover and
timothy follow as gleaners™.* For a full description of the method
of treatment and study, the reader is referred to Bulletin 110 of the

Ohio Station.

III. CULTURE EXPERIMENTS ON WOOSTER $OIL.
. I. STUDIES ON THE SOIL ITSELF.

(a). Effect of fertilizers, manure and lime. The samples
used in the basket culture experiments were taken from a small
area of about one acre which had been used {or several years past in
a variety test of grasses. The area was in sod at the time the sam-
ples were collected, and had just received an application of about 8
tons of manure per acre. Prior to this time it had not received any
fertilization, with the exception of an undetermined quantity of man-
ure applied five years before.

A composite sample was taken by cutting out a section one foot
square and seven inches deep from four different places in the area.
The soil, which was covered with snow and frozen toa depth of 7
nchesat the time of sampling, was thawed out in the green-house
and a’lowed todry sufficiently to permit of thorough pulverizing and
mixing. The sods which were taken with the soil were finely
ground in a food cutter and mixed evenly throughout the entire
sawnple.

A preliminary determination of the optimum water content for
the soil under experiment showed it to be about 20 per cent. Thir-
ty wheat seedlings were grown by the basket method for a period
of nineteen days, from February 16 to March 13, in each of 3 sam-
ples of soils, one containing 16 per cent of water, another 20 per
cent, and the third 22 per cent. The total transpiration of these
cultures for the last nineteen days of the period were: for the L.rst,
636 grams; for the second, 663 grams, and for the third, 636 grams.
Total transpiration being a fair measure of the growth of wheatin
such cultures,” this experiment points clearly to the fact that 20
per cent of moisture is about the optimum for wheat in this soil.

IC. E. Thorne, Bulletin 110, Ohio Agricultural Experiment Station, page 3.
2C. E. Thorne, Loc. cit.

SLavingston. B. I8., Relat.on of transpiration to growth in wheat, Bot. Gaz.
40, 178-193, 1903.
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The first series of baskets was planned to determine the effect
of the three most important fertilizer ¢constituents; nitrogen, potash.
and phosphorus, and of lime and stable manure. All these sub-
stances were used alone and in combination with one another. The
fertilizers used were, in all cases, taken from the stock commercial
fertilizers used at tlie Lxperiment Station, and the names used are
those familiar to the trade. Nitrogen was applied in the {form of
nitrate of soda, potash in the form of sulphate of potash, and phos-
phoric acid in tne form of acid phosphate. The amount of these
used was 100 parts per million by weight, calculated upon soil contain-
ing 10 per cent of water. This is approximately equivalent to an
application of 200 pounds per acre, (the calculated weight of soil to
7 inches in depth, being 2,000,000 1bs. per acre.) an amount often
applied in practice. The lime used was taken from a sample of
ground quick-lime which had been standing in the air for several
months, so that a large percentage of it had undoubtedly passed in-
to the carbonate form. The 'sampleof manure was talken from the
bottom of a pile of horse-stable manure which had lain for some
time in an open yard, but was not thoroughly decomposed. The
sample was dried, fincly ground. and applied in the solid form. The
results of this series are given in Table 1.

The cultures grew from February 15 to March 13, transpira-
tion being taken after February 21. Five baskets, each containing
6 wheat plants, were used for each treatment. In the table the
first column shows the number of the series; the second the treat-
ment of the woil; the third the total amount of water lost by trans-
;iration during tle period, expressed in grams; the fourth the
percentage variation of the transpiration from the transpiration of
the cultures in untreated soil, the latter being considered as unity;
the fifth the grecen weight of tops at the end of the culture, these
being cutoff at the surface of the soil, and the sixth, the percent-
age variation of green weight computed on the green weight of the
culture in untreated soil considered as unity.

From these data the following conclusions may be drawn:

1. Neither acid phosphate (No. 2, Table I.) nor sulphate of
potash (No. 3, Table I, in the proportion used, is distinctly bene-
ficial in itself. '

2. Nitrate of soda when used in combination with one or both
of the above named salts (Nos. 4, 5,6, Table I), produces a well
marked increase in growth, the improvement amounting to from 29
to 42 per cent by transpiration and from 46 to 62 per cent by green
weight. It is to be noted that the greatest beneficial effect was ex-
hibited in the case where all three fertilizers were combined.
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TaBLE I.—Total transpiration, and green weight of tops of 30 wheat plants grown
in Wooster soil untreated and with various manurial treatments.

)
| Increase
No. Total | Increase | G-een |in wej
o Treatment of soil, trans- | over une | weieht | ”;r‘;alt%}&t'
series. pira- | treated Joit p~ | over
tion. soil. untreated
s0il
;Tams = - 5 T oo
1 |Untreated. S 592 per (-:Tnt ggisnola pu-z.:mr.
2 |Acid phosphate, 100 p. p. m. 562 —5.1 579 —0.2
3 1Acid phosphate and sulpbate of potash, each 100
p. P, m. ‘ 616 41 6.60 13.8
4 |Acid phesphate and nitrate of soda, each 100 p. p. m.| 766 29.4 8.50 465
5 |Sulphate of potash and nitrate of soda, each 100 p.
p. m. 795 34.3 845 467
6 |Acid phosphate, sulphate of potash and nitrate of
soda, each 100 p. p. m. 843 42 4 9.40 62 0
7 |Lime, 1000 p. p. m. 708 196 7.00 20.7
8 |Lime, 2000 p. p m. 866 46.3 10 35 78 4
9 |Lime, 1000 p. p. m; acid phosphate, 100 p. p. m. 728 29 7.10 2.4
10 |Lime, 1000 p. p. m; acid phosphate and sulphate of|
potash, each 100 p. p. m. 708 19.6 7.60 310
11 |Lime, 1000 p. p. m; acid phosphate and nitrate of
soda each, 100 p. p. m. 978 65.2 11.30 94.8
1 |Lime, 1000 p. p. m; sulphate of potash, and nitrate of
soda, each 100 p. p. m. 923 55.9 10 20 7.5
13 |Lime, 1000 p. p. m; acid phosphate, sulphate of pot-|
ash, and nitrate of soda, each 100 p. p. m. 892 50.7 10.20 58
14 |Manure, 10000 p. p. m. 756 28.8 8.80 51.8
15 |Manure, 10000 p. p. m, acid phosphate, 100 p. p. m.| 717 21.1 8.10 396
16 |Manure, 10000 p. p. m; acid phosphate and sulphate
of potash, each 100 p. p. m. n 21.1 8.10 39 6
17 |Manure, 10000 p. p. m; acid phosphate and nitrate
of soda, each 100 p, p. m. 892 50.7 10.00 2.4
18 |Manure, 10000 p. p. m; sulphate of potash and ni-
trate of soda, each 100 p p. m. 874 47.6 11.40 96 5
19 | dTanure, 10000 p. . m; acid phosphate, sulphate of|
potash and nitrate of soda, each 100 p. p. m. 846 428 | 11.00 89.6
20 'Manure, 10000 p. p m; lime, 1000 p. p. m. 943 59.3 10 80 8.2
21 (Manure, 10000 p, p. m; lime, 1000 p. p. m; acid
pho phate, 100p p, m. 796 34.6 9.60 ! 65 5
Manure, 10000 p. 1. m;lime, 1000 p. p. m; acid phos- '
phate and suspnate of potash, each 100 p. p. m. 759 29.3 9.30 60.3
Manure, 10000 p.p. m; lime, 1000 p p. m;acid phos-
phate andnitrate of soda, each 100 p. p. m. 958 61.8 12.10 108.5
Manure, 10000 p. p. m;lime 1000 p. p. m; sulphate of
potash and nitrate of soda, each 100 p. p. m. 973 64.3 11.30 94.8
|
25 |Manure, 10000 p p. m; lim=, 1000 p. p. m; acid phos-
phate, sulphate of p.tash and nitrate of soda,
each 100 p. p. m. 862 439 6 50 12.1
3. Lime applied in the proportion of 1000 parts per million, or

about 1 ton per acre, (No. 7, TableI) produced an increase in
growth of about 20 per cent by transpiration and 21 per cent by
green weight, while an application of 2000 parts per million (No. 8,
Table I) gave an increase of 46 per cent by transpiration and 78 per
cent by green weight.
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4. When lime is used in combination with acid phosphate | No.
9, Table I, or with acil pho-phateand sulphate of potash (No. 10,
Table I', the beneficial effect produced is not markedly greater
than that obtained from the use of lime alone.

5., When lime is applied with nitrate of soda, and either acid
phosphate (No. 11, Table I, or sulphate of potash (No. 12, Table
I .avery marked beneficial effect is manifest, an effect which is
not increased when both acid phosphate and sulphate of potash
(No. 13, Table 1) are used.

6. Stable manure of the particular sample used, when applied
at the rate of 10,000 parts per million, or approximately 10 tons
per acre-foot( Ne. 14 Table I), gave an increase in growth of about
29 per cent by transpiration and 52 per cent by grecn weight. This
is about the same as the increase obtained from the application of
nitrate of soda together with acid phosphate (No. 4, Table I) or
sulphate of potash (No. 5, Table I), each at the rate of 100 parts
per million or 200 pounds per acre foot.

7. 'The same application of manure accompanied by acid phos-
phate either alone (No. 15, TableI) or with sulphate of potash
(No. 16, Table I, each in the proportion of 100 parts per million,
gave an increase of only about 21 per cent by transpiration and 40
per cent by green weight. It is evident therefore that these fertili-
zers do not increase the beneficial effect produced by manure alone
and that they may even decrease this effect, although, the differ-
ences noted are hardly large enough to be considered.

8. On the otherhand the three treatmentsin which manure was
used in the same proportion, but with nitrate of soda together with
acid phosphate (No. 17, Table I , sulphate of potash (No. 18, Table
1), or both (No. 19, Table I, the fertilizers being applied at the
rate of 100 parts per million, exhibit a very marked increase in
growth above the treatment with manure alone. No considerable
differences are evident in these three combinations, the average
increase of growth of the three being 47.03 per cent by transpira-
tion and 86.16 per cent by green weight. It will be observed that
this increase is considerably less than the sum of the increases ob-
‘ained from application of manure alone and of sodium nitrate with
acid phosphate or sulphate of potash or both.

9. The same application of manure accompanied by lime in the
proportion of 1000 parts per million (No. 20, Table I) gives a much
oreater acceleration of growth than does the manure when used
alone, the increase amounting to about 59 per cent by transpiration
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and 8b per cent by green weight. Furthermore, when manure and
lime are used together the resulting increase in growth is consider-
ably larger than the summation o1 the increases when the two are
used separately. The sum of the separate increases due to manure
and to lime (Nos. 14 and 7, Table I)is 48.4 per cent by transpira-
tion and 72.5 per cent by green weight.

10. Theincrease due tothe combined use of manure and lime
is apparently not magnified but seems to be diminished by the addi-
tion of acid phosphate (No. 21, Table I) or acid phosphate and sul-
phate of potash (No. 22, TableI).

11. The increase due to combined manure and lime is not
markedly affected by the addition of nitrate of soda together with
acid phosphate (No. 23, TableI), or sulphate of potash ( No. 24, Table
1), butit is apparently diminished by the addition of nitrate of soda
tcgether with both of the other salts (No. 25, Table I).

From these results it appears that lime, stable manure, and ni-
trate of soda (used with acid phosphate, sulphate of potash, or both)
arc markedly beneficial upon Wooster soil; that a greater effect may
be obtained by using any two of the beneficial substances in combi-
nation, but that the use of all three in combination produces an in-
crease only about as great as the combined'effect of two. We mayalso
conclude that acid phosphate and sulphate of potash have nomarked
beneficial effect upon the basket cultures and that when used in com-
bination with the other substances which do have a good effectthey
fail quite uniformly to magnify the effect already produced. From
another experiment on the same soil it was found that, while lime is
much more effective in the proportion of 2000 than inthat of 1000
parts per million, when used at the rate of 4000 parts per million it
ceases to be beneficialand may even be injurious.

() Acidity of the soil. An examination of the Wooster soil indi-
cates that its acidity is apparently due not toa mineral but to an or-
ganic acid. Thesoil itself is decidedly acid to litmus paper, and toa
slightly alkaline solution of phenolphthalein, but not to methylorange.
The aqueous solution of the soil is only slightly acid,’ as compared
with the soil itself, showing that the acid substance is removed toonly
a small extent by treatment with water.

1This slight acidity of the soil extract is more easily recognized with a slight-
ly alkaline solution of phenolphthalein than with litmus, but this is duetot e
greater sensitiveness of the former indicator. When a carefully prepared neu-
tral litmus solution is used as an indicator, with a sufficiently large amount ol
soil extract, the acid reactivn is readily and definitely shown Litmus paper

contains always a trace of alkali, and is therefore not sensitive to small
amounts of acid.
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This acidity, though relatively slight, persists even after boil-
ing for a cousiderable time, or after concentrating the solution to
one-tenth of its original volume, which is evidence that the reaction
is not due to carbonic acid. Since the solution, either in its diluted
or concentrated form, does not show an acid reaction with methyl
orange, it follows that the acid present belongs to the class of weak
acids, being either some organicacid or possibly an acid phosphate.
On heating the soil to redness for a sufficient length of time to
burn out the organic matter and then treating with water co..tain-
ing litmus or phenolphthalein, the soil does not show an acid reac-
tion, but, on the contrary, an-alkaline one, indicating that theacidity
of the soil is probably due to an organic acid and not to an acid
phosphate. '

Considering the acidity of the soils of the Wooster farm, it
seemed possible that this property mizht be the cause, or associated
with the cause, of theirlesser fertility, in a natural state and that
the good effect of lime might be due to the power of this substance
to neutralize the acid. In order to determine whether or not this is
the case, an experiment was carried out to determine the effect of
increasing the acidity of the soil and also that of neutralizing this
acidity with other alkalies than lime. A sample of the original soil
was treated with 250 parts per million of sulphuric acid (about 500
pounds per acre) and another sample received tartaric acid in the
same proportion. A third sample was treated with sodium carbon-
ate, and a fourth with sodium hydrate, both substances being added
in the proportion of 1000 parts per million (about 1 ton per acre).
These four treatments were compared with the untreated soil by
basket cultures. The seeds were planted February 16, and the
transpiration taken from February 22 to March 13. Five baskets
were used in each case, each containing six seedlings. The data
are givenin Table II. Since the percentage variations from the
control series with untreated soil are alone of interest in these dis-
cussions, the actual figures {or transpiration and green weight are
omitted from this and the following tables:

TaBLE II.—Percentage variations in total transpiration and green weight of 30
wheat plants grown in variously treated Wcoster soil, as comparcd
with transpiration and green weight of the same number
of plants in untreated soil.

Percontage variation
1?)?. Treatment of soil. In total trans- In preen

series. pira.ion. weight.
1 Untreated....ovvveenriiais tiiirienecianorenonaees

2 Sulphuric acid, 250 p p. M. ..oiieen i 4.9 12.5

3 Tartaricacid, 250 P. Pe M.t iii ciiiinien aaann -6.7 —6.6

4 Sodium carbonate, 1000 p p. m, ....iiieinnina.., 8.7 13.2

5 Sodium hydrate, 1000p p. m.......ocooiunee... 5.4 191
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From the results presented in this table itis apparent thata
large application of either sulphuric or tartaric acid has no marked
effect upon the growth of wheat seedlings in this soil. Therefore,
since increase in the soil acidity by either a mineralor organic acid
has no marked deleterious effect, the acidity of the soil cannot be
considered as the chief cause of its unproductiveness. Further-
more, an application of either sodium carbonate or sodium hydrate
has produced only a moderate increase. Since the order of these
two increases by one criterion is the reverse of what it is by the
other, it is probably fair to average the increases from the two
treatments for each criterion. This gives an average increase by
transpiration of 7.05 per cent and by green weight of 16.15 per cent,
From TableI (7) it appears that an application of lime at the rate
of 1000 parts per million, produces an increase of about 20 per cent
by green weight. It thus appears that lime is considerably more
effective than sodium carbonate and sodium hydrate. Since sodium
is not toxic in such concentration, and since the two sodium alkalies
have considerably greater power to neutralize acid than is possessed
by lime, it must be concluded that the effect of the lime is not
mainly due to neutralization of the soil acid. This corroborates the
conclusion reached from the direct application of acid as stated

above.
(2) STUDIES OF THE SOIL EXTRACT.

(@) THE GENERAL PROBLEM. 'The next step in the examination
of this soil was to determine whether or not the causes of a lowered
productiveness are transmitted to the aqucous extract, and if so,
whether these can be corrected by the various treatments found to
be effective in the soil itself. It has been found in the case of a
number of soils that the causes of a low fertility are transmitted to
an aqueous extract of the soil'. When this is the case, a means of
studying the causes of unproductiveness is offered, which is often
much more satisfactory than are studies made upon the soil itself.
Where water cultures grown in soil extract show the same retarded
growth as those in the soil, and where a fertilizer beuneficial in the
soil is also beneficial in the extract, it follows that some factor or
factors other than the mechanical condition are effective in causing
a low productivity. The hypothesis so often proposcd in regard to
poor soils, namely, that fertilizers exert an indirect inlluence upon
plant growth by bringing into solution, and thus making available
for plants, mineral nutrient material not otherwise dissolved does

10n this subject see Bulletins Nos. 23 and 28 of the Bureau of Soils; also Brea-
zeale, J. F., Effect of certain solids upon the growth of wheat in water cultures.
Bot. Gaz , 1905 and Livingston, B, E. Loc. cit.
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net come into consideration in water cultures. Furthermore, it has
been found that the infertility of several soils already studied is due
to toxic substances which can be altered or removed by various
treatments and that these substances are transmitted to an aque-
ous extract of the soil and are best studied by means of water cul-
tures in the extract. From such studies it appears that the theory
of de Candolle, published over one hundred years ago, which supposes
exhausted soils to contain substances toxic to plants, may in a more
or less modified form be found to haye considerable truth in it.

1H) EXPERIMENTS AND RESULTS: The results of a considerable
amount of work upon the growth of wheat in variously treated aque-
ous extract of Wooster soil will now be presented. The method
employed was that described in Bulletins Nos. 23 and 28 of the Bu-
reau of Soils.

One thousand grams of air-dry soil was shaken for three min-
utes with 1,230 cc. of distilled water, allowed to stand for 20 min-
utes, and then filtered under pressure through a Pasteur-Chamber
land filter. The distilled water used was prepared in a small tin-
lined copper still, and was found, in itself, to be very toxic to the
roots of wheat seedlings. This toxic effect of the distilled water
was found to be removed by shaking it with a small quantity of
carbon-black, and then refiltering through a Pasteur Chamberland
filter.! Accordingly, all the distilled water used in preparing the
s0il extract was first treated with carbon-black in this manner, so
that any effect which has been obtained by treatment of the soil
extract can only be considered as an effect upon t" e extract, and
not upon the water which was used in its preparation.

The cultures were grown in wide-mouthed bottles of dark
opaque glass, capacity about 60 cc., four secllings previously
sprouted in sand being placed im each; these were fixed in notches
cut in the sides of the cork stopper so that the seeds were just
above the solution while the roots were immersed in it. A group
of three of these bottles constituted a culture unitand were weizhed
together in determining transpiration. The solutions were re-
moved and replaced by fresh ones at intervals of two or three days,
weighings for transpiration being made at these times.

Several experiments were carried out to determine whether
this soil extract responds to treatment with fertilizers in the same
way as does the soil itself, the same commercial materials being
used as in the case of the experiments with soil, unless otherwise

1The effect of thistreatment of toxic distilled water has been pointed out by
Brazeale, J. F., Effect of certain solids upon the growth of wheat in water
cultures. Bot. Gaz., 1905.
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stated. One of these experiments ran for 9 days, from March 30 to
April 8, 1905. Certain salts were added to the extract alone orin
combination. The results of the experimentsare given in Table
I1I, which shows the several treatments and the percentage varia-
tions in transpiration as compared with the untreated extract. 36

plants were used in each treatment.

TaBLE 111.—Percentage variations in total transpira ion of 36 wheat plants
grown in extract of Wooster soil, with addition of fertilizer salts.

Percentage variations in

Treatment. total transpiration
Calcium carbonate, IN EXCeSS. .. .vvievietniie sinrasesassasesssmssasaocsivans 11.7
Nitrate of Soda, 50 P. Po Mlueuiusietenriensanes cosecise toeanassaiasontsesaianas 6.6

Calcium carbonate in excess and nitrate of soda, 50 p. p. m 22.3

From these results it appears that the extract is markedly im.-
proved by calcium carbonate and by nitrate of soda, either alone or
together. Other experiments showed a greater improvement due to
nitrate of soda than was effected in this case.

Another experiment lasting from April 27 to May 11. 1905, with
36 plants for each treatment showed an increase due to calcium
carbonate in excess and acid phosphate, 50 p. p. m., of 15.6 per cent
by transpiration and 8.5 per cent by green weight. It appears
then that the effect of calcium carbonate is not markedlv increased
by addition of acid phosphate.

More comprehensive experiments carried on with extract of
another sample of this soil, taken from a strip along tae ends cf the
plots devoted to the five-year rotation experiment, gave further val-
uable results. Thissoil sample was compared by means of basket
cultures with the one described and used ia the experiments al-
ready detailed, and produced approximately the same growth as the
latter. The results given in Table IV are therefore comparable
with those just given.

TaBl E TV.—Tercentage variation in total transpiration and green weight of 36
wheat plants grown in extract of Wooster svil with the addition
of various fertilizer salts.

.Pereenta;-e variation,

Treatment. In total trans- In green

piratiin we.ght,
Nitrite of 80da. ... iiiiiiii i e 32.2 32.0
Acid phosphate, 50 P. Po Mieuarernenesuies cone an eaeeans 13.6 8.0
Sulphate of potash, 50 p: p. m.... 10.5 29.0
Potassium nitrate, 50 p. p. M ..o viieiiiee i e 36.5 57.0
Potassium acid phosphate. 50 . P. M ..oeevvnvns cons Laans 34.2 35.0

Calcium nit. and potassium acid phos.,cach 50 p.p.m.... 18.2 290
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Nitrates seem to be very beneficial in this experiment, and
the effect of calcium nitrate isalsoimproved by addition of potassium
acid phosphate. The effect of calcium phosphate is relatively not
nearly so great and that of sulphate of potash is not large, the latter
salt being actually injurious by the criterion of transpiration. The
only treatment in the experiment wherein the extract seems to dif-
fer from the so:litself-similarly treated is that of potassium acid phos-
phate, which gives a very marked increase, both by transpiration
and green weight.

Soil from Plot 1 of the five-year rotation experiment was also
studied by means of the extract. Basket cultures showed this soil
to have very nearly the same productive power as the first sample
used. This experiment ran from March 1 to March 17, with 36
plants in each treatment. The results are given in Table V.

TaBLE V.——Percentage variation in total transpiration and green weight of 36
wheat plants grown in extract of Wooster soil with the addition
of various fertilizer salts.

Percentage variation.

Treatment. In total trans- In green

piration. weight.

Sulphate«f potash, 50 P PoM..c0vueniii it 1.1 10.6
Acid phosphate, 60. p. P. M . ...ooii it i e 20.2 5.3
Sulphate of potash, §0 p p.m.and acid phosphate, 60 p. p.m 35.8 27.4
Nitrate of 80da, 50 P, P. T ..\ iivnviiiiiie e i e 57.6 25.7

Sulphate of potash, 50 p. p. m. and nitrate of soda, 50 ’

Nitrate of soda, 50 p. p. m. and acid phosphate, 60 p. p. m.. 68.8 30.1
Lime,! 87 p. p. m. and manure extract, 2,500 p. p. m...... . 54.7 29.2

1As lime water.

From this series it appears that potassium sulphate is again
without effect. Acid phosphate here shows a much more marked
effect than is shown in the cultures with soil. The results in the
extract agree well with those in the soil, in that nitrate and lime
with manure produce a very marked improvement.

While it is evident from an analysis of the results of these
experiments with basket and aqueous-extract cultures that the soil
extract fails to show exactly the same improvement shown by the
soil under any given treatment, we are warranted in drawing the
general conclusion that the property inhibiting productivity is pos-
sessed by the extract in about the same degree as by the soil, and
that the fertilizers which are decidedly beneficial in the latter are
also markedly beneficial in ‘the former. This being the case, a
study of the properties of the soil extract promised to throw consider-
able light on the causes of low productivity in the soil. Recent in-
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vestigations by the Bureau of Soils' lead to the conclusion that the
low productivity of T'akoma lawn soil is due to the presence of toxic
substances, probably organic in their nature. The extract of the
soil, as well as the soil itself, was found to be greatly improved for
the growth of wheat by the addition of pyrogallol, which seems to
act in some way upon the toxic bodies, rendering them, to a large
extent, innocuous. It was also discovered that several insoluble
bodies, most important among them calcium carbonate, carbon-
black, and ferric hydrate, when applied in very finely divided form
to both the soil and the extract, had the same effect, it is believed
either through the alteration of the deleterious substances or
through their removal by absorption. T¢ determine whether the
same effect might be produced upon an extract of Wooster soil by
pyrogallol and the above named solids, several experiments were
performed.

The carbon-black used was the some as that used on Takoma
lawn soil. It had been prepared from burning petroleum and was
thoroughly washed with hot water so as to be practically free from
soluble matter. The ferric hydrate was prepared from ferric ni-
trate and ammonia and was likewise thoroughly washed. It con-
tained only the faintest traces of ammonia and soluble iron.

TaABLE VI.—Percentage variations in total transpiration and green weight of 32
wheat plants grown in extract of Wooster soil with the addition
of pyrogallol, calcium carbonate, carbon-black,
and ferric hydrate.

Percentage variation.
Treatment. .

In transnira- Tn green

tion weight.

Pyrogallol, 20 P. Pall.iicet svveemeresiinnaennn v enrein . 12 5.3
Calcium carbonate. ... e caiiiiin 44 30.9
Carbon-black........cuiriiiiiiiii i iiiiee it 19 11.9
Ferric hydrate.....ooouvutiienanii oot aian i ceaees 29 13.3

Table VI presents the results of an experiment on the effect of
the above mentioned bodies, using an extract of the first soil sample
described in this paper. In using carbon-black 3 grams of the dry
substance were added to each 360 cc. of extract. In the case of
calcium carbonate 5 grams were used for the same amount of ex-
tract, and in the case of ferric hydrate an amount of this substance,
still wet from the washing, equivalent to 5 grams in the air-dry con-
dition. The experiment ran from May 1 to May 19. Two cultures
of 16 plants each were made for each treatment.. Table VI pre-
sents as usual the percentage variations in total transpiration. The
variations in green weight are based in this case on the final weights

of the entire plants and not upon those of the tops alone.
1Bul. No. 28, Bureau of Soils, U. S. Dept. Agr. 1905
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It thus becomes evident that of these substances pyrogallol has
the least beneficial effect and that the three solids have a marked
effect, calcium carbonate being the most beneficial, ferric hydrate
next and carbon black least so. The effect of calcium carbonate
here agrees very well with the effect of lime when used on the soil
directly. Ferric hydrate and carbon-black are always effective in
producing a much greater development of roots, in proportion to
that of the tops, than is obtained in the untreated extract.

Another experiment on extract of the same soil, lasting from
May 15 to May 23, 1905, is presented in Table VII. Here pyrogallol
was used in several different concentrations while carbon-black and
ferric hydrate were combined. Sodium nitrate was added to the

series for comparison.

TABLE VII.—~2ercentage variations in total transpiration and green weight of
30 wheat plants grown in extract of Wooster with the
addition of pyrogallol, carbon-black and ferric
hydrate, and sodium nitrate.

Percentage variation
Treatment.

In trans- In green

pirat.on. weight.
Pyrogallol, 20 P. Pr M.t vivrnrs cenes iiiiaeeeie e e e 42 105
Pyrogallol, 40 P. P. Mlevevirs vv cieerenn vvnneees o seveanas 18.3 4.6
Pyrogallol, 60 P P. M. ovviiiiiuiie ittt ieeernrerecnerenaaneas 21.2 00
Carbon-black and ferric hypdrate,......ccovviveveniiinnnnnns 32.5 581
Nitrate of soda, 100 P P. M..iieeievreneiiinnneennenserennn. 35.8 593
Pyrogallol, 20 p. p. m. and nitrateofsoda,100p. p. m .. 41 6 b5 1

¥

Increasing the amount of pyrogallol above 20 parts per million,
while it seems to produce a considerable increase by transpiration,
fails to produce a like increase by green weight. Thus itis impos-
sible to consider this chemical as producing a definite beneficial
effect upon the $0il. The two solids combined have an effecta
little greater than that found in the last experiment for ferric hy-
drate alone. Nitrate of soda is markedly beneficial and the good
effect is apparently increased by the use of pyrogallol in combina-
tion with it. It is to be noted in passing that the effect of the two
solids used together is practically identical with that of njtrate of
soda used at the rate of 100 parts per million,and that the effect of
this salt upon the extract is slightly greater than it appeared to be
on the soil itself.

Results from still gnother experiment on the same extract, in-
volving pyrogallol, 5 parts per million, ferric hydrate ahd carbon-
black in combination, acid phosphate, and calcium sulphaté are given
in "Table VIII. The experiment lasted from April 27 to May 11,
1905, and comprised 36 plants for each treatment.
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TasLe VIII.—Percentage variations in total trauspiration and green weight
of 36 wheat plants grown in extract of Wooster soil, with the
addition of pyrogallol, carbon-blatk and ferric
hydrate, acid phosphate, and calcium

sulphate.
Percontage variation
Treatment.

In trans- In green

piration, weight.
Pyrogallol, 5 Pe Pillle..iieseiaeeseassonsennesssssoesnennennns 2.9 10.2
Carbon-black and ferric hydrate.....oueeeemeenirnnennninanan, 36.2 15.0
Acid phosphate, 100 p. Pe Meetciarontenssineseesiincinnnnn. 2.5 18.6
Calcium sulphate, 150 P P. Mueieriiiiiesistaianennnanerianees 15.0 13.5
Calcium sulphate, 150 p. p. m., and pyrogallol, 5 p. p. m.. 6.0 1.6

It is seen from Table VIII that pyrogallol in still smaller
amount than that used in the previous experiments has about the
same effect. The two solids also have practically the same effect as
that obtained before by the same treatment. Acid phosphate, although
it has produced an increase of 18.6 per cent by green weight, has
been markedly injurious according to the transpiration figures and
must be considered as of doubtful benefit. Calcium sulphate shows
a well-marked gain but this is not nearly so great as that obtained
from calcium carbonate in this same extract. Finally, pyrogallol, §
parts per million, fails to increase the effect of calcium sulphate,
but on the contrary almost destroys that effect.

In an experiment on the extract of Plot 1 of the five-year rota-
tion experiment, lasting from February 9 to February 27, 1905, and
cantaining 36 plants for each treatment, the extract was shaken
with carbon-black and the solid filtered out and the filtrate com-
pared with the untreated extract by water cultures. The result
showed that by this treatment the extract was improved 8.4 per
cent by transpiration and 2.9 percent by green weight.

() DISCUSSION OF RESULTS WITH EXTRACT.

From the experiments on wheat cultures in extract of Woos-
ter soil it may be concluded that the addition of the following sub-
stances to the extract accelerates the growth of the plant to a
marked degree; nitrates of soda, potash and ralcium; calcium car-
bonate; carbon-black, and ferric hydrate. Vai‘ous combinations of
these substances in pairs have a marked beneficial effect, this ef-
fect being considerable greater than that of treatment by either
substance singly, and sometimes 2nproximating the summation of
the $eparate effects of the two.
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The effect of the nitrates would naturally be explained at first
thought on the ground that these increase the amount of nutrient
materials in the extract. However, practically as good results are
obtained both in the soil and in its extract, with calcium carbonate,
and the combination of carbon-black and ferric hydrate gives nearly
as good results in the extract as calcium carbonate. The effect of
calcium carbonate cannot be explained by the fact that since itis
slightly soluble it increases the amount of calcium in the solution;
for the extract itself contains about 10 parts per million of calcium,
which amount is amply sufficient for the growth of the seedlings.
Neither can it be explained by supposing the role of the calcium salt
to be that of neutralizing the slight acidity of the extract, for calcium
carbonate has the same effect inthe soiland here the mere neutral-
izing of the acidity has been already shown to have but little effect
in accelerating growth. 7The beneficial results derived from the use
of carbon-black and ferric hydrate do not suggest any explanation
on the ground of changes in the nutrient value of the solution. Itis
well known that such solidsare greatabsorbents and if they were to
aflect the solution in this way at all they should remove from solu-
tion some of the salts originally present. Their absorbent power
for salts is probably rather slight, however, and it is not probable
that they have any marked effect in this way.

The only other possible explanation of the action of calcium
carbonate, and the only possible explanation of the action of ferric
hydrate and carbon-black, seems to be that given in the case of
Takoma lawn soil already cited, namely, that there is present in
the soil and in the extract some toxic substance or substances
which are absorbed or changed by these solids so as to lose their
power of retarding plant growth. The calcium salt may act chemi-
cally upon the toxic bodies as well as by absorbing them; indeed,
the process of absorption itself may bring about chemical changes
of far-reaching importance. ‘That calcium sulphate in solution
has a considerable beneficial effect makes it appear as if toxic
bodies which may be present in the soil were acted upon by
this salt. The beneficial effect of calcium sulphate cannot be ex-
plained on the supposition that it increases the amount of plant
nutrient salts in the solution, for such consideration in regard to
calcium is ruled out of account by the argument given above for the
carbonate, and increase in the sulphate has been shown by the ex-
periments to have no good effect.

Therefore it appears that the evidence from these investiga-
tions is in favor of the conclusion that Wooster soil contains sub-
stances which are deleterious to plant growth. These substances
are apparently similar to those of the Takoma lawn soil in some
respects. They seem to be largely corrected by the use of calcium
carbonate, ferric hydrate, and carbon-black. They areaccompanied
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by an acid reaction of soil and solution, but the acidity does not
appear to be the injurious factor. On the other hand these toxic
bodies seem to differ from those of the Takoma lawn soil in that,
while the latter soil is markedly improved by pyrogallol, Wooster
soil fails to show any such definite effect with this chemical.

The hypothesis of toxic substances in this soil is supported by
a fact observed in experimenting with the extract, that diluting this
solution to 2, 4, and even 10 times its original volume produces no
marked effect either beneficial or deleterious. Neither does con-
centrating the extract to one-tenth its original volume have any
marked effect. It would appear from this that the toxic bodics are
present in minute quantities, and that they are nearly equally ac-
tive over a wide range of concentration.

IV.—COMPARISON OF RESULTS OF CULTURE EXPERIMENTS
WITH THOSE OF PLOT EXPERIMENTS
(1.) FERTILIZER PLOTS.

The five-year rotation experiments of the Ohio Agricultural
Experiment Station were begun in 1893. In making a comparison
of these with the results here reported from culturesin baskets and
in soil extract it seems best to consider only the yield of wheat ob-
tained from the plots for the first year. It appears from Director
Thorne’s work with this soil that the effect of several of the fertili-
zer salts, especially phosphate, is cumulative, and that soils treated
with these gradually improve during a number of years."! For this

1This cumulative effect of the fertilizers is skown by the following compari-
son of the total amounts of increase in yield per acre of the several crops at
Wooster for the two 5-year periods 1894-1898 and 1899-1903.

COMPARISON OF TOTAJ. INCREASE IN VIELD, IN POUNDS PER ACRE, ON WOOSTER
SOIL FOR THE PERIODs 1894-1898 AND 1899-1 03.

Indian corn Oats Wheat Clover T:mothy
Plot Fertilizer

No, treatment, 1804- | 1899- | 1894~ | 1999- | 1894- | 1899- | 1894- | 1R99- | 1894~ | 1899-
1898 | 1903 | 1898 | 1903 | 1898 | 1903 | 1898 | 1903 | 1898 | 1403
2 Acid phosphate... ..... 280 | 969 | 254 | 622 | 614 | 1478 | 389 273 | 186 67
3 Muriate of potash...... 261 | 647 77| 265, 287 | 131 | 113 36| 36| 35

6 Acid phosphate and ni-
trate ofsoda . .. . . | 892 | 1720 | 563 | 1402 | 1301 | 2435 | 930 | 834 | 517 | 786

8 Acid phosphate and muri-
ate otofpotash | 790 | 1577 | 497 | 932 | 778 | 1678 |- 690 | 420 | 337 | 441

9 Muriate of potash and ni-
trate of soda .... 265 | 762 | 192 | 481 | 340 | 463 | 342 | 465 | 225| 501

11 Acid phos mur of potash|
and nitrate of soda . | 1073 | 2094 | 1022 | 1753 | 1975 | 3009 | 989 | 1165 | 8191 960

The cereal crops show a greatdr increase during the second period than dur-
ing the first in every case excepting that of wheat on Plot 3, while these crops
invariably show the same order of effectiveness for the different fertilizing appli-
cations, an order in which phosphorus alone ranks higher than potassium and
nitrogen, and this combination higher than potassium alone. With clover,
however, the increase (and total yield as well) is lower during the second
period than during the first in every case excepting on Plots 9 and 11. With
timothy, itis lower on Plots 2 and 3. These results on clover and timothy are
apparently due to the increasing -need of lime for these plants on this soil, and
it is probably due to this need that the order of effectiveness is less 1egular for
these crops than for the cereals.
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reason the later results obtained in his experiments should not be
compared with those obtained in the basket and bottle cultures
The soil used in the culture experiments is probably very similar to
the soil of the five-year rotation plots at the time of the beginning
of this experiment. While the treatments employed in the baslket
and bottle cultures were not identical with those used upon the
plots in the fields, yet the former treatments were so arranged as
to test the relative efficiencies of the same fertilizer ingredients as
were used in the field work. Thus comparison is possible between
the effects produced by nitrogen, potash, and phosphoric acid, as
indicated by the two methods.

The yields of wheat obtained from variously treated plots of
the five-year rotation experiment, which were in this cereal for the
season 1893- 1894, are shown in Table IX, the data being given in
bushels per acre for grain and in pounds per acre for straw.” The
table also gives the percentage variation from the average yield of
the five untreated plots.

TaBLE 1X. Yield of wheat on variously treated plots of Wooster soil for
the season 1894.

Yield.
Plot Treatment of soil, Grain, Straw.
No. Pounds per acre.
Bushels | Per cent Pounds Per cent
per acre. variati n. | per acre. | variation.
1 |Unfertilized.. ....tuveeieesiieenine e | 1354 437 | ...
4 “ e e e 217 | e 2,620 | ..eie.ne.
7 R, N 209 | 2,642 ‘l.oiiiieennn.
10 s v e 18.04 ..ol s L,IT | eeeeinns
13 “ 20.79 | el 2362 |eeiiianeens
Average of five unfertilized plots ... .... . 19.1 e 2,036
2 |Superphosphate, 1601b., ).... ... ceeenn... 13.62 —287 2,382 8.0
3 Muriate of potash, 1001D. .................. 24.92 30 4 2,805 21.7
Superphosphate, 160 1b.,
Dried blood. 2015 » } ..................... 671 | —12.6 2,847 2.1
- |Nitrate of soda, 120 1b.
Su hosphate. 160 1b , | 87 -1. y
8 M‘lj;?mfppotash B0 B, feveeeeeem oo - . 18.87 1.2 2,467 11.9
Muriate of tash. 100 1b.,
S oriea biosd o Tor, } ........ . 2 | 180 | 2497 | 133
Nitrate of soda, 120 1b.
................ 20.29 6.2 3,382 53.4

Muriate ofdpota . 100 1o.,
Dried blood, 401b.,

12 Superphosphate‘ 160 1b., %
: Nxtrate of soda, 2001b

Tt will be noted ai' once that the percentage variations in the
yield of the grain aré not atall what should be expected from the

1These data afe taken ‘from Bulletin~ 110, ©hid Agricultural Experiment
Station, - December 1899, pages 8, 10, and 74. The percentage figures are calcu-
lated from them.



FERTILITY STUDIES ON WOOSTER SOIL. 109

treatments. The negative results obtained in the vields of grain
{rom Plots 2, 6, and 8, must be attributed to factors other than the
fertilizers used. Itis well known that the nature of the season af-
fects the production of fruit or seed much more markedly than it
affects vegetation growth. and seasonal peculiarities may be the
cause of the negative yields noted. This question cannot be settled
by a study of the data furnished by the following vears, for the
vears 1895 and 1896 gave abnormally low yields on all plots, so low
that these data have no comparative value, and the yields of 1897 al-
ready show in a marked degree the cumulative effect of phosphate
above noted. Therefore the only dataat hand upon the first effect of
application of fertilizers to wheat on Wooster soil are embodied in
the results of 1894.

In the case of the yield of straw the percentage figures appear
to be more consistent with the treatments. Phosphate alone and
the same in combination with the muriate of potash gave very small
increases above the average yieid of the untreated plots. Mauriate
of potash alone has a marked beneficial effect, amounting to27.7 per-
cent.! Phosphate in combination with the nitrogen-bearing mate-
rials, nitrate of soda and dricd blood, gave 29.1 per cent increase,
while muriate of potash in combination with the same materials
gave 13.3 per cent increase. The treatment with all three fertilizer
constituents, phosphate, potash, and nitrogen, gave by far the
greatest increase, amounting to 53.4 per cent.

In the fertilizer experiments carried on by the Station, acid
phosphate has caused a decrease in the yield of grain in wheat in
1891 at Columbus and in 1894 at Wooster, but in both instances the
total crop has shown an increase. This is shown by the data given
in Table X.

TasrLr X. Effect of acid phosphate on wheat at Columbus in 1891 and at
Wooster in 1894,

Increase -~ or decrease — in pounds per acre
Dot Fertilizer treatment. Grain. Straw. Total.
Col’s | Wooster | Col’'s | Woster Col’s | Wooster
- 1891 1894 1891 1894 1894 1894
9 |Acid phosphate ................. —156 —168 +642 | +5560 -+486 ~+383
3 |Muriate of potash................ —102 +338 —427 +579 =229 +917
6 |Acid phosphate and n't. (f soda..| -—180 —279 | +1183 +212 | +1003 — 87
"8 |Acid phos, and murs of potash...| —704 — 67 +557 + 50 +353 - 17
9 |Nit. of so'a and mur. of potash | 4 48 +212 +598 +305 -+-646 + 93
11 |Acid phos. mur. of potash and nit.
Of 50d&y,.u0s veeeveiiienn... | —150 — 25 | 42047 +991 | -+1897 -+966
12 JAsplot No. 1leveen veneenennnnnns —102 — 25 |+2298 | +1158 |+2196 |--1133

1This apparent increase, however,was probably due to a va-iation in the
soil of the plot, since no such increase is shown on the other four similarly
treated plots of the experiment.



TaBLe XI. Increase (-} )or decrease (—) per acre in yield of Indian corn with fertilizer treatments on Wooster soil.

1893 1894 1895 1896 Average
Plot Fertihzer D
No treatment Ear corn Stover Ear corn Stover Ear corn Stover Ear corn Stover Ear corn Stover
bushels pounds bushels. pounds, bushels. pounds. bushels. pounds bushels pounds
2 |Acid phosphate . -1 00 + 43 +0.73 + 13 -+3.68 — 63 +1.26 —293 +1.67 — 7
3 |Muriate of potash... ... . —1 30 —123 -+0.38 + 97 —0.93 —274 +3.63 — 67 +0.44 — 92
6 |Acid phos and nit of soda +4 20 -+210 +2 07 — 13 +11.54 + 83 +6.06 183 +5 97 +141
8 |Acid phosphate and mur-
ate of potash..... . +1.80 + 93 +3 17 + 83 +5.31 +213 +3.69 +247 +3 49 -+161
9 |Muriate of potash and ni-| .
. trate of soda.... .. +0.20 — 13 —189 — 73 —4.56 +197 +1.85 +263 —1.10 -+ 83
11  |Acid phos., mur. of pot-
ash and nit. of soda...{ -1 80 +110 +0.20 o H13 +10.45 +357 ~147 +317 +6 79 +222

ot

NOILV.LS INANIYIIXH OTHO

.
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From the above considerations it appears that treatment with
all three fertilizers, and with some combinations of two of them
comprising nitrogen, results in a marked improvement. From
treatment with muriate of potash the improvement is marked but
from phosphate treatmentit is practically nil. The high percentage
increase in tne case of the former substance may well be abnormal.
In 1899 this treatmert gave a low increase compared to those con-
taining nitrogen, and from the average yields of the years 1894 to
1902 inclusive, the increase is only 19 percent upon grain and the
same on straw.

Comparison of the field results on straw with those obtained
from the basket cultures shows a fair agreement. In the cas~ »f
the basket cultures it was pointed out that the greatest increases
were produced when all three {ertilizer constituents were used, and
that when the fertilizers were used alone, or in combinations of twc,
only those treatments comprising nitrate of soda showed any marked
increase. Thus the two methods disagree in the effect of potash,
but as has been pointed out, the increase obtained from muriate of
potash in the field was probably abnormally high in 1894.

Although, as has been stated, the only available data regarding
the first effect of applying fertilizers to wheat on Wooster soil are
those derived from the single season of 1894, yet four .rops of In-
dian corn have been grown on such land in the progress of the rota-
tion, in the seasons of 1893 to 1896 inclusive. The crop of 1893 was
very poor and as some slight changes were made 1in the plan of
fertilizing for 1894 and the following years, it has never been re-
ported. The results upon corn for these four seasons furnish
corroboration of the conclusions above derived from wheat for the
season of 1894. These results are given in Table XI.

As has been remarked above, under the system of rotation fol-
lowed upon the plots of the five-crop rotation experiment, the soil
soon reaches a condition in which it responds very readllv to the
application of phosphorus, and the effect of continued application of
this fertilizer constituent is undoubtedly cumulative. The treat-
ment of soil from one of the check plots, or of the soil extract from
the same, with acid phosphate, shows an increase in transpiration,
but not such a marked increase as is obtained in the €2ld, where
applications have been made repeatedly. The experiments bring-
ing out this point follow:
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Extract of soil from Plot 12, which has rcceived a complete
fertilizer in the field, was compared by the culture method with
extract of that from Plot 1, one of the uatreated plots, the latter
extract having various treatments. Table XII gives the total trans-
pirations and percentage variations, compared with the untreated
extract, each treatment being tested by 36 wheat seedlings, grown
from March 1 to March 17, 1905.

TaBLE XII.—Total transpiration and percentage variations with 36 wheat
plants grown in extract of soil from Plot 1, with the addition of
various salts, compared with the untreated extract
of Plots 1 and 12.

Treatment. Total trans- Percentage
piration. vanation.
Grams
Extract of Plot 1, untreated, ..-.c.u..coeueenmeasssanencnnnnes 340 | ...
Same + Nitrate of s0da, 50 P.D.I...covvirereesreinonnnnnanns 556 63.5
Same -+ Acid phosphate, 50 P. P Muceiieiivniviinneeaencnean 418 22.9
Same +Sulphate of potash, B0D. P. M, .ovrvavenrensennnn e 336 —-13
Same - Sulphate of potash and nit. of soda, each 50 p. p.m. 581 70.9
Same -+ Sulphate of potash and acid phos., each 50 p. p. m.. 461 356
Same + Acid phos and and nit1ate of soda, each50 p pm.. 608 88
Same + Acid phos., sulphate of potash and nitrate of soda. . 619 80
Extract of Pot 12, untreated......covvervviiernnrneraennnenns 413 214

It will be noted from the table that the extract from Plot 12,
which receives a complete fertilizer in the field, produced very much
better plants that the extract from Plot 1, which is an untreated
plot. Also that the application of either acid phosphate, or nitrate
of soda produced a substantial increase, which was considerably
magnified when they were used in combination with each other, or
with potash. No increase was obtained here with potash alone.
The largest increase was obtained by the use of a complete fertiliz-
er, as has been the case with all the plot work as well as with the
other culture experiments.

Another test of the soil extracts from Plot 1 and Plot 12 gave,
for 19 days’ growth of 36 seedlings, 463 grams transpiration for the
former extract and 505 grams for the latter, an increase of 9.1 per
cent in favor of Plot 12, which has received applications of a com-
plete fertilizer.
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An experiment similar to the ones just described, but with the
soil itself in baskets, was carried on from February 16 to March 13,

1905, with 30 seedlings for each treatment.

results are given in Table XIII.

The treatments and

TaBLE XIIL.—Total franapiration and percentage variation of 30 wheat plants
grown in basket cultures of the soil of Plots 1 and 12, the former

also with the addition of acid phosphate and with
a complete fertilizer.

Soil and treatment Total Percentage
transpiration variation
" Grams
Soil from Plot 1, untreated...... ..cooivs viviiianenne ceee L 743
Same+Acid phosphate, 100 p. P M. ..ot iviierniiiiinies 798 7.4
Same-+Acid phosphate, sulphate of potash and mtr'a.te of
soda, each 100 p. p. 832 119
Soil from Plot 12, untreated.......vuoeeuuvrrunirrenireninnns 794 69

The section of plots from which these soil samples were taken
has produced a crop of wheat and two crops of grass since any
fertilizer was applied. This probably explains the fact that by
adding either acid phosphate, or the complete fertilizer, we have
been able to produce better plants on Plot 1 with treatment than
upon Plot 12, without treatment.

It will be noted that in every case, both in the extract and in
the soil itself, much better growth has been obtained from Plot 12
than from Plot 1. It is also clear that the extract from Plot 1 re-
sponds to acid phosphate and to the complete fertilizer. ‘These
results agree very well, at least in the relative order of productivity
for the different treatments, with the recent results obtained at the
Station from the five-year crop rotation experiment. The results
of the yield of wheat upon these plots for the year 1899 are given
in Table XIV. They are taken from Bulletin 110 of the Station,
page 74.> 'The percentage variations are derived from the average
of the five nearest untreated plots in the. some manner as were
those given in Table IX. The percentage variations obtained by
similar treatment of soil extract from Plot 1 are brought from
Table X and given here at the right for comparison:

' 1Similar results have been obtained in 1900 and 1901 and are published in
Bulletin 124 of the Ohio Experiment Station.
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TaBLE XIV.—Yield of wheat on variously treated plots of Wooster soil for
the season 1899.

Yield. Per cent variation
in similar treat-
Plot Treatment of soil, Grain, Straw. ments of soil ex-
No. pounds per acre. tract of Plot 1.
Bushels | percent | Pounds | percent (See Table X.)
per acre (variat’n | per acre|variat’n
1 4.42  |..o...l. [57 J
4 7.67 L140 |..........
7 5.83 810 |..........
10 5.33 (R N
13 “ 6.25 725 |
Average of 5 unfertilized plots....| 5.56 |.......... 816 |[..........
2 |Acid phosphate, 1601bs........... 11.42 105.4 1,215 48.9
3 |Muriate of potash, 100 1bs.,.:... .| 8.50 52.9 1,090 33.6
6 |Acid hosphate, 1601bs
Dried blood, 40 1b: %» ....... 17.67 217.8 1,890 131.6 78.8
Nitrate of soda. 120 Ibs.
8 |Acid phosphate, 160 1bs., } ... 15.08 171.2 1,535 88.1 35.6
Muriate of potash, 100 168"
9 [Muriate of potash, 100 1bs.,
Dried blood, 40 1bs , % .| 18.21 27.5 1,230 50.7 70.9
Nitrate of soda, 120 1bs.
12 |Acid phosphate 160 1bs.,
Muriate of potash, 100 1bs., .| 24.67 343.7 2,820 245.6 82.0
Dried blood, 401bs ,
Nitrate of soda¢ 2001bs.

TABLE XV.—Percentage variations in yield of wheat n variously treated plots
of Wooster soil for the years 1894, 1899, and in the average
yield from 1894 to 1902.

Percentage variation in yield for years:

Plot R
num Treatment. 1894 1899 (ffgix}fgze)
ber
Grain Straw Grain Straw Grain I Straw
2  |Superphosphate, 160 1bs. .......... —28.7 8.0 105.4 . 48.9 8.3 80.1
3 |Muriate of potash 1001bs.........| 30.4- 21.7 52.9 33.6 19.6 19.3
6 |Acid phos, 160 1bs. dried blood, 50
1bs., nitrate of soda 120 1bs...| —12.6 29.1 217.8 131.6 142.3 141.5
8 [Su hosphate, 160 lbs. munate
pggotagh, 100 1b¢ aes -1.2 11.9 171.2 88.1 123.8 94.5
9  |Mur. of pot, 160 1bs., dried blond,
501bs , nitrated soda, 120 1bs.| 18,0 13.3 221.5 50.7 24.9 34.3
12 |Acid phos., 160 1bs mur. of potash,
100 1bs., dried blood 1bs., .
nitrate of soda, 200 1bs......... 6.2 53.4 343.7 245.6 194.1 187.4

'Some slight changes in the treatment of some of the plots have been made
during the nine years, but these are not important in this connection.
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This comparison between the results obtained by the field and
culture methods will be completed by the presentation of the aver-
age increases in yield due to the different fertilizers and fertilizer
combinations for a period of nine years from 1894 to 1902. These
figures have been obtained in the manner used for Tables IX and
XTI, from Bulletin 141 of the Ohio Agricultural Experiment Station.
Since the percentage variations are alone of interest here, they alone.
will be given, and since these are mainly valuable in comparison
with similar results already given for the single years 1894 and 1899,
these two sets of data are brought from Table IX and XIV and are
given in Table XV, together with the data on the average for nine,
years just mentioned.

It is at once seen that the percentage variations on grain and
straw exhibit a much better agreement in the results from the
average yields for the long period than in those from the yearly
yields. This should be expected from the supposition that the
discrepancies noted in the latter case are probably due to seasonal
peculiarities, these tending to disappear in the average as time
elapses. By arranging the treatments in the order of their bene-
ficial effects as these are shown, on the one hand by field results
from nine years work, and on the other by the results of the exper-
iments with extract, some interesting information as to the relative
efficiency of the methods is obtained. Such an arrangement is
presented in Table XVI. Thenumber of the plotis given in the first
column and the treatment in the second column, and the figures
placed opposite them in the three columns following are the serial
numbers of these treatments when arranged in order of their ef-
fectiveness from the least to the most beneficial.

TaABLE XVI.—Parallel arrangements of treatments numbered according to effi-

ciency, as obtained from the field methods for nine years
and from botile cultures (Table X).

Plot Order of effectiveness of treatments,
ngex;h Treatment. In field method | In bottle cultures
1894-1902 (See Table X.)
Grain Straw

2 | PROSPRALE. ..uvvvrune e een vrreeieieiaaneneeaenaas| B 3 2

LD T S 1 1 1

§ |Phosphate afid nitrogen...........ccoceeuurninernsn. 5 5 5

8 |Phosphateand potash............cccvvuvnnnnsvnnnnn.. 4 4 3

9 |Potash andnitrogen.............cocoviiiiiiiinnn.., 2 2 4

12 |Phosphate, potash, and nitrogen...............c......| 6 6 6
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From this table it is seen that the two methods agree in giving
potash (Plot 3) the lowest place; in giving the fifth place to phos-
phate and nitrogen (Plot 6), and in giving the highest place to the
complete fertilizer treatment (Plot 12). The treatment with phos-
phate (Plot 2) is given second place bv the culture method instead
of third as obtained from the field work, and that with phosphates
and potash is given third place instead of fourth. ‘This is very
good agreement considering the nature of the work. ‘The only
considerable discrepancy is shown in the case of the treatment
with potash and nitrogen (Plot 9), which is given fourth place by
the bottle cultures and second place by the field experiments. Itis
impossible to explain this difference from any data at hand. On
the whole, however, the agreement of the two methods is as perfect
as is usually obtained with growing plants, the growth of which is
greatly influenced by many factors which we are not as yet able to
measure and control.

It appears from these considerations that, while, as in the case
of all work of this kind, there are a few discrepancies, the general
conclusions from the field experiments, both at the beginning in
1894 and in their more advanced stages, are in agreement with
those from the experiments carried on by the methods of basket
ctiltures and cultures in soil extract.

(2) LIME PLOTS,

The west half of each plot of the five-crop rotation experi-
ment at the Station was limed in 1900, using slacked lime at the
rate of 1 ton per acre. It will be noticed that this treatment gives
the fertilizer of each plot” with and without lime. Thus the results
show the effect of lime when used with each of the fertilizers separ-
ately and with varjous combinations, and also the effect of lime upon
the unfertilized soil. The effect of lime has been studied by Di-
rector Thorne since that time. He makes the following statement
of the results of liming Wooster soil as shown by the wheat crop:'
“Taking the first four unfertilized plots of Section E, on which this
test was begun, we find that the average yield of the limed ends
exceeded that of the unlimed by 7.50 bushels of wheat in 1902, and
there were similar differences in the yields of the fertilized plots lying
between. Thatthese differences. were not altogether due to natural
superiority of the soil on the limed ends of the plots has been grad-
ually brought out by the successive corn crops. Of the 120 plots
on which the corn has been separately harvested in this test, only

10hio Agricultural Experiment Station, Bulletin 159, p. 185, 1905.
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8 show as large a yield on the unlimed as on the limed portions.
Moreover, other tests, with corn and wheat, are adding further evi-
dence of the improvement in yicld following the use of lime.”

It thus appears that the results with lime obtained by means of
the culture methods agree very well with those obtained by the

field plots.
(3) MANURE PLOTS.

Barnyard manure chiefly from horses has been used on wheat on
Plots 18 and 20 of the five-crop rotation experiment. On Plot 18 ma-
nure was added at the rate of 8 tons per acre, and on Plot 20 at the
rate of 4 tons per acre. Plot 19, an untreated plot, lies between
these two and is considered as a control experiment. The average
results from the six years experiment, from 1894 to 1899, are given
in Table XVIL!

TABLE XVIL.—Results of plot experiments with manure on wheat. Average
of six years.

Yield.
Num- Treatment of soil. Grain. | Straw,
o3 Pounds per acre.
of pe Bushels |Percentage| Pounds ([Percentage
plot. per acre | variation | per acre | variation
18 |Horse manure, 16,000.s.... cccvceriavonants 13.18 62.7 1,642 95.0
19 |Untreated..........ceeeerevncionaiessannne 8.10 842
20 |Horse manure, 8.000......cccveeeuiunneee..] 1181 45.8 1.394 65.5

These figures show clearly that in the case of yard manure,
also, the results obtained by plot experiments agree perfectly with
those obtained by the cultures. (See Table I.)

It thus becomes evident that the results of this work by the
methods of wheat cultures in wire baskets and in soil extracts,
lasting altogether only six months; are as consistent throughout
with one another and with those obtained by the plot method at the
Station for eleven yvears as the latter are among themselves. As
was remarked in the introduction, this must not be considered to
mean that these newer methods can in any way supplant that of
field plots; the older methods must ever remain the source of final
answers to questions of soi]l management and fertilizer practice.
But the method of basket cultures and that of soil extracts should
be of very great value in the solution of soil problems on account of
their simplicity and the expedition with which they can be carried
out.

1These data are taken from Bulletin 110, Ohio Agricultural Experiment
Station, page 74.
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EFFECT OF CONTINUOUS CROPPING AND ROTATION OF CROPS.

An experiment was carried out to determine whether or not the
relative values of different crop rotations would be shown by the
basket method. The soil used in this experiment was subjected to
a three crop rotation, as follows: No. 1, wheat, clover, clover; No.
2, wheat, cowpeas, corn; No. 3, wheat, corn, oats; No. 4, wheat,
oats, cowpeas; No.5, wheat, wheat, clover; No. 6, wheat, wheat, corn;
No. 7, wheat, wheat, wheat.

The soil, which had previously been limed at the rate of 1500
parts per million, or approximately 1} ton per acre, was placed in
large wire baskets, each of which contained sufficient soil to fill five
of the small wire baskets used in transpiration experiments. The
first crop was planted March 9, and grew until April 4. The coarse
roots were sifted out of the soil before planting the second crop.
but nothing was applied, except in the case of No. 7, which received
acid phosphate at the rate of 500 parts per million.

The second crop was cut on May 15, and the third crop planted
without further treatment of the soil, with the exception of sifting
out the coarse roots. This crop was cut on June 23, and the soil
removed from the baskets.

On July 8 the soil from each rotation was put into five small
baskets and planted with wheat in the usual manner, in order to
determine the relative fertility by the transpiration method. Trans-
piration was taken from July 14 to July 29, and the data obtained
are given in the following table:

Trans- Green weight
Treatment piration of plané
Basket No. 1, wheat clover clover 670.5 5.30
¢ ‘¢ 2, wheat cowpeas clover 629.0 +4.70
¢t ¢ 3, wheat corn oats 492.3 3.30
€ ‘“ 4, wheat oats cowpeas 646.8 5.20
¢ “ 5, wheat wheat clover 630.9 4.80
“ “ 6, wheat wheat corn 510.2 3.80
¢ “ 7, wheat wheat wheat 522.0 4.80

It is to be noted that in every case in which a leguminous crop
was included in the rotation. better plants were produced. The
sample of soil which grew wheat continuously gave a trifle better
results than the rotation of wheat with corn and oats, but this is no
doubt due to the fact that the soil used for continuous culture re-
ceived a heavy application of acid phosphate.

The results of this experiment, in addition to showing the value
of leguminous crops, and the fact that the basket method is ade-
quate to demonstrate this value, emphasize the necessity of knowing
something in regard to the previous cropping of a sample of soil
which is to be tested.
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V. CONCLUSION.

The experiments carried on at the Ohio Agricultural Experi-
ment Station during eleven years by the plot method and those
carried on during the last six months by the culture methods of soil
in wire basketsand of soi1l extract in bottles, agree in showing that
the best results which have been obtained are those following the
application of nitrate of soda in combination with acid phosphate,
the application of lime or the application of manure. Being sub-
mitted to a five-crop rotation, this soil soon responds markedly to
applications of phosphoric acid, and the effect of the continued.
application of this fertilizer is undoubtedly cumulative. This point
being brought out equally well by both field and culture methods.

Additional conclusions brought out by the basket and bottle
cultures are as follows:

1. The character of the soil, as far as its ability to produce
plants is concerned, is transmitted to its extract, as is shown by the
fact that the same results may be obtained by growing plants in
the extract as are obtained by growing them in the soil itself.

2. The soil is acid, probably with an organic acid, butits pres-
ent low productivity is not due to the acidity.

3. The beneficial effect of lime is probably due in great meas-
ure at least to other causes than its power to neutralize the soil
acidity.

4, The evidence points strongly to the conclusion that this
soil contains some toxic materials somewhat similar to, but still
differing in some of their properties from, those found in the Tako-
ma lawn soil investigated by the Bureau of Soils of the U. S. De-
partment of Agriculture. Itseems probable that the effect of lime
on Wooster soil is largely due to its action, in some way as yet
undetermined, upon these toxic bodies, and it may be that a large
part of the effect produced by fertilizers and stable manure is due
to some similar action on the part of tnese latter substances.
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