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INTRODUCTION

It has been found by means of field experiments conducted at the Rhode
Island station that under conditions where liming exerted very little influ-
ence upon the growth of rye, barley was increased two to threefold (4). These
crops were selected in the present instance simply as convenient representa-
tives of crops differently affected by acid-soil conditions.

In a previous article by us (5), the method of water culture there described
being the same as in the present instance, it was shown that barley seedlings
were not more susceptible than rye seedlings to injury by acidified nutrient
solutions, even though so-called acid soils are much more deleterious to bar-
ley than to rye. The reason for the different effect of acid soil and acid
nutrient solutions has interested the authors for a number of years. The
present paper is a record of their intermittent work on the subject.

Unless otherwise stated, the solution work with seedlings was conducted
in 250 cc. wide-mouthed bottles under such conditions that the transpiration
could be measured during the few weeks of the experimental period. The
total transpiration could be compared with the final weight of the green tops.

EFFECT OF ACID IN WATER AND SAND CULTURES

There are so many different cultures involved in the present work that a
condensation of the data seems desirable. Therefore, in most cases the
transpiration and weight of the green tops accompanying each bottle are not
given, but the effect of a stated treatment is considered to be shown by com-
paring the average of both these observations derived from duplicate cultures.
For example, in recording some additional data concerning the relative effect
on rye and barley seedlings of sulfuric acid added to the nutrient solution,
the depression in growth of the rye based upon the averages of transpiration
and weight of the green tops, as just explained, is represented by 100 in each
case, and the depression in the growth of barley in individual instances is ex-

, 1 Contribution No. 247 from the Agricultural Experiment Station of the Rhode Island
State College. :
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pressed as related thereto. In different experiments and under a number of
different conditions the depressing effect on barley caused by the acid was,
in comparison with 100 as representing the effect on rye, 124, 103, 102, 101,
95, 100, 99, 99, 96, 121, 98, 98, 96, 120, 75, 113; average, 103.

This agrees with the earlier work in showing that barley and rye seedlings
are affected practically alike by acid added to a nutrient solution containing
the usual essential elements. ,

Realizing that conditions attending the growth of seedlings in water cul-
ture are quite different from those in the field, a nearer approach to field con-
ditions was made by growing the seedlings in sand and nutrients with and
without the addition of acid, usually sulfuric. Sometimes sea-beach sand
and again quite pure quartz sand was used without any special treatment.
In other experiments the sand was digested in hot acid, washed, and ignited
previous to its use. If the depression in the growth of rye is expressed in
each case by 10, the relative depression in the growth of barley becomes 18,
8,23, 11, 22,9, 13, 6, 9, 10, 10, 13, 10, 13, 14, 4, 12, 17, 25, 18, 26, 10, 12,
15, 21, 27, 16, 8, 17, 10, 10, 23, 12, 6, 13, 4, 12, 13, 14, 13, 10, 15, 13, 11, 16;
average, 14.

It may be seen that on the average the sulfuric acid depressed the growth
of barley more than it did that of rye. In many instances, however, the dif-
ference was slight, as was nearly always the case in water cultures, and the
authors were inclined to the opinion at the time that the exceptions were
-accountable mainly to abnormal differences in the relative vigor of the two
kinds of seedlings. For the purpose of determining the difference in the
effect of acid on various strains and varieties of barley and rye, a number
of samples of these grains were kindly furnished upon request, by the agri-
cultural experiment stations of the states of Utah, Minnesota, Iowa and Penn-
sylvania, and of the province of Ontario. .

It was found by carrying on water cultures with these seeds that when the
various strains were grown under the same conditions, either in neutral or
acid cultures, there were some marked differences in the relative results.
Therefore, in order to ascertain whether the relative effect of acid on the
two kinds of seedlings was really dependent on the method of culture, water
cultures and prepared sand cultures were carried on at the same time and
with the same lot of seeds in each of a number of tests. The results are
given in table 1, where it may be seen that the relative depression was about
the same with the two kinds of seedlings, both in the water and sand cultures.

These results show that acidity present in connection with the ordinary
plant nutrients has a relative effect on the two kinds of seedlings very dif-
ferent from that of so-called acidity in connection with the soil; for, as has
been shown in the field repeatedly at this station, barley is much more sensi-
tive than rye to acid-soil conditions.
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TABLE 1

The relative effect of acidity on the weight (in grams) of the green tops of barley (B) and rye (R)
seedlings when grown in sand and water cultures

avcust | SEETEMT | yaRCH | MARCH | MARCH e
1911 1913 1913 .| 1913 |AVERAGE
1911 WEIGHT
B|R|B|R|B|R|B|R|B|R|B|R
Sand culture
. 4.5|3.6/3.9(2.64.2(1.914.4(2.2(3.7\2.2
Nutrients......oovei i, {4.33.64.22 54.01.94.52.23.82.1100 100
. . 3.712.813.5|2.2(2.9(1.5[3.4/1.8/3.3{1.6
Nutrients plus least amount of acid...... {3.42.84.02_33‘01.53.71'9311'2 82| 81
. . 1.4{2.213.1(1.5/1.0/0.8[2.2{1.1|1.6{1.1
Nutrients plus largest amount of acid. ... { 131 sl 712 ol1 11 012.8/1.32.3/1.5 47| 59
Water cultures
5.3|5.6|8.1|4.5|8.4/6.2|8.2|5.6|8.8]6.7
NULHEnts . . vie e et e e e 5.1|5.8|7.9{4.0/8.816.2(8.2|4.9|8.9|5.9{100{100
5.216.28.34.3
3.314.7(7.1|14.2|8.3[4.3{7.4i4.1|7.7|5.6
Nutrients plus least amount of acid...... 3.6|5.5\7.8|4.3{8.1]4.3|7.6/4.1{7.9{5.2| 88| 84
4.2[5.7|7.43.5
2.1)3.7
Nutrients plus largest amount of acid. ... {[2.53.5 7.12.916.4]3.1/6.5|4.1| 54| 60
3.5 6.9(2.7|5.7|2.9]6.0|3.6

INFLUENCE OF THE EXTRACT OF AN ACID SOIL

That the special characteristics of an acid soil are transmitted to its ex-
tract is shown by the effect of an alkaline material, sometimes the hydroxide
of sodium and again of calcium, either on the aqueous extract of soil from
permanent plat 23 or on the same extract after adding nutrients. For
a number of years this unlimed soil had received sulfate of ammonia, as the
source of nitrogen in fertilizer ichemicals. It was therefore very acid and im-
parted sufficient of its characteristics to the extract so that barley seedlings
grew much less normally than rye seedlings, unless alkaline materials especially
were added to the extract. The following numbers represent the percentage
loss in weight of rye and barley seedlings caused by withholding alkaline
materials from, in comparison with adding them to, the extracts of this soil:

Rye.covveeeeiniiiinn. -2, 2,22, 7, —10, 30, 49, 16, 36, 1; Average, 15
Barley...coeevinieennan. 41, 36, 44, 39, 10, 61, 57, 52, 64, 49; Average, 45
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When it had been shown that rye was much less affected than barley by
acid soil and its aqueous extract, whereas acidity producedartificially in sand
and water cultures affected both seedlings about alike, the question arose as
to whether the soil and extract contained some factor which protected the rye
from the usual deleterious effect of acidity as exhibited in artificial cultures.
Any treatment which would destroy such a possible agency for protecting the
rye seedlings would be expected to exert a relatively greater detrimental influ-
ence on the rye than on the barley which appears not to be protected. To
throw light on this point possibly, seedlings were grown in beakers and the
effects noted of certain soil treatments which will now be mentioned.

Under like manurial conditions barley and rye seedlings were grown (a) in
unheated soil from the unlimed sulfate of ammonia plat, (b) in the same soil
after sterilization in an autoclave at about 125°C. under 15 pounds pressure
for one hour, and (c) in similarly sterilized soil to which an infusion from the
original soil was added subsequently. The two experiments which were

TABLE 2
The effect on the growth of barley and rye seedlings of heating an acid soil at different temperatures

EXPERIMENT I EXPERIMENT II
RELATIVE WEIGHT OF RELATIVE WEIGHT OF
GREEN TOPS GREEN TOPS
Barley Rye Barley Rye
Unheated soil............................... 100 100 100 100
Soil heated at 100°C......................... 82 94
Soil heated at 260°C......................... 36 36 53 45
Soil heated at 360°C.......................... 113 94 116 90
Soil heated at 420°C......................... 121 100

conducted did not furnish evidence that the hypothetical agent for pro-
tecting the rye consisted of some organism, for the soil infusion was not more
beneficial to the rye than to the barley. The barley especially, however,
made a very unsatisfactory growth due to the acid-soil conditions. From a
similar viewpoint the soil was treated with toluol instead of being sterilized by
heat, but the results do not warrant any statement of interest in connection
with the idea that the rye was influenced by the association of some lower
form of life which enabled it to withstand the acid conditions. Coville (2)
claims that the blueberry, another acid-soil plant, has a mycorrhizal fungus
associated with it “which is able to assimilate nitrogen from the surrounding
organic matter, and perhaps from the atmosphere also, and to convey it into
the plant without taking along with it a large amount of the poisonous soil
moisture.”

Soil taken from the unlimed ammonium sulfate plat in the fall of 1913 was
heated at various temperatures prior to growing rye and barley seedlings in
it with optimum nutrients (table 2). By the calcium-acetate method, the
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amount of calcium oxide required to neutralize two million pounds of soil was
7200 pounds for the unheated soil, and for soil heated several hours at 100°,
260° and 360°C., it was 5760, 5400 and 3240 pounds, respectively. When
heated for 10 hours at not less than 420°C. the amount of calcium oxide re-
quired was reduced to 2200 pounds.

Although heating the soil decreased the acidity, there was a decided in-
crease in toxicity when the temperature of heating was around 260°C., which,
however, affected the two kinds of seedlings about alike. Heating at the
higher temperatures developed no toxicity, but seemed to be beneficial for
barley; indicating that some substance toxic especially to barley may have
had its effect reduced by the heating. In view of evidence to be presented
that aluminum is such a substance, the thought arises that its availability
might have been decreased by dehydration effected by the heat.

ADDITION OF SUBSTANCES TO ASCERTAIN IF THEY HAVE AN UNLIKE EFFECT ON
THE TWO KINDS OF SEEDLINGS

Tnasmuch as rye and barley are affected differently by acid soils, it was evi-
dent that some factor besides acidity must be potent. It seemed desirable,
therefore, to make next the following tentative tests to ascertain whether
treatment with other materials than those of an alkaline nature would have
a specific effect on either kind of seedlings. . :

The acidity of hydrogen peroxide was nearly neutralized with sodium
hydroxide; and, after the nutrients had been supplied, two amounts, 3 and 5
cc., were added to 250 cc. of soil extract of plat 23. The smaller addition of
hydrogen peroxide increased the transpiration, but otherwise the barley seed-
lings were more abnormal with both amounts of hydrogen peroxide than when
it was not added to the soil extract.

One of the poisonous organic substances which have been isolated from soil
by the United States Bureau of Soils is dihydroxystearic acid. The Bureau
kindly furnished a small amount of this material so that it might be ascer-
tained whether its relative effect on barley and rye seedlings was similar to
that exerted by acid soil. One hundred parts of the dihydroxystearic acid
‘per million parts of a nutrient solution depressed the transpiration of barley
77 per cent and of rye 85 per cent; likewise, the weight of green barley tops
was reduced 40 per cent and of rye tops 54 per cent. Fifty parts per million
depressed the transpiration of barley and rye, 47 and 49 per cent, respectively,
and the weight of green tops, 30 and 24 per cent, respectively. In this last
experiment an amount of sulfuric acid equivalent to the dihydroxystearic
acid depressed the transpiration of the barley 48 per cent and the weight of
its green tops, 12 per cent. In another similar comparison with barley, the
dihydroxystearic acid depressed the transpiration 47 per cent and the weight
28 per cent, whereas the sulfuric acid depressed the transpiration 29 per cent
and the weight 13 per cent.
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It appears from the foregoing data that dihydroxystearic acid does not ac-
count for the fact that barley is more injured than rye by acid-soil condi-
tions, since it was fully as deleterious to rye as to barley. It likewise appears
probable that the toxicity of dihydroxystearic acid is largely attributable to
its acidity.

The relative effect of manure extract when added to an acidulated nutrient
solution was tested. The manure extract was acidulated, boiled, and then
neutralized before using. The development of both kinds of seedlings was
depressed 56 per cent by the addition of acid to the nutrient solution and
only about 42 per cent when the manure extract was also added. The barley
and rye seedlings were again affected alike, however, and no evidence was
obtained, therefore, that the manure extract contained any organic com-
pound which served to account for the difference in the effect of acid soils on
the two kinds of seedlings.

A SEARCH FOR SOME DIFFERENTIATING FACTOR IN THE SOIL EXTRACT

Half of a soil aqueous extract, with 0.0015/N acidity, was distilled from a
glass retort, with the result that the distillate proved to be neutral, and the
acidity of the solution remaining in the retort was double that of the original.
Barley seedlings were grown with optimum nutrients dissolved in the various
liquids mentioned below and the following relative averages of the transpira-
tion and weight of the green tops secured, namely: carbon-treated distilled
water, 100; soil extract, 37; distillate from the soil extract, 108; and the soil
extract from which a half had been distilled, 27. The transpiration in the last
instance was only a half of what it was in the original soil extract, showing that
the deleterious substance simply had been concentrated in the retort and not
distilled off.

The toxic factors in the extract of the soil from the unlimed sulfate of am-
monia plat were not segregated by dialysis, for after a strongly toxic extract
had been placed in a dialyzer for one week, the diffusate and dialyzate were
shown to be equally toxic to barley seedlings. This indicated that the toxicity
was of a crystalloidal nature.

Upon failure to get evidence that the toxicity was probably due mainly to
organic material, it was decided to continue the investigation more especially
with inorganic substances in mind.

Since nitrification would not be expected to take place normally in the
unlimed plat to which sulfate of ammonia is applied as a source of nitrogen,
experiments were conducted with seedlings in solution to see if rye makes
relatively better use than barley of sulfate of ammonia as a source of nitrogen.
If such were the case, the ability of rye to grow better than barley on the
plat might be explained. It may be seen from table 3, however, that the
growth of the two seedlings was depressed about alike when calcium nitrate
was replaced by ammonium sulfate on the basis of equal nitrogen, that is, an
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average depression of 63 per cent. This depression was doubtless due to the
development of acidity where ammonium sulfate was used, rather than to this
particular nitrogen combination; for, as may be seen in the table, it was
necessary only to have present with the ammonium sulfate some calcium car-
bonate or sodium hydroxide in order to obtain practically normal growth. It
would hardly be expected that under the experimental conditions there would
be nitrification, and it is true that at least in some of the solutions, ammonium
salts were left as such after the removal of the seedlings. The residual solu-
. tions when made up to the original volume had an average alkalinity in case
calcium nitrate was used of 0.0002/N with phenolphthalein, and of 0.014/N
with methyl orange as indicators; whereas when ammonium sulfate was
used, instead of alkalinity there was an average acidity of 0.019/N with
phenolphthalein and 0.0008/N with methyl orange. Carbon dioxide was
eliminated from the solutions before using phenolphthalein as an indicator.

TABLE 3

Relative effect of equivalent amounts of calcium mitrate and ammonium sulfale in nulrient
solutions on the average of the relative transpiration and weight of green
barley and rye seedlings

EXPERIMENT

I1II I v v

RRETRERE

ela|&laldlald|<
(N0, . oot e 100{100{100]100(100{100]100{100
Ca(NO3)eplus CaCOs. ..o 971 95
(NHL) 2S04 o oo v e e 44} 38 31| 43| 32| 35| 35} 35
(NH4)2SO4 plus Ca.COs .............. e 91 87
(NNH4),SO4 plus NaOH (varying amounts) ................. 54 60| 55| 88| 78

The acidity of the solutions when sulfate of ammonia was ﬁnaccompanied by
a base was sufficient to account for the depression in the growth of the seedlings.

In order to ascertain whether the ash constituents of the soil extract were
in any way responsible for its different effects on rye and barley, an aqueous
extract was made, and evaporated to dryness. The residue was ignited, and
then dissolved in hydrochloric acid. Most of the acid was evaporated, and
the remainder neutralized with sodium hydroxide. Nitrogen was supplied.
in the solution in such a proportion of ammonium and calcium nitrates as
was necessary to control the reaction of the solution. To a portion of the
soil extract, which was not evaporated, the same amounts of nitrogen and of
sodium chloride were added as were present in the other solution.

Barley and rye seedlings were grown under neutral and acid conditions, not
only in the above solutions, but in a regular nutrient solution. The results
may be found in table 4. The results are so arranged that the development
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in the neutral solutions in each of the three cases is represented by 100 so that
the relative effect of the acid cultures may be seen readily by referring to the
table.

Rye exhibits its usual tendency, though less than has been sometimes the
case, to withstand better than barley, the toxic effect of the soil extract in its
original condition. Tt is of importance to notice that the same tendency also
exists in connection with the acid nutrient solution containing the ash con-
stituents only of the soil extract. That is, the growth of the rye was de-
pressed much less than that of the barley. When the acid was added to the
ordinary nutrient solution, however, the growth of the rye was, in general,
depressed fully as much as that of the barley; an observation which is in
accord with what has usually been noticed heretofore.

TABLE 4

The relative effect on barley and rye seedlings of an extract of an acid soil, of ithe ash in the
same, and of an acid wulrient solution

EXPERIMENT I EXPERIMENT IX
Relati s |Relati .
weight of Relative weight of Relative
gtr:;: ration %g;esn ration
& & & by
G HEIHEE
Soil extract of plat 23 neutralized with NaOH............. 100{100|100{100|100{100{100|100
Soil extract of plat 23 unneutralized...................... 75| 74| 61| 66| 78| 92| 43| 67
Solution of the soil-extract ash....... e 100[100|100{100|100{100(100|100
Solution of the soil-extract ash plus HoSOy4................ 821107| 75| 94| 74f 86| 43| 54
Nutrient solution.........oovvviiiiii e, 100(100(100{100{100{100{100|100
Nutrient solution plus the HeSOy. ...t 74} 79| 56| 58] 59 50| 40| 25

Evidence having been secured that some inorganic element or elements
were responsible for the different effects produced by the acid-soil extract,
determinations were made in the fall of 1913 of certain ingredients in an
aqueous extract prepared as follows from soil of the unlimed ammonium sul-
fate plat. Various 2-pound portions of the soil were each mixed with 2.5
liters of distilled water, and allowed to stand about an hour, after which the
liquid parts were poured off to furnish 20 liters of extract, which was then
passed through a Chamberland filter. This solution contained the following in
parts per million: N, 15.9; SiO,, 0.7; SO;, 65.2, and ALQOs;, 27.8. The last
two were present in about equivalent amounts.

The two kinds of seedlings were next grown in the presence of certain of the
elements not generally considered as exerting any nutrient influence on plant
growth.
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The effect of even chromium was determined, because a positive qualitative
test for this element was reported upon examining the aqueous extract.
Potassium chromium sulfate in an acid nutrient solution failed, however, to
give indications that it inhibited the growth of rye seedlings any less than that
of barley seedlings. .

Although manganese was absent from the soil extract, recent work at the
Alabama station (3) makes it of especial interest to recordthat in connection
with three trials of potassium permanganate as an oxidizer, the results given in
table 5 had been obtained, which showed that the effect of manganese on the
two seedlings was not essentially different. The basal solution contained
optimum nutrients.

A trace of iron was present in the soil extract but the authors had already
failed to find that this element in acid solutions affected the two seedlings
differently (6).

TABLE 5

Relative average transpiration and weights of green tops showing effect of potassium permanganaie

EXPERIMENT I EXPERIMENT II [ EXPERIMENT IIT AVERAGE

Barley | Rye Barley| Rye | Barley| Rye | Barley| Rye

No KeMneOs...ovvovovennne 100 | 100 | 100 | 100 | 100 | 100 | 100 | 10O
2 parts per million KoMnyOs.....| 91 86 84 95 87 91 -
4 parts per million KyMnoOs.....| 87 78 89 97 90 88 89 88
8 parts per million KeMnyOs.....; 84 71 81 73 82 72

ALUMINUM AS THE CAUSE OF THE UNLIKE EFFECT OF ACID SOIL ON RYE AND
BARLEY SEEDLINGS

The relative percentage depression in the average of the transpiration and
weight of green rye and barley seedlings caused by adding to a nutrient solu-
tion sufficient aluminum, usually in sulfate, to produce in most cases about the
same concentration of aluminum as was present in the soil extract, is shown
below by different comparative tests:

Rye.......... 31, 30, 30, 26, 18, 18, 17, 30, 21, 34, 37, 22, 15, 19; Average, 25
Barley....... 67, 66, 62, 47, 47, 68, 62, 57, 44, 57, 46, 56, 48, 42; Average, 55

It may be seen from the preceding values that the aluminum and accom-
panying acidity are much less deleterious to rye than to barley; whereas it has
been shown previously that the two seedlings are affected alike by acidity
when unaccompanied by aluminum. In most instances the two sets of con-
ditions, with and without aluminum, existed in the same experiment so that
the differences could not be attributable to other varying conditions. Similar
results were obtained also in sand cultures.

It having been shown that there exists a specific difference in the effect of
aluminum on rye and barley, it seemed probable that the element either tends
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to protect rye more than barley from the deleterious effect of acidity, or else
it is less toxic to rye than to barley. In either case the growth of the barley
would be depressed more than that of the rye.

The possibility was recognized that the association of aluminum with
chromium or with silicon, two other non-nutrient ingredients of the aqueous ex-
tract, might be even more effective than the aluminum itself. A number of
water cultures containing in the nutrient solution different proportions of
these elements were conducted, but it was found that chromium and silicon,
either with or without aluminum, exerted no unlike effect upon the two
seedlings.

To decide between the two hypotheses regarding the manner in which
aluminum affects rye and barley differently, it was necessary to know the com-
parative acidity of the nutrient solution when, to one aliquot, aluminum sul-
fate was added, and to another, an equivalent amount of free sulfuric acid.
Under these two conditions the barley was depressed equally and the rye
very unequally. . '

If the hydrolysis of the aluminum sulfate was insufficient to produce a de-
gree of acidity about like that of the free sulfuric acid, then the depression in
the growth of the barley must be attributable in part to the toxicity of the
aluminum. Miyake (7) found that the hydrogen-ion concentration of a solu-
tion of aluminum chloride was about one-third as great as in an equivalent
solution of hydrochloric acid. This led him to think that aluminum itself in
some form might have been toxic, since the above-mentioned solutions with
which he worked proved to be about equally injurious to rice seedlings.

In our work the nutrient solution containing aluminum sulfate was found
to have about one-fourth the hydrogen-ion concentration which existed
when an equivalent amount of sulfuric acid was added. This led the authors
to believe that aluminum exerted its different effect because of its more pro-
nounced toxicity to barley rather than because of an exclusive protective in-
fluence on rye. :

It was recognized that extreme care was necessary in working with nutrient
solutions containing such elements as phosphorus, iron and aluminum to be
sure that the effect of the aluminum was not prevented by precipitation.
Had this occurred in the rye cultures more than in the barley cultures, for
instance, the conclusion that aluminum was less toxic to rye than to barley
would have been erroneous. Owing to the difficulty of differentiating with
certainty in culture solutions between a slight chemical precipitation, and
turbidity naturally arising from other suspended material, certain precautions
are necessary in work of this kind. Furthermore, without special precautions
precipitation might take place on the roots.

When the phosphorus was reduced to only the very small amount neces-
sary for nutrient purposes, and such proportion of ammonium nitrate and
calcium nitrate used as would maintain or increase the acidity, it was felt
that if a solution remained perfectly clear from standing prior to the intro-
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duction of the seedlings, it was not probable that any subsequent precipita-
tion could have taken place.

Some attempt was made to ascertain whether aluminum is toxic in neutral
or alkaline solutions, using citric acid and tartaric acids or their sodium
salts for the purpose of holding the aluminum in solution, even if in complex
ions. Under these conditions, however, the two seedlings seemed to be
affected more nearly alike, and the difficulties of knowing positively whether
the aluminum had been maintained in true solution led to the a/bandonmen.t
of this line of work at least temporarily. It would be very desirable to know
the range of circumstances in which aluminum is toxic.

TABLE 6

The relative effect of aluminum sulfate, and its equivalent and twice this amount of sulfuric
acid, on the weight of the green tops per len barley and ten rye seedlings

RELATIVE WEIGHT OF

WEIGHT OF GREEN TOPS GREEN TOPS

SPECIAL ADDITIONS TO THE NUTRIENT SOLUTION < —’g‘ ) —fg‘
B B
5% | B2 | Rve | 28 | BB | Roe
EIS) 5 ERI 58
<] M M A
grams | grams | grams
3.8814.6312.78
B o3 ¢ OO ' 100 100 100
3.80 | 4.63 | 3.09

58 59 59

2.1213.05)1.73
2.2612.26 | 1.60

4 ¢cc. 0.1/N sulfuricacid.................. 0 82 76 83

2.86|3.23 | 2.60

Aluminum sulfate (added sometime pre- 8.322.43 67 86
. 2.85 1 2.54
viously) . oo e
. . . 2.5912.91|2.09
Aluminum sulfate (just previously added) ... { 251|304 272 68 65 83

An experiment typical of the many which have been conducted with alum-
inum salts will now be described somewhat in detail. It was conducted
in the greenhouse between January 8 and 29, 1918. The results may be
found in table 6. In the series where the aluminum sulfate is there mentioned
as having been “added sometime previously,” it was mixed with the nutrient
solution a few weeks before the experiment was begun, to afford full oppor-
tunity for the aluminum to be precipitated if any of the ingredients could
throw it out of solution. In the other series the aluminum sulfate was not
added to the nutrient solution until just before it was supplied to the seed-
lings. There was no significant difference, however, in the two series.
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Even if the aluminum remained in solution prior to the introduction of the
seedlings, it was recognized that the nutrient solution must not become
physiologically alkaline as a result of the growth of the seedlings for fear
that the aluminum would be precipitated as a consequence and the purpose
of the experiment be thwarted. Previous tests had taught us that the re-
action of the nutrient solution may be controlled conveniently by varying
the ratio of calcium nitrate to ammonium nitrate, and in the present experiment
a sufficient proportion of ammonium nitrate was added so that the acidity of
the solutions would at least not be reduced in the presence of the growing
seedlings.

Aliter of the basal nutrient solution contained 15 cc. 0.2/N Ca(NO;),.4 H,0,
10 cc. 0.1/N NH,NO:;, 8 cc. 0.1/N KC, 8 cc. 0.2/N MgSO,.7 H;0, 1 cc. of a -
solution containing 8.3 gm. of CaH4(PO.). H;O per liter, and 10 cc. of a
dilute Fe;(INOs)s solution. In the series receiving the larger addition of sul-
furic acid 8 cc. of a 0.1/N solution was also added in the liter. The alumi-

TABLE 7

Percentage depression caused by sulfuric acid and by aluminum sulfate

TRANSPIRATION WEIGHT OF GREEN TOPS
Barley Rye Barley Rye
H2S0¢ Al2(S04)s H2S0s Al(SOQq)s H2S04 Al2(SO4)3 H2S0: Al2(S04)3
[i%] ~ 71 64 31 40 43 42 28
61 54 59 18 38 33 41 24
58 58 062 31 48 56 49 37
62 49 53 34 59 42 47 40
Average 62 58 60 29 46 44 45 32

num sulfate was made equivalent to this larger application of acid, and it may
be seen that the aluminum depressed the growth of barley much more than
it did that of rye, although again both seedhngs were depressed alike by
either concentration of acid.

Although it is obvious that the growth of barley is depressed much more
than that of rye by aluminum, it is of interest to consider whether the rye is
actually affected by the aluminum itself. The results given in table 7 will

_assist in consideration of this point. As there arranged, the percentage de-'
pression is given on both the transpiration and weight of the green tops.caused
in four typical experiments by the addition singly of sulfuric acid and alumi-
num sulfate in equivalent amounts to an optimum nutrient solution.

It may be seen that barley was affected about alike by equivalent amounts
of sulfuric acid and aluminum sulfate, but that rye was depressed about
twice as much by the acid as by the aluminum salt. If the latter is hy-
drolyzed about one-fourth as extensively as the acid, which seems to be the
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case, judging from the hydrogen-ion determinations referred to previously,
then not more than half the depressing effect exerted on the rye would seem
to be attributable to acidity, leaving a portion of the effect to be chargeable
directly to the aluminum even in case of therye. From thispointof viewalumi-
num would seem to be some three times as toxic to barley as to rye. Only
an approximate quantitative consideration, however, is warranted until
more work has been done on the actual acidity of the nutrient solution as in-
fluenced by the addition of the sulfuric acid and aluminum sulfate, both be-
fore and after the growth of the barley and rye seedlings. Judging from the
appearance of the roots of the seedlings, there was very little effect of the
aluminum on the rye but a very marked effect on the barley (fig. 2, plate 1).

Such experiments seem to warrant the idea that aluminum itself in solu-
tion in certain acid soils may be a factor differentiating their effect on plant
genera, whereas acidity from whatever source may affect the plant genera
alike. Ruprecht and Morse (8) at the Massachusetts station did not discrim-
inate as to which component of the aluminum salts was responsible for toxicity.

Investigators at the Indiana station state in connection with their work
1, p. 368) as follows:

The facts that aluminum nitrate and soil extract of the same normality with respect to
aluminum are of approximately equal toxicity, and that aluminum nitrate and nitric acid
of the same normality are of approximately equal toxicity, point to the acid as the toxic
agent.

If in our search for a cause of the different effect of acid-soil conditions on
different kinds of plants we had not rigidly excluded every toxic factor which
affected alike the two kinds of plants, which were selected because of the
unlike effect of acid soils upon them, it is doubtful if a probable cause would
have been discovered. .

One could find readily enough, many factors toxic to plants in general.
An investigator is liable to fix his attention on one of these, and because of
circumstantial evidence which he accumulates, conclude that he has found
the cause which is responsible for the deleterious effect of acid soils.

If, however, the very genera which are affected decidedly differently by a
particular set of acid-soil conditions are grown in circumstances where a
specific factor is the only variant, it will be found that many of the assumed
causes are only contributory to the principal reason for the effects observed
in the field.

It may be found eventually that the principal disturbing factor is different
under one set of acid-soil conditions than under another set, and even that
the same factor may not account for the different effects in case of all genera.
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EFFECT OF MANURIAL TREATMENTS OF THE SOIL ON THE AMOUNT OF ACTIVE
ALUMINUM

Inasmuch as aluminum is toxic, in connection with acid, to barley and
probably other crop plants, it may be true that the improvement of certain
soils by liming or phosphating is due in part to a reduction in the amount of
active aluminum. To gain indications regarding this point, in the spring of
1914 samples of soil from certain permanent field plats were taken, dried,
and sifted through a 1-mm. sieve. With frequent shaking for a period of
three days, the soil was treated with water through which carbon dioxide
was conducted in such a way as to maintain a saturated solution and
atmosphere.

The following determinations were made:

Ni;‘;ik SPECIAL FIELD TREATMENT ) FezOf’,z 351’03’ Fe:0s Al203, P20s
per cent per cent per cent
23 | Sulfate of ammonia, unlimed........... 0.063 0.007 0.056
25 | Sulfate of ammonia, limed............. 0.040 0.010 0.030
27 | Nitrate of soda, unlimed............... 0.044 0.010 0.034
© 29 | Nitrate of soda, Umed................. 0.036 0.010 0.026
54 | Dissolved bone, unlimed............... 0.059 0.007 0.052
66 | Roasted aluminum phosphate, unlimed..| . 0.047 |  0.007 0.040
68 ' | No phosphate, unlimed................ 0.080 0.008 0.072
67 | No phosphate, limed.................. 0.048 0.014 0.034

The amount of aluminum and phosphorus oxides, which was determined
by difference, proved to be too small for separation of the two. The first
four plats received an equal liberal amount of acid phosphate annually.
However, experiments at this station have shown that liming tends to in-
crease the availability of phosphorus; consequently, if the differences are
attributed to aluminum there will be at least no exaggeration. In no case
had the liming been sufficient to maintain even a neutral soil reaction. Nev-
ertheless, the results show that there was probably more active aluminum
in the more acid soils, especially the very acid soil from plat 23. The four
remaining plats are a part of the “phosphate experiment.” The results sug-
gest that both the phosphating and the liming may have reduced the active
aluminum, even though here again the soil has never been fully neutralized.
The data are recorded mainly for their suggestiveness, with a full reahzauon
of their incompleteness.

To ascertain the influence of uncombmed phosphoric oxide in reducing the
amount of active aluminum in soil from the unlimed sulfate of ammonia plat,
250-gm. lots of the soil were mixed intimately with water and different amounts
of a solution, 25 cc. of which contained 2.5 gm. of P,O;s, and allowed to stand
for about a month, when the following was found to be soluble in 20 per
cent acetic acid by digesting for 24 hours at 50 to 60°C. with occasional
shaking:
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P05 ALOs*

per cent per cent
Check soil receiving no PoOs............ e e 0.013 0.566
Soil receiving 1.3 gm. PeOs. ... ..o 0.015 0.524
Soil receiving 1.9 gm. PoOs. .o ove ot 0.046 0.260
Soil receiving 3.0 gm. PoOs. ..o 0.077 0.101

* The following percentages of certain ingredients sometimes claimed to be in a deleterious
form have been found from time to time in the dry fine soil of the same general nature,
which is a granitic glacial drift, namely: Al,O; 4.64, FeyO; 3.46, Mn;O, trace, soluble in a hot,
strong solution of hydrochloric acid; AlsO; and Fe;O; 1.46, soluble in 0.20/N HNO; in 5 hours
at 40°C.; AlyO; and Fey030.50 ,soluble in 0.04/N HNO;; and Al,O; 0.20, soluble in 0.013/N
HNO;. Not enough iron was dissolved in the latter solvent to impart a yellow tint to the
aluminum hydroxide precipitate, showing how relatively soluble the aluminum was in very
dilute acid. Not more than a tenth as much calcium and magnesium oxides as aluminum
and iron oxides is dissolved by the various solvents.

Indications were likewise obtained as to the effect of acid phosphate upon
both the reaction and the aluminum of an acid soil, by using a sample which
was taken from the unlimed sulfate of ammonia plat early in the spring of
1914. Three lots of soil of 2,000 gm. each were mixed respectively with 95,
190 and 380 gm. of acid phosphate. They were then kept moist and stirred
frequently for about three weeks, when it was found by the calcium-acetate
method that the calcium oxide requirement in pounds per two million pounds
of soil was as follows: check soil, 4608; smallest application of phosphorus,
5472; medium, 7272; and largest, 11,880. The same soil treated in a similar
manner, except that the lots stood for six months instead of three weeks, ex-
hibited by the ammonia method? a similar increase in lime requirements with .
the increasing phosphate applications: namely, 7194, 9184, 11,463 and 14,783
pounds. Then the different lots of soil were placed in beakers, and nutrients
were added, including a small application of mono-calcium phosphate to the
soil untréated with the acid phosphate. Calcium carbonate was also added in
certain beakers. Barley and rye seedlings were then grown with the aver-
age results shown in table 8, which as usual are the averages of duplicate
cultures. , 4

As usual the rye grew much better than the barley on the untreated acid
soil, but not after the liming. Even the smaller amount of acid phosphate
represented an application of nearly 50 tons per acre; that is, it was much
larger than is made in farm practice. It is important to notice that in spite
of the large amount of acidity represented by this application, the growth of
the barley was markedly increased and the amount of active aluminum de-
creased. This reduction in active aluminum was not accompanied by an

2 Submitted by the late L. P. Howard of the Rhode Island station to the 1916 Conven-
tion of the Association of Official Agricultural Chemists for publication in its journal, but
not yet printed.
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increased growth of rye, thus furnishing further evidence that aluminum is
much less toxic to rye than to barley.

The progressive toxicity of aluminum sulfate was demonstrated by adding
to 250 gm. of an unlimed fertilized soil in different beakers, 4, 8, 12, 16 and 24
cc. of a solution containing 13.665 gm. of hydrated aluminum sulfate per liter,
and then growing barley. Without the aluminum, 1.90 gm. of the green tops
were produced, and with the successive aluminum applications, 1.88, 1.30,
1.30, 1.15 and 0.85 gm., respectively. : '

Characteristic growth responses by barley and rye were observed by plant-
ing their seeds with basal nutrients in an unlimed soil from permanent plat
84, which for years had received no manurial treatment in the field. With-
out special treatment barley, as usual on acid soil, made a poor growth, 39
gm. of dry tops per 8-inch pot; while rye produced 60 gm., or the same as the
barley after the soil was limed. The addition of 4.5 gm. of hydrated alum-
inum sulfate to the unlimed soil depressed the growth of barley 32 per cent
and that of rye 11 per cent. An equivalent amount of sulfuric acid depressed

TABLE 8

Results showing effect of acid phosphate on the amount of active aluminum in the soil

WEIGHT OF GREEN TOPS | AlsQ3; SOLUBLE
SPECIAL SOIL TREATMENT IN DILUTED
Barley - Rye ACETIC ACID
gm. gm. per cent
NODC.. .ottt 1.05 2.02 0.105
Calcium carbonate................. ... ... ... 2.33 1.94
Smaller amount of acid phosphate.................... 1.80 1.74 0.039
Calcium carbonate and larger amount of acid phos-
Phate. ... . e 1.95 1.95 0.005

the barley 40 per cent and the rye 11 per cent. Again the aluminum de-
pressed the barley more than the rye. Probably the added sulfuric acid asso-
ciated itself with sufficient aluminum in the soil so that its action was similar
to that of the aluminum sulfate, for by itself the acid has been shown re-
peatedly to depress both kinds of plants alike.

To obtain on a larger scale the effect of thorough phosphating on plants
which usually respond favorably to liming, cultures were carried on in 8-inch
Wagner pots, using soil from the unlimed sulfate of ammonia plat. Four
different experiments were conducted using the ordinary nutrients, including
phosphorus for nutrient purposes, in each pot. When this was the only
treatment both table beets and cos lettuce made practically no growth and
the less sensitive barley only a small one. In the first experiment with beets,
the maximum yield of roots, brought about by liming was 350 gm. per pot,
obtained with about 3800 pounds of calcium oxide per acre in finely divided
hydrate. In spite of treatment with probably too large an amount of acid
phosphate for beets, even for the purpose at hand, at the rate of about 50
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tons per acre, there was a production of 167 gm. per pot, although the acid
reaction to litmus paper has been much intensified. In the second similar
experiment with beets it was possible to produce only 200 gm. by optimum
liming; while phosphating alone, with 14 tons of acid phosphate per acre, led
to the production of 107 gm. In the third experiment 200 gm. of green let-
tuce leaves were produced with the optimum application of lime and 73 gm.
where 14 tons of acid phosphate per acre was used. A phosphating with
twice this amount, however, resulted in 272 gm., or much more than was
produced by any other of a large number of treatments which were made for
another purpose in the same experiment (fig. 1, plate 1). The results of the
fourth experiment, with barley, are shown best by the yields of the dry, mature
crop given in table 9. '

The striking fact is that acid phosphate in abnormal applications, which
increased the acidity of acid soils, should promote normal growth where
practically no growth of very sensitive crops was possible before its appli-
cation.

TABLE 9

Results showing the effect of acid phosphate on the yield of barley

DRY BARLEY STRAW

AND GRAIN PER POT

Grams Rv:g'g;te
No special addition...........o. i 36 | . 100
Precipitated CaCOs, 2.75 tonS PEracre. ... ...o.ivvrenerroronannn. 64 178
Acid phosphate 25 tons peracre................ e 92 256
Acid phosphate 25 tons, and CaCQ; 2.75 tons peracre................. 105 292
Acid phosphate 50 tons PEr acre. ... ..ottt 126 . 350
Acid phosphate 50 tons, and CaCO; 2.75 tons peracre................. 134 | 372

The practical advantages of phosphating and liming may often prove to be
due to the precipitation of aluminum quite as much as to supplying phosphorus
as a nutrient and lime as a reducer of acidity.

SUMMARY

In the present study of the cause of the unlike effect of acid soils on dif-
ferent kinds of plants, rye was chosen as a plant which will grow well on
such soils, and barley as one which is quite deleteriously affected by the same
conditions.

Seedlings of these two plants were, however, affected about alike by a
given amount of acidity in connection with nutrient culture both in water
and in sand.

Sterilization, of the soil, either by heat or toluol, did not cause any change
which with certainty influenced differently the two kinds of seedlings.

SOIL 8CIENCE, VOL. VI, NO. 4
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Substances which affected rye and barley about alike, and therefore did not
suggest the real differentiating factor, were as follows: Hydrogen peroxide,
dihydroxystearic acid, manure extract, ammonium sulfate, potassium per-
manganate, chromium and silicon.

The aqueous extract of an acid soil affected barley and rye the same as the
acid soil itself. By distillation, the toxic principle of the extract was con-
centrated in the residue, the distillate being nontoxic. The dialyzate and
diffusate arising from dialysis of the extract both had the same effect upon the
two seedlings.

The search was made among the inorganic constituents for the active
factor, largely because the ash of the soil extract when brought into solution
had the same effect as the acid soil.

Aluminum proved to be the element which was responsible for the different
influence on the plants.

Equivalent amounts of aluminum sulfate and of sulfuric acid, when added
to an optimum nutrient solution, produced about the same depression on the
growth of barley. Although the sulfuric acid caused a similar depression of
the rye, the aluminum salt caused very little depression, and scarcely affected
the rye roots. The nutrient solution when it contained the acid was found to
have about four times the concentration of hydrogen-ions as when it con-
tained aluminum sulfate. Therefore, the toxic effect of the latter on the
barley is attributable largely to the aluminum.

Treatment of an acid soil with either phosphoric oxide or acid phosphate
reduced the amount of active aluminum in the soil. Unusually large addi-
tions of acid phosphate caused remarkable growths of plants so sensitive to
an untreated acid soil that previously no growth was possible, and this was in
spite of the fact that the acidity of the soil was very much increased by the
acid phosphate. The active aluminum, however, was much decreased by the
treatment.

The results indicate that the practical advantage of phosphating and lim-’
ing may often prove to be due to the precipitation of active aluminum quite
as much as to supplying phosphorus as a nutrient and lime as a reducer of
acidity.

REFERENCES

(1) Assorr, J. B., CoNNOR, S. D., AND Smarrzy, H. R. 1913 Soil acidity, nitrification,
and the toxicity of soluble salts of aluminum. Ind. Agr. Exp. Sta. Bul. 170.

(2) CoviLLE, FrREDERICK V. 1910 Experiments in blueberry culture. U. S. Dept. Agr.
Bur. Plant Indus. Bul. 193,

(3) Funcuess, M. J. 1918 The development of soluble manganese in acid soils as influ-
enced by certain nitrogenous fertilizers. Ala. Agr. Exp. Sta. Bul. 201.

(4) HartwerL, B. L., AND Damon, S. C. 1914 The comparative effect on different kinds
of plants of liming an acid soil. R. I. Agr. Exp. Sta. Bul. 160.

(5) HARTWELL, B. L., AND PEMBER, F. R. 1908 The relation between the effect of liming
and of nutrient solutions containing different amounts of acid upon the growth
of certain cereals. In R. I. Agr. Exp. Sta. 20th Ann. Rpt., p. 358-380.



UNLIKE EFFECT OF ACID SOILS ON PLANTS DUE TO ALUMINUM 277

(6) HarTweLL, B. L., axp PemBER, F. R. 1908 The relative toxicity of ferrous sulfate
to barley and rye seedlings. I R. L. Agr. Exp. Sta. 21st Ann.Rpt.,p. 286-294.

(7) Mrvaxe, K. 1916 The toxic action of soluble aluminum salts upon the growth of the
rice plant. In Jour. Biol. Chem., v. 25, p. 23-28.

(8) RuprecHT, R. W., AND MorsE, F. W. 1917 The cause of the injurious effect of sulfate
of ammonia when used as a fertilizer. Mass. Agr. Exp. Sta. Bul. 176.



PLATE 1.

Fig. 1 (see p. 275). Cos lettuce, showing that an unusually large amount of acid phos-
phate was more beneficial than lime in case of an acid soil upon which lettuce could not

grow. All pots received the same basal optimum nutrients.
green lettuce

m.,
1. (Atleft) Nospecial addition..................coooeuioe o i, gO
2. 1500 Ibs. per acre of CaO in hydrated lime. .. e e 70
3. 2000 Ibs. per acre of CaO in hydrated lime......................... ... 145
4. 3000 lbs. per acre of CaO in hydrated lime.................. ... ..., 179
5. 4000 lbs. per acre of CaO in hydrated lime. ................... .. ... .. 201
6. 28 tons per acre of acid phosphate................... ... . ... . ... 277

e,

Fig. 2 (see p. 271). Showing the like effect of acid and the unlike effect of an equivalent
amount of aluminum sulfate on barley and rye. All bottles received the same basal opti-

mum nutrients.
' Relative . Relative
transpiration weight of

green tops
1. (Atleft.) Barley with no special addition............ 100 100
2. Barley with sulfuricacid........................... 31 T
3. Barley with aluminum sulfate....................... 24 45
4. Rye with no special addition........................ 100 100
5. Ryewithsulfuricacid............................. 35 54
6. Rye with aluminum sulfate......................... 65 75
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