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ACIDULATED FERTILIZERS FOR ARIZONA SOILS
BY W. T. MCGEORGE

INTRODUCTION
For many years soil reaction has been recognized as an important characteristic of the soil. The infertility of highly acid
and strongly alkaline soils and the injury from overtiming acid
soils are frequently observed. Since the development of electrometric methods for measuring the intensity of acidity and alkalinity and the pH scale for expressing hydrogen and hydroxyl ion
concentrations, soil reaction can be determined and expressed
with considerable precision. Because of its accuracy the pH
measurement has been extensively employed in plant nutrition
studies, and soil reaction preferences have been noted for many
crops. The effects of pH on plant nutrition are many and varied
and involve a complex group of factors. Direct toxicity of H and
OH ions and the effect of the ions on the solubility or availability
of plant food elements in soils and upon the absorption of essential ions by plant roots are important growth factors related to
the pH of the soil. Frequently these disturbances are sufficiently
severe to manifest serious crop injury, but in many cases no outward evidence of injury is apparent.
Some plants growing on the alkalme-calcareous soils of Arizona,
particularly trees and shrubs, exhibit evidence of physiological
disturbances which manifest themselves as chlorotic leaf patterns,
as a discoloration of the leaf such as bronzing orfiring,or in severe
cases as "die back." Chlorosis of plants in its several patterns has
been observed for many years, and the influence of the reaction of
the growth media was early identified as a related factor. At
first iron, its availability in the soil, and its immobility in plants
growing on alkaline or calcareous soils received the major attention from investigators studying the problem. Later deficiencies
of other elements such as manganese, zinc, and copper were found
to be contributing factors, and now a large group of micronutrient
elements is under investigation.
Although the symptoms of chlorosis are manifested in the plant
leaves, the problem is fundamentally a soil problem, for the soil
functions as the storehouse of mineral nutrients and is the reservoir for all inorganic plant food. Both micro- and macronutrient elements may exist in the soil as soluble salts, as fixed
ions in the exchange complex, or as such insoluble forms as carbonates and complex silicates. Rarely is there an actual deficiency
of the micronutrient elements. They become unavailable because
of precipitation or fixation in alkaline soils and sometimes from
the liming of acid soils. In rare cases they might become deficient
from "cropping out" or even excessive leaching, but on the whole
221
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the deficiencies are physiological or environmental rather than
actual. It is conceivable, then, that in acid soils actual deficiencies
of certain micronutrient elements could exist. Many of the salts
of these elements are quite soluble at pH values below 7.0; and
in districts where soils of such pH values develop, rainfall is
abundant or at least greater than that of the semiarid Southwest.
Thus over long periods of time the soil may become depleted by
leaching. In such cases, if the micronutrient elements are known
to be deficient and responsible for physiological disturbances, the
trouble can be corrected by application of salts of these elements
to the soil.
On the other hand, in basic, calcareous, or alkaline soils it is
hardly conceivable that deficiencies of these elements can exist,
for their salts are least soluble at soil reactions above pH 7.0 and
therefore not subject to loss by leaching. Thorne, Laws, and
Wallace (34) have recently reported that calcareous soils in Utah
contain twice as much zinc as noncalcareous soils. Also rainfall in
districts where alkaline and calcareous soils exist is usually of
semiarid proportions. Finally, in view of the extreme care required to purify chemicals used in nutrient culture studies, one
would expect to find similar traces of all these elements in a
heterogeneous material such as soil.
Other nutritional disturbances related to macronutrient elements are frequently met in the husbandry of irrigated alkaline
soils. Therefore, in addition to the part that OH-ion concentration and the potential alkalinity of soils play in availability and
absorption of micronutrient elements, the economy or balance of
macronutrient elements between soils and plants is of interest.
Clearly the subject of plant nutrition in alkaline-calcareous soils
is one of complex proportions.
On the basis of many solution-culture studies, the soil solution
is widely recognized as the culture medium from which plant
roots absorb ions. Hence the fertility of the soil is reflected in the
ability of the soil mass to keep the soil solution supplied with
essential ions. Water-extraction studies on soils have shown
comparatively small amounts of water-soluble phosphorus and
potassium; therefore, plant physiologists have resorted to the
carbonic acid theory of ion release in soils; namely, that the acidity from carbonic acid secretion during root respiration has a
solvent effect upon the soil minerals in contact with the roots.
Breazeale's (3) electrical theory of ion absorption and Comber's
(7) theory that plant roots may actually absorb particles of
colloidal dimensions have contributed somewhat to the subject of
ion absorption. Jenny and Overstreet (16, 17, 28) have recently
proposed an additional mechanism of ion release in soils which
involves the concept of a contact ionic exchange. The root as a
colloidal system is capable of ionic exchange just as are soil
colloids. When the root makes contact with the soil colloid so that
their double layers interpenetrate, the exchangeable ions may
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move from the clay colloid to the root .colloid or vice versa. Normally, in neutral or alkaline soils this is an exchange of H ions of
the roots for basic ions of the soil colloid. They have presented
much experimental evidence to prove such a mechanism. Investigations at the Arizona Agricultural Experiment Station (24)
had previously shown that the organic colloids present in plants,
both tops and roots, possess the property of ion exchange.
Thus experimental evidence shows that ions may be absorbed
directly by exchange from the soil solution or by contact exchange
from the soil colloids. In alkali soils containing an excess of OH
ions the question arises of how solubilities and absorption or exchange will be affected by their presence. We have postulated
(20, 21) that the use of acidulating agents to reduce the OH-ion
concentration of alkaline-calcareous soils should be reflected by a
more normally balanced ion exchange and absorption for both
the micro- and macronutrient elements; also that the addition of
an acidulating agent to commercial fertilizer should partially prevent the precipitation of nutrient elements which are added to
the soil in the fertilizer.
REVIEW OF LITERATURE
Many experiments have been conducted to study the effect of
H~ and OH-ion concentration on ion absorption by plants. In general they show that at pH values below neutrality anion absorption is favored; at pH values above neutrality, cation absorption;
and that the best-balanced absorption takes place slightly on the
acid side of neutrality. A few references are cited as evidence,
Theron (32) found an excessive absorption of cations from alkaline cultures, while in acid cultures anions were absorbed in
excess. Reed and Haas (29) report injury to walnut roots from
solutions of high pH, but they conclude that this was due to calcium starvation rather than OH-ion toxicity. Hoagland (13)
found that OH-ion concentration greater than pH 8.2 was distinctly injurious and was extremely toxic at pH 9.4 or above.
Sabinin and Kolotosa (30) report that the reaction of the nutrient
solution greatly affected the relative proportions of anions and
cations entering the plant system. Acid media favored the intake
of a preponderance of anions, and alkaline media favored the
cations. Experiments conducted at the Arizona Experiment Station have shown that no appreciable absorption of nitrate or phosphate ions by wheat seedlings takes place in cultures of pH 7.6 or
higher (4). It is doubtful whether these observations can be considered as simple pH effects, for there are numerous complicating
factors which can influence the effect of pH on plant growth. For
example, Hoagland and Broyer (14) have shown that metabolism
of plant roots changes the pH of growth media toward increased
alkalinity or acidity, depending upon the supply of oxygen, the
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temperature, carbohydrate relationships, and other factors which
relate to the differential rates of ion accumulation.
Nitrogen absorption by plants is definitely different from that of
other plant food elements, for it may be absorbed either as the
positive ion NH4 or the negative ion NO3. The demand or preference of the plant is, at least in part, a function of the pH of the
nutrient media. Davidson and Shive (9) grew peach trees in two
series of cultures, one of which received nitrogen as ammonium
sulphate and the other as sodium nitrate. The pH of the culture
solutions were 4, 6, and 8. With ammonium as the sole source of
nitrogen, the trees made better growth at pH 6 than at 4 or 8;
with sodium nitrate, the growth was best at pH 4. Wadleigh and
Robbins (35) report a relation between the chemical nature of
the substrate and degree of chlorosis in corn. When both nitrate
and ammonium nitrogen were supplied there was much less
chlorosis than when nitrate was the sole source of nitrogen, and
the plants were relatively free from chlorosis when ammonium
was the sole source of nitrogen. That the age of plants may also be
a factor was shown by Clark and Shive (6). They grew tomato
plants in continuously renewed culture solutions of pH 4, 5, 6, and
7. The younger plants absorbed ammonium nitrogen more readily
than nitrate nitrogen, while the reverse was true for the older
plants. With plants of all ages the absorption of ammonium
nitrogen was highest at pH 7.0 and lowest at pH 4.0. Nitrate
absorption was greater in the acid cultures. These few references
are submitted as evidence of the effect of pH on ion absorption
from culture solutions.
A number of experiments to determine the relation of pH to
plant growth have been conducted with soils. Davidson (8) found
an excessive absorption of potassium from alkaline soils. Sherman and Harmer (31) corrected gray speck of oats, a manganesedeficiency disease occurring in soils having pH values 7.4 to 7.8, by
application of manganese salts to the soil. They also eliminated
the source of the trouble by reducing the pH of the soil with sulphur or sulphuric acid; this treatment increased the solubility of
manganese and the manganese content of the plants. It is of interest to learn that the plants absorbed more manganese from
the combined application of manganese and sulphur than from
either alone. Mehring (27) adjusted soil to pH 4.9, 6.77, and 7.85
and fertilized with sodium nitrate, ammonium sulphate, ammonium nitrate, and urea. Oats and rye showed little preference for
the different sources of nitrogen. Wheat, barley, and corn grew
best on the acid soil with nitrate of soda; the yields were markedly
lower on the alkali soils when nitrate was the sole source of
nitrogen. Albrect and Schroeder (la), in studies on spinach and
potatoes, showed a far greater mobilization of the nutrients into
the crop when the soil was acid than when it was neutral.
Lott (18) reports that zinc-deficiency symptoms appear in
plants growing on alkaline soils containing much more zinc than
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is necessary for normal growth, and that heavier applications of
zinc salts must be made to correct zinc deficiency on an alkali soil.
Emmert (10) adjusted soils to pH 4.4 and 9.8 with acid and alkali
and found that when planted to lettuce and tomatoes the soil
reaction affected the nutrient relationships rather than growth
directly. Waltman (36) grew strawberry plants in soil at pH
values varying from pH 3.0 to 9.0 and found that the chemical
composition of the plants was materially influenced by the reaction of the medium. Hjorth-Hansen (15) found that the H-ion
concentration of the soil solution has a definite effect upon the
chemical composition of oats, especially at the time of flowering.
The author (19) has shown a correction of sugar cane chlorosis,
known as Pahala blight, by reducing the pH of the soil with sulphur fertilization; this reduction in pH increased the absorption
of iron by the plant. In a comparative study of mottle-leaf and
rosette of citrus, walnuts, and pecans, Haas, Batchelor, and
Thomas (12) concluded that these disturbances possess much in
common—namely, calcium deficiency in the plant associated with
soil alkalinity. They suggest that an alkaline soil reduces the
solubility of certain essential elements and produces a condition
within the tree which interferes with normal ion mobility and
full utilization.
This brief review of the literature presents evidence that high
pH values in both soils and culture solutions will disturb ion
absorption and the nutritional balance of plants. Outward manifestations of such disturbances depend upon the tolerance and
requirement of the particular crop. Pecan rosette and chlorosis
of citrus, deciduous fruits, and some ornamental trees and shrubs
are frequently observed in Arizona and are attributed to deficiencies of micronutrient elements. In all probability these
effects are cumulative for they are less frequently observed on the
shorter growing annuals. Unquestionably root habits of different
plants are involved. The pH value of most of the soils of the irrigated valleys in Arizona progressively increases with depth. Thus
the deep-rooted and permanently set plants, such as trees and
shrubs, encounter higher pH values. In fact, the surface soil with
a lower pH value contains a higher percentage of available forms
of plant food elements, both micro- and macronutrient. With the
possible exceptions of phosphate and nitrogen, serious macronutrient element deficiencies are rarely noted in crops growing on
Arizona soils, but they probably often occur to a limited degree.
SOIL REACTION STUDIES
In a study of plant nutrition in alkaline soils, a knowledge of the
compounds affecting OH-ion concentration in the soil and soil
solution is important. Previous soil reaction studies on soil conditions associated with citrus chlorosis in Arizona, using soil:
water ratios of 1:10 and 1:5 for the pH determination, gave some
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evidence that a higher pH existed where chlorosis was present
(22); these data were interpreted as an indication that the pH of
the soil was an associated factor. All the soils examined were alkaline and considered as potentially capable of producing chlorosis in spite of the fact that higher pH values were found in the
soils under chlorotic trees. Since these investigations were conducted, some progress has been made in our soil reaction studies.
Alkalinity in the soil solution develops from the hydrolysis of
potentially "alkaline compounds when in contact with or suspended
in water. The greater the ratio of soil to water the greater the hydrolysis and therefore the higher the pH value. Since the soilwater ratios, or dilutions, commonly used in making pH determinations of soils are greater than ever reached under field
conditions, and are furthermore made with distilled water, it is
obvious that such analyses are only remotely related to hydrolysis
occurring in the field. In view of this it appeared necessary to
study soil pH values from the standpoint of moisture relations if
any progress was to be made in establishing a relation between
soil pH and nutritional disturbances. Therefore a method was developed for determining the pH of the soil at field-moisture content; that is, at a moisture content as low or lower than that
represented by the moisture equivalent (23). A comparison of
values thus obtained with those using a soil: water ratio of 1:10 on
a large group of soils (25) showed that the pH values were 0.5 to
1.8 pH units higher at the 1:10 soil: water ration than at the moisture equivalent. Some soils which were alkaline at 1:10 were on
the acid side of neutrality at the moisture equivalent. This new
method provides a means for determining the actual soil pH at
which the roots must absorb ions from the soil solution or by exchange from the soil colloids. Reference to this work is introduced
here because it presents evidence that chlorosis and other disturbances in alkaline soils occur at much lower pH values than previously believed. It further indicates that in many alkalinecalcareous soils calcium carbonate alkalinity is more dominant
than sodium carbonate or sodium clay alkalinity. In soils containing an appreciable amount of organic matter, calcium carbonate does not exhibit strongly alkaline properties because in
the soil solution it is readily converted to calcium bicarbonate by
carbon dioxide arising from bacterial action. In southwestern
soils which are highly calcareous and which contain only traces of
organic matter, calcium carbonate may and often does exercise its
full alkalinity—namely, pH 9.6 (5).
It is significant that OH-ion concentration of the soil solution of
alkali soils increases with dilution (increase in soil: water ratio)
whereas in acid soils the H-ion concentration decreases with
dilution or increase of the soil: water ratio (25). This shows that
the OH ions are more loosely held by the soil colloids than the H
ions. The latter are present largely as "swarm ions" on the surface of the colloid particles rather than as free H ions. Conse-
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quently, the closer the root approaches the soil particles in alkali
soils the lower the OH-ion concentration it will meet.
In addition to the soil: water ratio there are other factors which
influence the pH of soils. In order to study some of these, two
groups of soil samples were examined chemically and physically.
The first group consisted of forty-three soils. They were analyzed
for pH values at moisture equivalent, water holding capacity
(Hilgard), and 1:10 soil: water ratio. In addition the replacement
capacity, replaceable sodium, potassium, calcium, and magnesium;
the moisture equivalent; the water holding capacity; total soluble
salts; and per cent clay were determined. None of these correlated
with the pH values as determined by any of the three methods
nor with the difference between the pH value at the moisture
equivalent and at the 1:10 soil: water ratio. The only correlation
noted was a linear relation between pH and replaceable sodium
in all soils containing more than 10 milliequivalents of replaceable sodium.
In the second group there were sixty-three different soils. These
were analyzed for pH; replacement capacity; replaceable sodium,
calcium, potassium, and magnesium; total soluble salts; percentage calcium carbonate; carbonic acid-solution calcium; watersoluble calcium; and texture. Here again the number of variables
was so great that no single factor showed any predominant relation to the pH of the soil except that between replaceable sodium
and pH in the soils high in replaceable sodium. The calcium
carbonate in this group of soils varied from 0.26 to 13.1 per cent,
replaceable sodium from 0.8 to 23.6 m.e. per 100 grams, replaceable
calcium from 2.7 to 28.2 m.e. per 100 grams, soluble salts from 240
to 22,500 parts per million, and clay from 5 to 57 per cent.
These analyses show that the factors which influence the pH
values of alkaline-calcareous soils are extremely complex and
that none is dominant except in the soils containing an excessive
amount of replaceable sodium. This is true in spite of the fact that
a definite effect of salts upon pH can be demonstrated in the
laboratory. Seventy-eight of the 104 soils examined contained
less than 4 m.e. of replaceable sodium, which fact gives further
indication that calcium carbonate is the principal source of alkalinity in most arable alkaline-calcareous soils. This is substantiated by buffer-titration curves for these soils (5, 25), which are
closely similar to the buffer-titration curves for pure calcium
carbonate.
Briefly summarizing our knowledge of the alkalinity of the
alkaline-calcareous soils of the state, it is clear that the OH-ion
concentration under actual field conditions is much lower than
analytical methods have heretofore indicated. The potential
alkalinity may be a fairly constant value in each soil, but the
active alkalinity may be dependent upon moisture relations, salt
concentration, and the nature of bases in the exchange complex.
It should be emphasized at this point, however, that the large
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increase in OH-ion concentration which accompanies an increase
in soil: water ratio to 1:10 using distilled water does not occur on
diluting with irrigation water. Most irrigation waters in the state
contain enough soluble salts to buffer the soil. In fact, our experiments have shown that soil mixed with laboratory tap water at
the ratio of 1:10 has approximately the same pH value as that
obtained at the moisture equivalent with distilled water. Therefore there should be no appreciable fluctuation in soil pH in the
field as the moisture percentage of the soil changes from one
irrigation to another. By determining in the laboratory the pH
value of a soil paste, a value is obtained which is applicable to
field conditions over a wide range of moisture contents. Regardless of the lower OH-ion concentration under field conditions,
there is still convincing evidence that alkaline-calcareous soils
are sufficiently alkaline to contribute to nutritional disturbances
and that crops growing upon them should be materially benefited
if some method could be devised for lowering their pH.
REDUCTION IN P H OF THE SOIL MASS

There are several procedures for reducing the pH of alkaline
soils as an aid to plant nutrition. Since practically all the irrigated
soils of the Southwest are calcareous, a permanent reduction in
pH of the entire soil mass by means of some acidulating agent is
clearly impractical. The calcium carbonate content is too high.
Such a permanent reduction in pH can be made, however; this
is illustrated by the following investigation of an infertile field at
Warren, Arizona.
The area involved two adjacent fields which appeared to be the
same type of soil. One of these was producing an excellent crop
of grain; the other was a complete failure. Soil samples were
taken from each field for examination; also, a plant sample was
taken from the good field. The pertinent data from these analyses
are given in Table 1.
TABLE 1.—PH OF SOIL AND COPPER CONTENT OF SOIL
AND PLANTS

Fertile field
Infertile field...

pH of soil

Cu in soil
p.pjtn.

Water-sol.
Cu in soil
p.pjn.

Cu in plants
p.p.m.

8.10
5.10

274
209

trace
10.5

25
no growth

These data show that this soil contains a large amount of
copper—approximately 1,100 pounds per acre-foot. At a soil pH
of 8.1 only a faint trace of copper was soluble in water and the
plants had absorbed copper to the extent of 25 p.p-m., on the airdry basis. In the infertile field the soil was quite strongly acid,
pH 5.1, the copper was soluble in water to the extent of 10.5 p.p.m.,
and the grain failed to make any growth. The soil from the fertile
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field was strongly calcareous; that from the infertile field, noncalcareous. The infertile field had been irrigated with strongly
acid waste water from a mine. The results were that all the
calcium carbonate had been dissolved and leached out of the surface soil, the pH had been reduced to pH 5.1, the solubility of
copper (the micronutrient element in this case) had been increased to toxic proportions, and probably much of the phosphate,
potash, and magnesium had been leached into the subsoil.
It is clear from these data that a reduction in pH of the entire
soil mass to a point below neutrality can be accomplished and that
such a reduction will increase the solubility and availability of
the micronutrient elements.
BANDING OR FURROWING OF ACIDULATED MATERIALS

A reduction in the pH of the entire soil mass, as just described,
is neither desirable nor practical. Clearly the correct procedure
is to reduce the pH of the soil in localized zones by the application
of limited amounts of acidulating agents or acidulated fertilizers.
This may be done in soil augur holes for individual trees or shrubs
and in bands or furrows for row, orchard, and field crops.
Many nutritional experiments have been conducted in which
the root system of single plants has been divided between two or
more different culture solutions. These have demonstrated that
a plant can satisfactorily supply its nutrient requirements when
only a fraction of its root system is in contact with a supply of
essential plant food elements. There is further evidence of this
property of the root system in the efficiency of the band method
of fertilizer application, which is now an established practice
with fertilizer users. On this basis it was postulated that localization of acidulating materials in the soil should be feasible and that
a solvent effect should be attained within limited zones. Such a
practice should supply a localized zone of low pH readily accessible to part of the roots, thus creating a supply of available microand macronutrient elements at a pH more desirable for assimilation than that of the soil mass as a whole. Of course if an actual
deficiency of any of the essential nutrient elements exists in the
soil, a supply of these should be mixed with the acidifying material or acidulated fertilizer.
CITRUS EXPERIMENTS

The first experiments with acidulating materials were begun
in 1934 on chlorotic grapefruit trees (22). In these experiments
the trees were circled at the drip of the branches with a furrow 1
foot deep. Sulphur was applied in the furrow at the rate of 25
pounds per tree and the soil leveled off to fill in the furrow. After
a period of one year leaf samples were taken from treated and
untreated trees for analysis. The data are given in Table 2.
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TABLE 2 —EFFECT OF SULPHUR APPLICATIONS ON IRON,
MANGANESE, AND ZINC CONTENT OF CITRUS LEAVES
Manganese
Iron
Zinc (Zn)
(Mn)
(Fe)
Description of tree
per cent
per cent
per cent
Tree no. 2, fertilized with sulphur
Tree no. 1, fertilized with sulphur
Nonchlorotic leaves, tree no 3H
Chlorotic leaves, tree no. 3 .
Nonchlorotic leaves, tree no. 4
Chlorotic leaves, tree no. 4
1

0.020
0.024
0.020
0.026
0.020
0.016

.0166
.0100
.0075
.0053
.0100
.0067

.0008
.0010
.0006
.0004

Received no sulphur.

At the time these leaf samples were taken the sulphured trees
were practically free of chlorotic leaves. The analyses indicate
that the principal effect of the sulphur was to increase the uptake
of manganese with a very slight improvement in uptake of zinc.
The iron determinations are indefinite, but since calcareous soils
are known to affect the mobility of iron m the plant it is probable
that there was an improvement in mobility from sulphur fertilization. As for the effect of the sulphur on the pH of the soil, it is
of interest to record that in the sulphured furrow in one case the
pH was 6.25 one year after the sulphur was applied, whereas the
original pH of this soil was 9.0; the pH of the soil surrounding the
tree did not change except in the sulphured furrow.
In some cases oxidation proceeds very slowly in the soil. For
the next experiment, begun in September, 1939, manure was
applied in furrows with the sulphur to increase the rate of oxidation. Leaf samples were taken from the fertilized trees and
adjacent untreated trees m July and in September, 1940. The
analyses of these samples are given in Table 3.
TABLE 3.—MANGANESE, ZINC, IRON, AND CALCIUM IN LEAVES
FROM FERTILIZED AND UNFERTILIZED TREES
Sample
July, 1940
Fertilized trees,.
Control trees.. .
September, 1940
Fertilized trees.
Control trees

Manganese
(Mn) (%)

Zinc (Zn)

Iron (Fe)

Calcium
(Ca) (%)

.0020
.0011

.0013
.0012

.037
.027

5.80
5.52

.0015
.0010

.0018
.0011

.027
.021

6.37
6.15

The trees in this experiment were only mildly chlorotic. The
principal purpose of the experiment was to study ion absorption.
The data show that the furrowing of sulphur and manure increased the manganese, zinc, iron, and calcium content of the
leaves. In this experiment the manure was applied at the rate of
5 tons per acre and the sulphur at the rate of 400 pounds per acre.
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The final experiment with sulphur on citrus was conducted in
a grove in the Camelback district of the Salt River Valley. Two
closely adjacent trees exhibiting serious chlorosis and subnormal
growth as compared with the rest of the grove were selected for
treatment. One of these was left untreated as a control. The other
was fertilized with a sulphur-manure compost with a pH value
of 4.0. The compost was applied by drilling thirteen 2-inch holes
to a depth of 18 to 24 inches inside the drip of the branches. These
holes were filled with the sulphur-manure compost; the total
weight used was about 15 pounds. The application was made in
January, 1941. Leaf samples were taken for analysis in June,
1942, and again in July, 1942, as a check on the June samples. At
this time the chlorosis had completely disappeared from the
treated tree and there was a noticeable improvement in growth,
color, and amount of foliage. The analyses are given in Table 4.
The localized acidulated compost very definitely improved the
condition of the tree in this case, and the improvement was accompanied by an increased absorption of the micronutrient
elements and nitrogen.
Another experiment involving the use of citrus cannery waste
as an acidifying material is of interest. The Ariz-Sweet Grapefruit
Growers (grapefruit juice cannery) at Peoria, being confronted
with the problem of waste disposal, began an experiment in which
the waste was hauled directly from the cannery to the grove,
where it was applied in open trenches or large furrows midway
between the tree rows. The trenches were left open until the
waste was well decomposed and then covered. A rapid improvement in yield and quality of fruit and in color of the foliage resulted from this practice. A carefully selected set of leaf samples
was taken, representing both young and old leaves from both the
inside and outside of the trees. The analyses of these samples are
given in Table 5.
TABLE 5.—EFFECT OF CANNERY WASTE ON CHEMICAL COMPOSITION OF GRAPEFRUIT LEAVES (PER CENT AIR-DRY BASIS)

Manganese
Phosphate Calcium Magnesium
(Mn)
(P.O-0
(Ca)
(Mg)
Check, new, outside....
Treated, new, outside
Check, old, outside....
Treated, old, outside..
Check, new, inside....
Treated, new, inside..
Check, old, inside. .
Treated, old, inside....

0.57
0.52
0.51
0.35
0.33
0.69
0.47
0.29

3.99
4.35
7.45
6.56
5.41
7.08
8.45

.220
.170
.190
.210
.150
.200
.220
.260

.0035
.0036
.0042
.0046
.0030
.0058
.0036
.0053

Iron
(Fe)
.0131
.0193
.0305
.0428
.0207
.0418
.0209
.0373

Here again is an example of increased absorption of micronutrient elements from acidulating material—in this case cannery
waste.

ACIDULATED FERTILIZERS FOR ARIZONA SOILS

233

On the basis of these experiments and the study of citrus fertilization and culture, it may be reasonable to conclude that in
alkaline-calcareous soils citrus chlorosis can be controlled by the
use of acidulated materials applied in holes or furrows. Confirmation of these conclusions is available in experiments conducted
in California (33) and Texas (11).
The most satisfactory acidifying agent is sulphur, and it is a
distinct advantage to mix it with animal manure to aid in its
oxidation and to act as a buffering agent for the acidity within the
band of material. * Unpublished data obtained in this laboratory
show that manure has an appreciable absorption capacity for
basic and hydrogen ions. Two different samples of barnyard
manure were found to have pH values of 2.5 and 3.0 when saturated with hydrogen ions. Although it is desirable in some cases
to compost the sulphur and manure before application, this is not
entirely necessary for orchard crops. Composted sulphur and
manure will be immediately effective in correcting chlorosis or
balancing ion absorption, but unless the tree condition is severe
it is quite satisfactory to allow the composting to take place in the
furrow.
The amount and frequency of application depends upon the soil
and the condition of the trees. Trees treated with sulphur in 1934
at the rate of 25 pounds per tree have shown no recurrence of
chlorosis up to 1943. It is believed that the furrowing of sulphur
and manure along two sides of the trees everyfiveyears will maintain a grove free from chlorosis. The amounts of manure and
sulphur recommended are 5 to 10 tons per acre of the former and
200 to 400 pounds per acre of the latter. Small amounts of the
micronutrient elements mixed with the manure and sulphur will
assure their presence in available form.
GRAPE EXPERIMENT

In the spring of 1940 an experiment on furrow acidulation was
installed at the Tal-Wi-Wi grape vineyard (Thompson Seedless)
near Peoria. Manure at the rate of 10 tons per acre and sulphur
at the rates of 2 ounces and 5 ounces per vine were applied in
furrows midway between each two rows of vines. Applications
were made in March and samples of foliage and fruit were taken
in July at the time the fruit was being harvested. The purpose of
the experiment was to study the effect of acidulation on absorption. The analyses of the samples are given in Table 6.
These data indicate an increase in absorption of iron and manganese, but otherwise there are no significant differences.
One year later another set of leaf and fruit samples was taken
from this experiment to ascertain whether there might have been
a delayed effect from the furrow acidulation. These samples were
also taken in July during the fruit harvest. The analyses are
given in Table 7.
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TABLE 6 —CHEMICAL COMPOSITION OF GRAPE LEAVES, AS PER
CENT AIR-DRY MATTER AND BRIX OF JUICE FROM FRUIT

Ash
Phosphate (P2OB)....
Calcium (Ca)
Magnesium (Mg)...,
Iron (Fe)
Manganese (Mn)....
Zinc (Zn)
Nitrogen (N)
Brix of juice

Check

5 oz. sulphur

9.75
.991
1.68
.333
.060
.0077
.0014
2.00
20.2

9.77
.841
1.84
.386
.075
.0131
.0011
1.88
20.0

2 oz. sulphur
8.74
.920
1.42
.300
.065
.0116
.0014
1.94
21.3

TABLE 7.—CHEMICAL COMPOSITION OF GRAPE LEAVES AS PER
CENT AIR-DRY MATTER AND BRIX OF JUICE, SECOND YEAR

Ash
Phosphate (P2Oo)..~
Calcium (Ca)
Magnesium (Mg)..
Iron (Fe)
Manganese (Mn)....
Nitrogen (N)
Brix of juice

Check

5 oz. sulphur

9.55
.76
1.83
.342
.072
.0147
3.13
13.0

9.21
.67
2.10
.377
.077
.0155
3.21
16.6

2 oz. sulphur
8.29
.69
1.85
.387
.063
.0140
3.32
14.0

Here again the increased absorption of iron and manganese is
significant, but there is an apparent increase in absorption of
calcium and magnesium as well as an increase in Brix of juice
from the fruit.
This experiment was entirely an absorption study. Chlorosis
has not been observed on this variety of grapes growing on alkaline-calcareous soils in this state. Furthermore, very little commercial fertilizer is used by grape growers. In other words,
Thompson Seedless grapes seem to make a normal vegetative and
productive growth with little fertilization and with no apparent
nutritional disturbances on alkaline-calcareous soils.
ACIDULATED FERTILIZERS

For the shorter growing annuals the problem of acidulation is
entirely different from that for crops permanently set in the
ground, such as orchards and vineyards. In the latter a band of
sulphur and manure or other acidulating agent can be placed
permanently in the root zone. This will establish a zone of low
pH within, or adjacent to which the roots can feed. Thus if the
crop is one in which an excess of OH ions interferes with normal
absorption, some advantage should derive from the practice.
Since land producing annuals is reworked after each crop, a permanent furrow or band is out of the question. To meet such a

ACIDULATED FERTILIZERS FOR ARIZONA SOILS

235

TABLE 8.—PH OF FERTILIZERS COLLFCTED IN ARIZONA DURING
THE YEAR 1940
pH
Description, simples
Description, mixed fert.
Swift's bone meal
Raw bone meal
Bandini bone meal
Gaviota superphosphate
Vita Crop acid phos
Anaconda treble superphosphate
Red Steer superphosphate
Anchor superphosphate
Hi-acid treble superphosphate
Arcadian nitrate soda
Champion nitrate soda
Calcium nitrate
Uramon
Ammonium sulphate
Silver Tip ammonium
sulphate
Ford ammonium sulphate
Elephant Brand ammon.
phos. 11-48
Conophos 16-20
Ammophos 16-20
Blood meal, Bandini
Blood meal, Tovrea
Sulphate of potash

5.58
6.30
6.89
2.74
2.38
3.18
3.15
3.00
2.68
6.40
7.82
5.25
8.28
4.92
3.68
3.80

3.97
3.80
4.05
6.86
6.48
9.98

Suihisa No. 3
Bandini rose food
Bandini acid food
Bandini bulb food
Bandini sweet pea food....
Bandini gro-rite
Vita Crop 4-12
Vita Crop 4-16
Vita Crop 6-10
Vita Crop 8-11
Vita Crop 11-22
Vita Crop 4-8
Vita Crop 10-38
Natures Gift 11-22
Natures Gift 6-18
Natures Gift 6-6
Natures Gift 6-12
Natures Gift 6-18
Natures Gift 8-32
Bright Spot 6-9
Bright Spot 10-5
Crop Grain 6-12
Crop Grain 25-0
Crop Grain 20-0
Crop Grain 4-8
Crop Grain 11-20
Crop Grain 8-16
Crop Grain 8-12
Taylors Wonder Gro
Growmaster 10-16
Gaviota Garden & Lawn..
Gaviota rose food
Gaviota bulb food
Gaviota sweet pea food....
Gaviota citrus
Gaviota acid
Consul No. 2
Consul No. 3
Veget-aid
Wards Garden & Lawn....
Liefgreen 8-7-6
Vita-vim tablets
Plant Chem tablets

4.00
4.62
3.31
4.85
4.61
4.29
3.97
4,54
3.59
4.37
4.30
4.52
3.84
3.50
2.60
5.57
5.10
4.88
4.04
4.29
5.10
6.50
6.60
6.52
4.58
4.39
4.55
4.73
4.84
4.40
5.62
5.23
4.87
4.40
4.36
6.12
3.30
3.70
5.33
3.81
5.52
4.38
3.91

contingency, so-called acidulated fertilizers have been developed
by the author as a means of localizing a zone of low pH. There are
several ways in which such fertilizers can be prepared.
1. By including sulphur as one ingredient of the mixed fertilizer
at the rate of about 200 pounds per ton. Since the sulphur is inactive until oxidation begins, this type of mixture is less effective
than some others unless the mixture is put through a period of
curing before application to the field.
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2. By mixing both sulphur and manure or other active organic
residue with the other ingredients composing the fertilizer
mixture.
3. By mixing previously composted sulphur and manure with
other fertilizer materials. This is probably the best combination,
as it is immediately active and its activity will be prolonged with
continued oxidation of sulphur in the soil.
4. By saturating manure or other active, highly absorptive
organic material with a solution of either sulphuric or phosphoric
acid and using this as the filler or as an ingredient of the mixed
fertilizer.
Since the development of this type of fertilizer in 1935, a number of companies in the Southwest have adopted some form of
acidulation in most of their grades. Previous to this many of them
had been using manure in place of inert fillers, which practice may
be considered a mild indirect form of acidulation. In order to
determine the extent to which fertilizer acidulation is now practiced, pH determinations were made on all the samples of fertilizer
grades and simples collected by the Arizona Fertilizer Control
Inspection Service during the year 1940. These pH determinations
are given in Table 8. It is clearly evident that all the commercial
grades on sale in the state are acid in reaction, and with a very
few exceptions the same is true of the simples.
LETTUCE EXPERIMENTS

Lettuce is one of the major crops grown in the state and one
that requires1 rather heavy fertilization. In 1939 three fertilizer
experiments were conducted with lettuce in which sulphur was
applied with superphosphate in bands. Two of these experiments
showed no increase in yield over superphosphate alone. These
two experiments were located in commercial lettuce fields, and at
the completion of the experiment much undecomposed sulphur
was still present in the band; this indicated that slow oxidation
may have been a factor. The third experiment, located on the
University Farm at Mesa, did show additional response from sulphur. The yields are given in Table 9.
TABLE 9.—YIELDS OF LETTUCE IN CRATES PER ACRE FROM
APPLICATIONS OF NITROGEN, SUPERPHOSPHATE, AND SULPHUR
Crates per acre
Check—no fertilizer
*
125 lbs. sulphur per acre*
125 lbs. sulphur and 125 lbs. treble super per acre..
125 lbs. sulphur and 125 lbs. treble super per acre*
250 lbs. treble super per acre
250 lbs. treble super per acre*
^Received a side dressing of nitrogen.
*See footnote on following page.

39.9
59.9
109.9
270.7
148.5
208.0
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This soil has always shown a great response to phosphate fertilization when planted to truck crops. Although no plant analyses were made for this experiment, it is probable that an increase in efficiency of phosphate utilization resulted from the
supplementary addition of sulphur and its accompanying reduction in pH.
Another field experiment2 was conducted on lettuce in which a
comparison was made between calcium metaphosphate and treble
superphosphate, each applied at the rate of 200 pounds per acre.
Supplementary additions of sulphur were made in bands with
these two forms of phosphate. Samples of mature lettuce heads
were taken from this experiment for analysis, and these data are
given in Table 10.
TABLE 10—EFFECT OF SULPHUR ON CHEMICAL COMPOSITION OF LETTUCE
FERTILIZED WITH TREBLE SUPERPHOSPHATE AND CALCIUM
METAPHOSPHATE (PER CENT AIR-DRY MATERIAL)
Sample
1*
2f
3t
4§

Ash

Calcium
(Ca)

Potassium
(K)

Iron
(Fe)

Manganese
(Mn)

Phosphate
(PaOs)

20.80
21.52
17.72
19.67

0.44
0.58
0.36
0.40

4 76
4 86
4.35
4.58

.290
.475
.276
.425

.0089
.0120
.0100
.0104

123
1.15
1.15
1.18

*Calcium metaphosphate.
tCalcium metaphosphate plus sulphur.
ITreble superphosphate.
§ Treble superphosphate plus sulphur.

There is rather convincing evidence in this experiment that
sulphur has increased absorption of ash, calcium, potassium, iron,
and manganese.
In January, 1942, samples of mature lettuce heads were taken
from a field on Buckeye Road, Salt River Valley, where a comparison was made by a fertilizer company between no fertilizer
and 200 pounds per acre of an 8-11 commercial mixture having a
pH value of 4.0. The analyses of these samples are given in
Table 11.
TABLE 11.—CHEMICAL COMPOSITION OF LETTUCE UNFERTILIZED,
AND FERTILIZER WITH 8-11 GRADE OF P H 4.0
(PER CENT AIR-DRY MATTER)
Fertilized
Ash
Phosphate (P2O5)...
Potassium (K)
Calcium (Ca)
Magnesium (Mg).
Manganese (Mn)...
Iron (Fe)

19.36
1.28
6.09
0.51
0.15
0.0131
0.115

Not fertilized
16.16
1.09
5.15
0.41
0.08
0.0108
0.160

These data show an increased absorption from acidulated fertilization of all the elements determined except iron.
E x p e r i m e n t s in co-operation with W. A. Frazier, Associate Horticulturist
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CARROT FIELD EXPERIMENT

In January, 1943, samples of carrots were taken from a field on
the Stanley Ranch in the Salt River Valley, where a comparison
was made between no fertilizer and fertilization with a 6-18 commercial mixture with a pH value of 2.6. The roots and tops were
analyzed separately, and since the fertilized carrots were much
the larger the analyses were calculated to a per-plant basis. The
data are given in Table 12.
TABLE 12.—CHEMICAL COMPOSITION OF CARROTS UNFERTILIZED. A N D
FERTILIZER WITH 6-18 OF P H 2 6
Roots*

Tops*
No fert.
(%)
18 07
Ash
183
Nitrogen (N)
486
Phosphate (P2O3)
3 36
Potassium (K)
193
Calcium (Ca)
.042
Magnesium (Mg)
0194
Iron (Fe)
0124
Manganese (Mn)
.0035
Zmc (Zn)
• P e r cent air-dry material.
fGrams per carrot root.

Rootsf

Fert
<%)

No fert
(%)

Fert
(%)

2166
183
521
3.55
191
.043
.0263
.0155
.0047

8.40
,995
635
2.58
.126
042
.0020
.0017
.0041

8 10
995
.648
3 05
.125
.052
.0025
.0019
.0035

No fert.
grams
.310
.0368
.0238
.0953
.0046
.0015
.00007
.00006
.00015

Fert
grams
.498
0597
.0398
.1875
.0077
.0032
.00015
.00015
.00021

It is clearly evident that absorption has been increased by this
6-18 acidulated fertilizer; this is even more convincingly shown
when the analyses are calculated to the per-plant basis.
COTTON EXPERIMENTS

The limited number of fertilizer experiments which have been
conducted with cotton on the alkaline-calcareous soils of the state
have failed to provide any definite information which can be
used as a guide for recommendations. In view of this a number
of observation tests, field experiments, and absorption studies
have been made with this crop. Primary interest has been in
absorption, but in some cases boll counts and yield of seed cotton
were obtained.
In 1939 an observation experiment was installed at the Nichols
Ranch in the Santa Cruz Valley south of Tucson on a Pima silty
clay loam soil. In this experiment 150-foot lengths of cotton rows
were fertilized with (A) sulphur at the rate of 200 pounds per
acre plus 200 pounds of 11-48 ammonium phosphate, (B) 11-48
ammonium phosphate only at the rate of 200 pounds per acre, (C)
treble superphosphate only at the rate of 200 pounds per acre, and
(D) no fertilizer treatment. All applications were made in furrows; the furrows were covered with a drag, the land irrigated,
and when sufficiently dry the cotton was planted directly over
the band of fertilizer. At the end of the season boll counts were
made on 100 plants in each treatment. The counts were 22.3 bolls
per plant for A, 16.2 for B, 16.2 for C, and 14.4 for D, the
unfertilized.
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This observation test was repeated in 1940 with slight changes.
The comparison was between (A) sulphur-manure compost with
a pH value of 4.0, plus treble superphosphate, and (B) treble
superphosphate alone. Here again there was a definite increase in
boll counts for the sulphur-manure compost as compared with
phosphate only and the unfertilized.
On the basis of these two years of preliminary tests, the experiments were expanded in 1941 at the Nichols Ranch and installed
at the University Farm at Mesa and the Marsh Ranch in the Salt
River Valley. For these experiments a special mixture was
prepared by a commercial fertilizer company composed of four
parts treble superphosphate, one part manure, and one part sulphur. The fertilizer was applied under the seed by the method
already described and was compared with treble superphosphate
alone and unfertilized checks. The pH of the acidulated mixture
was 3.0 and that of the superphosphate 2.68. The following is an
outline of the experiments.
Nichols Ranch and Marsh Ranch
Pounds per acre
Treble superphosphate
200
Acidulated mixture
400
Unfertilized
Mesa Farm
Pounds per acre
Treble superphosphate
200
Acidulated mixture
400
Treble superphosphate
400
Acidulated mixture
800
Plant samples were taken from these experiments for analysis
to study ion absorption.
Nichols experiment, 1941

The first set of samples from the Nichols experiment was taken
at the time the young plants were being thinned out. The chemical analyses of these are given in Table 13.
TABLE 13.—CHEMICAL COMPOSITION OF YOUNG COTTON PLANTS
(PER CENT AIR-DRY MATERIAL)
Acidulated
Superphosphate
Control
Ash

Nitrogen (N)
Phosphate (P2O5),.
Potassium (K)
Calcium (Ca)
Iron (Fe)
Manganese (Mn)..
Magnesium (Mg)..

16.53
3.00
.476
2.68
2.17
.0120
.0124
.192

18.08
3.81
.704
2.88
2.55
.0105
.0155
.308

19.44
3.59
.688
2.88
2.83
.0105
.0155
.377
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In this set of data increased absorption from acidulation is
significant for ash, nitrogen, phosphate, potassium, calcium,
manganese, and magnesium. While the superphosphate has a pH
of 2.68, which is lower than that of the acidulated mixture, it is
believed that the presence of manure with its property of absorbing hydrogen ions and the slow oxidation of sulphur should give
the acidulated mixture an advantage over the superphosphate
alone in soils where deficiencies of available forms of essential
elements exist.
A second set of samples, leaves only in this case, was taken in
September for additional analyses. These data are given in
Table 14.
TABLE 14.—CHEMICAL COMPOSITION OF COTTON LEAVES
SAMPLED IN SEPTEMBER, 1941 (PER CENT
AIR-DRY MATERIAL)

Ash
Nitrogen (N)
Calcium (Ca)
Phosphate (P2O3)..
Potassium (K)
Iron (Fe)
Manganese (Mn)..

Check
(%)

Superphosphate
(%)

Acidulated
(%)

15.25
3.67
3.24
.704
3.33
.011
.0155

16.23
3.80
3.24
.765
3.73
.011
.0097

15.86
3.86
3.30
.740
3.69
.016
.0175

In this set of samples ash, nitrogen, calcium, phosphate, potassium, iron, and manganese are all significantly high in the plants
fertilized with the acidulated fertilizer.
The borders planted in this experiment were 700 by 50 feet, and
the yields of cotton per border were:
Pounds
Check
964
Treble superphosphate
1166
Acidulated fertilizer
1149
In appearance the treble superphosphate definitely had a greater
number of open bolls. The plants in the border fertilized with the
acidulated mixture were definitely larger but had more bolls that
did not open before frost. Boll counts per one hundred plants
showed the following numbers:
Check
Treble superphosphate
Acidulated fertilizer.....

„

Per plant
12,4
14.6
16,1

Marsh experiment

Only one set of leaf samples was taken from this experiment—
in September. The analyses of these are given in Table 15.
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TABLE 15.—CHEMICAL ANALYSES OF COTTON LEAVES TAKEN
FROM MARSH EXPERIMENT IN SEPTEMBER
(PER CENT AIR-DRY MATERIAL)

Ash
Calcium (Ca)....
Phosphate (P 2 O-)..
Potassium (K)
Iron (Fe)
Manganese (Mn)..
Nitrogen (N)

Check

Superphosphate

14.99
3.16
.650
2.40
.0150
.0077
2.67

16.35
3.25
.764
2.58
.0187
.0097
2.87

Acidulated
17.25
3.26
.700
2.84
.0175
.0112
2.77

These data show a significant increase in absorption of ash,
nitrogen, calcium, phosphate, potassium, iron, and manganese.
Harvesting data from this experiment also showed a response, the
superphosphate again having given the highest yield of seed
cotton. The yields were as follows:
Pounds per acre
566
726
624

Check
Superphosphate
Acidulated mixture
Mesa Farm, 1941

The soil at the Mesa Farm seems to be well suited to growth of
cotton. It has continued to produce good yields for many years
without the use of any commercial fertilizer. In fact, several
fertilizer experiments conducted during previous years have
shown no profitable response. It was therefore recognized at the
beginning of this experiment that this soil was one from which
TABLE 16.—CHEMICAL ANALYSES OF COTTON LEAVES AND STEMS TAKEN
FROM MESA EXPERIMENT IN JULY (PER CENT AIR-DRY MATERIAL)
Check

Superphos Acidulated
(1A)*
(lB)t

Super
(2A)$

Acid
(2B)§

19.89
4.53
.95
3.29
.0182
.0880
2.77

19.69
4.18
.88
3.39
.0201
.075
2.93

20.24
4.30
.89
3.29
.0198
.075
2.96

8.08
3.28
.59
.39
.0039
.0564
1.53

8.34
3.15
.61
.48
.0039
.0564
1.32

7,94
3.33
.59
.44
.0039
.0250
1.39

Leaves
Ash
Potassium ( K ) .
Phosphate
(P2O5)..
Calcium (Ca)
Manganese (Mn) ....
Iron ( F e )
Nitrogen ( N )

19.5X
4.46
.95
3.10
.0174
.0500
3.02

19.34
4.97
.90
3.20
.0176
.0625
2.85

Stems
Ash
Potassium (K)
Phosphate (P2O5)
Calcium (Ca)
Manganese (Mn)
Iron (Fe)
Nitrogen (N)
*200 lbs. p e r
f400 lbs. p e r
$400 lbs. p e r
§800 lbs. p e r

acre.
acre.
acre.
acre.

8.16
3.44
.60
.38
.0039
.0381
1.53

7.94
3.42
,62
.34
.0039
.0312
1.60
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ion release to cotton was closely satisfactory. The experiment
was installed on this soil in order to study absorption under satisfactory conditions. Two sets of samples were taken from this experiment, the first in July and the second in October. Thefirstset
consisted of whole plants from which the leaves and stalks were
analyzed separately These analyses are given in Table 16.
There was no evidence of plant or yield response at the time
these plant samples were taken. Likewise there is no effect on ion
absorption except for manganese and iron in the leaves. It is of
interest that there is no difference m absorption between the
single and double applications of fertilizer, and this further testifies to this soil being a suitable nutrient medium for cotton.
The second set of plant samples from this experiment consisted
of leaves only, and the analyses of these are given in Table 17.
TABLE 17—CHEMICAL ANALYSES OF LEAF SAMPLES TAKEN IN SEPTEMBER
FROM MESA EXPERIMENT (PER CENT AIR-DRY MATERIAL)

Ash

Phosphate (P2O5)
Calcium (Ca)
Potassium (K)
Magnesium (Mg)
Iron (Fe)
Manganese (Mn)
Nitrogen

(N)

Check

Superphosphate
(1A)

Acid
(IB)

Super
(2A)

Acid
(2B)

16 22
948
3 25
2 63
310
0263
0080
2 48

16 05
970
3 03
2 54
309
0300
0076
2 33

15 85
967
2 96
2 42
228
0275
0088
2 44

16 44
9 33
3 21
2 62
293
0350
0080
2 28

16 26
9 80
3 48
2 30
250
.0350
0088
2 51

Here again there is no significant effect of the acidulated fertilizer on ion absorption, except possibly for iron and manganese.
1942 experiments

The cotton experiments were continued in 1942 at the Nichols
Ranch and at the University Mesa Farm. In the Nichols experiment the comparison was made between the same acidulated
mixture (sulphur-manure-superphosphate) and an acidulated
fertilizer developed for cotton by the Western Cotton Products
Company. This fertilizer is a 10-16-0 grade and has a base or
filler of manure which has been saturated with sulphuric acid. It
had a pH value of 4.0 as against 3.0 for the acidulated mixture
containing sulphur used for the 1942 experiments. For the Mesa
Farm experiment the two fertilizers mentioned above were used
and a treatment with 16-20 ammonium phosphate in addition.
Nichols experiment

Throughout the season the plants in both the fertilized borders
bore more heavily than the unfertilized with no noticeable difference between the two acidulated fertilizers. Leaf samples were
taken from this experiment on July 16 and September 10. The
analyses of these are given in Table 18.
In this experiment there was a significant increase in absorption of nitrogen, phosphate, manganese, and zinc. In the July
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TABLE 18.—CHEMICAL ANALYSES OF LEAF SAMPLES TAKEN FROM NICHOLS
EXPERIMENT IN JULY AND SEPTEMBER, 1942 (PER CENT AIR-DRY MATERIAL)
J u l y 16
Check
Ash
Nitrogen (N)
Phosphate (F2O5)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Iron (Fe)
Manganese (Mn)
Zinc (Zn)

16.00
3.60
.913
4.34
2.64
.328
.0450
.0113
.0041

September 10

10-16

Acid

15.55
3.88
.910
4.18
2.76
.318
.0450
.0117
.0041

16.19
3.62
.958
4.48
2.80
.363
.0450
.0132
.0045

Check

10-16

Acid

17.78
2.48
.511
3,15
3.68
.414
.0175
.0081
.0040

17.09
2.69
.596
2.76
3.70
.398
.0162
.0100
.0040

15.81
2.61
.703
2.93
3.46
.411
.0225
.0104
.0052

any appreciable difference in the plants except that those which
received nitrogen were slightly larger and matured more slowly.
Harvesting data from this experiment showed no appreciable difference in yield from any of the treated plots over the checks.
The data obtained from the analyses of these samples are given
in Table 19.
There is an increase in absorption of iron, manganese, and zinc
from acidulation of the fertilizer with sulphur. In this experiment
a slight modification in method of fertilizer application was made.
The seed was planted in raised single-row beds and the fertilizer
applied in bands with equipment similar to that used in the band
method of fertilizing lettuce.
On the whole, the study of the effect of acidulated fertilizer on
ion absorption in cotton gave positive results except on the Mesa
Farm soil; even in that experiment there is some evidence that
absorption of micronutrient elements is increased.
FLAX EXPERIMENT

In this field experiment a fertilizer treatment with acidulated
fertilizer was added to a series of fertilizer studies being conducted by the Agronomy Department on flax at the University
Mesa Farm. The fertilizers were applied by drill in bands. Here
again our primary interest in this experiment was the study of
ion absorption by plant analysis. It should be mentioned, however, that better yields of flax were obtained from the fertilizers
containing nitrogen than from the acidulated mixture which contained only the small amount of nitrogen present in the manure.
Plant samples were taken for analysis (A) just before the flowering stage and (B) just at the set of the seed. The analytical data
are given in Table 20.
There was little or no evidence of absorption differences at the
flowering stage, but a positive effect is indicated from the acidulated fertilizer at the seeding stage.
GREENHOUSE EXPERIMENT 1

For this experiment 5 inches of soil were used on a table in the
greenhouse. The purpose of the experiment was to compare:
1. 11-48 ammonium phosphate, 200 pounds per acre
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2. Sulphur, 200 pounds per acre
3. Sulphur and 11-48 ammonium phosphate, 200 pounds each
per acre
The table, which had a width of 57 inches, was divided lengthwise
into three sections in such manner that no lateral roots could
extend their growth into adjoining sections. The
fertilizer and
sulphur were applied in bands before planting, lx/2 inches to the
side and 2 inches below the line where the seeds were placed.
Plantings of one row each of nine different crops were made in
each of the three sections. The crops planted were corn, Sudan
grass, flax, barley, hegari, cotton, lettuce, and carrots. The corn
was harvested for analysis when it had grown to a height of 12
inches. The small grains and Sudan grass were harvested just
prior to the formation of seed. The cotton was sampled when
about 10 inches high, the lettuce at full-head stage of growth, and
the carrots when the roots were about 4 inches long. Tops and
roots were analyzed separately for the carrots, but in all other
cases only the above-ground part of the plant was analyzed.
The soil used in the experiment, Gila fine sandy loam, was taken
from the University Farm, west of Tucson, and is one which has
shown a marked response to phosphate fertilization when cropped
to alfalfa and grains.
The analyses of the plants are given in Table 21 as per cent airdry matter. The data are tabulated for easy comparison of each
element determined for all the crops and all three treatments.
They show a strong trend toward greater absorption where fertilized with ammonium phosphate plus sulphur, and even with
sulphur alone as compared to phosphate alone.
GREENHOUSE EXPERIMENT 2

During the 1941 winter season the greenhouse experiment was
repeated with slight modifications in the nature of the fertilizer
treatment. Instead of mixing straight sulphur with ammonium
phosphate, a sulphur-manure compost was prepared by mixing
ten parts manure with one part sulphur and composting the whole
until the pH of the mixture was reduced to 4.0. The crops used
in this second experiment were tomatoes, wheat, alfalfa, flax, and
lettuce. The fertilizer was applied in bands, as in the previous
experiment. The 11-48 ammonium phosphate was applied at the
rate of 200 pounds per acre, and the compost at the rate of 1,100
pounds—1,000 manure and 100 sulphur. The comparison was
between 11-48 alone, compost alone, and 11-48 plus compost. The
analyses of the plants taken from the experiment are given in
Table 22.
Comparing the analyses of the plants fertilized by the three
different treatments, the following differences are noted. For the
tomatoes there is an increase in ash, calcium, magnesium, phosphate, manganese, and iron; for wheat, an increase in phosphate,
potassium, manganese, and iron; for alfalfa, an increase in ash,

ACIDULATED FERTILIZERS FOR ARIZONA SOILS

249

calcium, magnesium, phosphate, nitrogen, and manganese; for
flax, an increase in calcium, magnesium, phosphate, potassium,
and manganese; and for lettuce, an increase in ash, calcium, phosphate, potassium, manganese, and iron.
GREENHOUSE EXPERIMENT 3

In a third greenhouse experiment, carrots were grown in five
gallon pots of soil under a little different method of fertilization.
The seeds were planted in the centers of the pots; four holes 5
inches deep and % inch in diameter were made in the soil in a
circle around the seed and 3 inches away from the seed. These
holes were filled with finely ground manure in one case and the
sulphur-manure compost in the other. In a third series of pots
plants were grown unfertilized. Each treatment was run in triplicate and the carrots were grown to a root length of about 4
inches. At the completion of the experiment the plants were dried
and roots and tops analyzed separately. These analyses are given
in Table 23, as per cent air-dry matter and as grams per carrot
root.
This method of fertilization shows a definite increase in absorption from the acidulated compost; this is strikingly illustrated
when the analyses are calculated to a per-plant basis.
SUMMARY
Although the advocacy of acidulated fertilizers is a new step
in the husbandry of alkaline-calcareous soils, the fundamental
principles involved have been known and widely publicized in
scientific literature on soils and plant nutrition for many years.
Most of the investigations conducted by students of plant nutrition on the effect of external hydrogen and hydroxyl-ion concentrations have been with artificially prepared growth media—
namely, sand and water cultures. There is general agreement that
at extreme pH values, for example pH values of 3.0 and 9.0, a
serious growth disturbance will result which becomes less as the
reaction of the growth media approaches neutrality—pH 7.0.
General agreement as to the nature of the effect of these extreme
pH values is lacking. It may be manifested as a direct toxic effect
upon the plant tissue, as an effect on ion-absorption mechanism of
the roots, as an effect on the solubility of salts of essential ions, and
in other ways. In view of the complexity of the variables affecting
plant nutrition, most of these investigations have been conducted
under closely controlled conditions of temperature, reaction, salt
concentration, osmotic pressure, cation and anion ratios, aeration
or oxygen supply, uniformity of plants, and other recognized variables. With such a complex set of factors it is clear that the effect
of the pH value cannot be interpreted in terms of simple hydrogen- or hydroxyl-ion concentrations alone since one or more of
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these many factors are usually operating in the soil. Although
this has been recognized in our study of acidulated fertilizers,
there is no evidence that it should invalidate the fundamental
basis for their use on alkaline-calcareous soils.
Recent investigations of Arnon and his associates (1, 2) are pertinent to the question of acidulated fertilizers for alkaline soils.
They grew lettuce and tomato plants (two crops extensively
grown in Arizona) in culture solution at pH values extending from
3.0 to 9.0 and determined the effect of pH on absorption of calcium,
magnesium, potassium, nitrate, and phosphate. At extreme pH
values there was a marked reduction in phosphate absorption for
both plants. Best absorption took place for lettuce at pH 6.0 and
for tomatoes at pH 7.0. Calcium absorption was not particularly
affected in alkaline cultures for lettuce and only slightly so for
tomatoes. Potassium, nitrate, and magnesium absorption, at extreme alkaline reaction, were not particularly affected for either
crop. As measured by plant growth, however, both lettuce and
tomato plants made the largest growth at pH 6.0, and growth decreased with increase or decrease in pH above or below this value.
They conclude "there is some justification for regarding the pH
range above 5.0 and below 7.0 as particularly suitable for growth
of higher plants." This observation strongly supports the proposal
of acidulated fertilizers for alkaline-calcareous soils. They further
conclude, however, that within a relatively wide range of pH
values—4.0 to 8.0— fluctuations in the hydrogen-ion concentration
are tolerated by plants where an adequate supply of nutrient
elements is maintained.
The above observations are in good, but not entire, agreement
with our soil studies; with the greater variety and number of
variables present in soils, one should not expect complete agreement. As already stated, one cannot explain reduced plant growth
in alkaline soils on the basis of OH-ion concentration alone; but
the use of acidulated materials and acidulated fertilizers helps
to reduce the effect of high pH values.
The interference toward ion absorption encountered in alkaline
soils is illustrated by research recently conducted in this laboratory (26). In this investigation rye plants, the Neubauer technique, and more than fifty different soils were used in studying
phosphate, potassium, and calcium absorption. Comparing individual soils the data were so confused by fluctuations that it was
necessary to separate them into groups according to their Neubauer values, take an average of each group, and average the
growth-limiting factors. Analysis of the data in this way showed
that phosphate absorption was lowered by high pH values, but
that it was also reduced by an excess of soluble calcium salts and
calcium carbonate. Potassium absorption decreased with increase
in pH of the soil, but its absorption was increased when the amount
of calcium taken up by the plant was increased. Calcium absorption was reduced by high pH values, even to a minus calcium
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absorption at pH 8.5 to 9.0. Reference to these data is introduced
to indicate a few of the inherent variable factors in alkalinecalcareous soils as compared with water or sand cultures.
In planning the study of acidulated fertilizers and acidifying
soil amendments for Arizona soils, the principal incentive involved four primary objectives:
1. Since higher plants feed most actively and normally at pH
values slightly below 7.0, whereas alkaline-calcareous soils are
mostly within the pH range of 7.8 to 9.0, some economic means
should be devised by which the pH of the soil would be reduced
as much as possible toward the optimum pH range for active
feeding, at least within localized zones.
2. Since a number of inorganic plant-food elements exist in
insoluble and difficultly available forms in alkaline-calcareous
soils, a reduction in pH should be devised to increase their physiological availability. This objective resulted from our experience
with phosphate assimilation and the insolubility of salts of the
micronutrient elements in alkaline soils.
3. Crops vary widely in mineral composition, a variable attributed to soils, climate, nutrient supply, and possibly other factors.
The third objective, therefore, was to devise a fertilizer practice
which would insure a maximum mineral-nutrient content of
Arizona-grown vegetables or other food crops. This is of vital
interest in both human and animal nutrition.
4. Fertilizer efficiency. When fertilizer is applied to a soil only
a small fraction of it is actually recovered by the crop for which
it was intended. For phosphate, in general practice, a recovery
of 25 per cent is considered excellent, and in one actual field test
on lettuce in Arizona a recovery of only 2 per cent was obtained.
The fourth objective, therefore, was the study of the effect of
fertilizer acidulation on the actual recovery by the crop of added
plant food.
The first three objectives have been quite thoroughly investigated, but the fourth is reserved for further study. The experiments reported in this investigation have extended over a period
of nine years. Furthermore, all the experiments were conducted
in soil only, both in the field and in the greenhouse, so that all
naturally inherent variables would be studied. It is believed that
the increased absorption of micronutrient elements is outstandingly excellent. The results are less conclusive with respect to
the macronutrient elements, but they are reasonably positive considering the fact that their absorption is unquestionably influenced more by other variable growth factors than by OH-ion
concentration.
CONCLUSIONS
1. Numerous experiments are cited to support the desirability
of employing acidulated materials for overcoming some of the
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nutritional problems met in the cropping of alkaline-calcareous
soils.
2. Experimental evidence is presented to show that acidulated
materials or acidulated fertilizers will increase the absorption of
micronutrient elements by plants growing on such soils.
3. There is a trend toward increased absorption of macronutrient elements in spite of the fact that no alkaline-calcareous
soils were available for study in which actual deficiencies of these
elements were known to exist.
4. The metabolic activities of roots foraging in the nutrient
medium (soil) enable them to overcome excessive absorption of
cations or anions and excessive acidity or alkalinity to a limited
extent. This is accomplished through the production by the tissues of H and HCO3 ions, or even by the loss of base from the
root tissue. The acidulated fertilizer program for alkalinecalcareous soils is, therefore, merely a gesture toward aiding a
natural function of the plant root.
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