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STUDIES ON SOIL STRUCTURE: SOME
NITROGEN TRANSFORMATIONS IN

PUDDLED SOILS

BY

J. F. BREAZEALE AND W. T. MCGEORGE

INTRODUCTION

The three terms commonly employed in the physical classifica-
tion of soils are texture, structure, and tilth. The term texture
refers to the mechanical composition and is a quantitative ex-
pression of the different sized particles which compose the soil.
The term structure refers to the arrangement of the soil particles
within the soil but lacks concise quantitative expression. The
term tilth is the broadest of the three and is usually employed in
evaluating the relation of texture and structure to fertility—in
other words soil productivity. In productivity the microbiological
population of the soil plays a very important role and is in no
small part influenced by texture, structure, and tilth.

The nature and extent of the micropopulation depend in large
part upon environmental conditions—namely, moisture, air, plant
food, and soil reaction. Changes in soil structure are accompanied
by both qualitative and quantitative changes in the micropopula-
tion as structural changes usually vary from that known as a
crumb or granular state on the one extreme to a puddled state
on the other extreme. In these structural changes the soil colloids
may act as a cementing agent in the aggregation of the soil par-
ticles or, in a highly dispersed state, as a continuum in which pore
space is largely eliminated.

Soils consist of many different sized particles coated by films of
water or colloidal materials. Between these particles the soil
offers space for air and free moving water—a habitation for the
extensive micropopulation. It is clear from this that changes in
structure will be accompanied by serious microbiological changes,
especially if there is any reduction in the volume of their habita-
tion and restriction in their ability to obtain a ready supply of air
for their respiration.

The important role of pxygen in microbiological soil processes
is attested by the extensive investigations which have been con-
ducted in this phase of soil research. The changes which involve
oxygen are referred to as oxidation which is synonimous with the
broader term aeration and is usually employed in discussing
oxidation in soils, for well aerated soils are always amply supplied
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whereby oxygen is added to a substance or hydrogen removed,
while reduction designates removal of oxygen or addition of hydro-
gen. Since the majority of crops grow most satisfactorily in an
oxidizing environment it is only natural that the most desirable
microflora will exist under these conditions.

Of the oxidation and reduction reactions taking place in soils
those associated with the nitrogen transformations are very im-
portant. Since soil structure has a great influence upon these
reactions it is often used as a criterion of soil fertility. In view of
this, microbiological studies have been conducted as one phase of
the study of puddled soils under way in this laboratory.

Soils which contain appreciable amounts of organic matter and
which possess a favorable structure usually support a vigorous
microflora. The soils of Arizona, being semiarid types, possess
much smaller amounts of organic matter than the soils of more
temperate regions and therefore contain a much smaller micro-
population. Investigations have revealed, however, that the
microorganisms of Arizona soils are, in general, more active (2, 6)
than similar organisms in the soils of the colder and more humid
regions. They appear to function with less moisture and at higher
soil temperatures. These properties have probably been acquired
over a long period of adaptation under the severe heat and drought
of the Southwest.

The literature dealing with soil microbiology is probably more
voluminous than that of any other phase of soil research. That
which deals specifically with ammonification, nitrification, and
denitrification is also extensive, and a large part of this literature
is devoted to nitrogen transformations taking place in waterlogged
soils. However, little or none of this literature deals with the dif-
ferences in soil structure, that is, the relative degree of puddling,
if any, associated with the waterlogged conditions.

These studies on waterlogged soils have been largely stimulated
by interest in the nutrition of such aquatic crops as rice, tropical
crops where rainfall is excessive, and the natural vegetation of
marshlands. According to Gillespie (4) bacterial cultures are
normally reducing, and therefore soils may become highly reduc-
ing if waterlogged. He suggests the use of the reduction potential
as a means of measuring the intensity of reduction in soils, for
when soils are treated with an excess of water they become highly
reducing, as evidenced by their reduction potentials. Kelley (9)
studied the effect of submergence upon nitrogen transformations
in Hawaiian rice soils and found active ammonification of organic
nitrogen compounds and a reduction of nitrate to nitrite and
ammonia. Janssen and Metzger (8) also studied nitrogen trans-
formations in rice soils and compared the effect of submergence on
both cropped and uncropped soils. Where ammonium salts were
applied they found a reduction of ammonia from absorption by the
plant and from the reducing action of denitrifying organisms.
When green manure was added to the soil ammonification pro-
ceeded normally in the submerged soils for two months. There
was a rapid disappearance of nitrate in all submerged soils. In a



228 TECHNICAL BULLETIN NO. 69

recent series of papers Subrahmanyan (13, 14, 15) has presented
a rather extensive study of nitrogen transformations in submerged
soils of India where the problem is one of great economic im-
portance because 80,000,000 acres are devoted to rice culture in
that country. He reports some loss of nitrogen as ammonia from
waterlogged soils but found that most of the ammonia formed by
ammonification was rapidly fixed by the soil as replaceable am-
monium. There was a distinct increase in free and fixed am-
monia and a reduction in nitrate, but he failed to find any reduc-
tion in total nitrogen. Bacterial counts did not show any evidence
that the number of organisms in the soil rose or fell appreciably
as a result of waterlogging. This observation is in agreement
with that of Russell and Hutchinson (12) that ammonification may
take place in soils even where biological action is impossible. This
led them to suggest that ammonification may in part be due to
enzymatic action—probably both hydrolysis and reduction. Su-
brahmanyan was able to substantiate this hypothesis by incubat-
ing sterilized soils and by isolating an enzyme capable of chemical-
ly hydrolyzing some of the organic nitrogen compounds. It is of
interest to mention the work of Harrison on the gases of rice soils
showing that the principal gases formed by submergence are
methane and nitrogen (7).

These few references will serve to illustrate the nature of the
nitrogen transformations taking place in waterlogged soils. In
addition to studies of the above nature, a number of investigations
have dealt specifically with quantitative water relations. Quoting
from Waksman (16) "Deherain found that when the moisture
content of the soil is 5% the process of nitrate formation is very
slight, but it becomes appreciable with 10% moisture and reaches
a maximum with 15 to 20 per cent. Schloesing and Muntz re-
ported that nitrate formation in soil is at a maximum with the
highest moisture content which will not saturate the soil. When
the soil approaches the saturation point, the process of nitrification
is greatly reduced and may disappear completely." Gainey (3)
found a rapid increase in nitrate formation in soils beginning at
5 per cent moisture and increasing to 32 per cent (70 per cent of
saturation) above which nitrification decreased rapidly and was
practically nil at 38 per cent water. Greaves and Carter (5) used
twenty-two different soils in studying the effect of water upon
nitrogen transformations. They found a consistent relation be-
tween moisture content and ammonification. Every soil exhibited
maximum ammonification when at 60 per cent of its water-holding
capacity. ^ Nitrification studies on the same group of soils showed
an active increase in nitrification with increase in moisture reach-
ing a maximum at 50 per cent moisture-holding capacity for most
of the soils and 60 per cent for a few beyond which denitrification
set in, and at 100 per cent moisture-holding capacity there was no
nitrification. The active range for nitrification was found to be
lower than that for ammonification. The moisture content for
maximum nitrogen fixation lacked the consistency of nitrification
and ammonification and varied between 40 and 80 per cent satura-
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tion. This is probably due to the fact that the nitrogen-fixing flora
is composed of both aerobic and anaerobic groups. The reader is
referred to this article by Greaves and Carter for an excellent re-
view of the li terature. Russell, Jones, and Bahrt (11) also studied
the effect of moisture content on nitrification and found it was in-
significant at the hydroscopic coefficient and increased with mois-
ture content up to 1.25 times the moisture equivalent.

A number of microorganisms take par t in the destruction of
organic nitrogenous compounds and their subsequent oxidation to
ammonia, nitrites, and nitrates. Also a number are able to reduce
nitrates to nitrites or ammonia compounds, and a few are capable
of carrying the reduction further to free nitrogen or oxides of
nitrogen, in which gaseous form it is lost into the air. Nitrification
therefore accompanies oxidation reactions, and denitrification
accompanies reducing reactions in which nitrate and nitrite serve
as sources of oxygen for the reducing organisms.

The phenomenon of puddling is one of bound water, dispersion
of colloids, and restricted oxidation. In view of this, studies in
nitrogen transformation are admirably adapted to the study of
puddling, and likewise the understanding of puddling must be
incomplete without a knowledge of the behavior of the micro-
organisms associated with these nitrogen transformations. The
nitrifiers are autotrophic and resemble the green plants in many of
their soil requirements.

A significant feature of the review of the li terature is that while
the effect of submergence has been extensively studied, as has
also the relation of the moisture content of the soil to nitrogen
transformation, little or no attention has been given to the struc-
tural relations, particularly to the degree of puddling.

EXPERIMENTAL METHODS

Each experiment presented in this bulletin, with two exceptions,
represents a large number of repetitions. It is not usually possible
in quantitative soil microbiological studies to secure as high a
degree of accuracy as in quantitative chemical studies. In view of
this we followed the procedure of repeating each experiment until
the trend of the reaction was definitely established.

In the studies involving ammonification, nitrification, and de-
nitrification the methods used were designed for the determination
of both ammonia and nitrate. In all the experiments air-dry soil
ground to pass a 1 mm. sieve was used. All the soils were alkaline-
calcareous soils such as predominate in the irrigated valleys of
Arizona.

One-hundred-gram portions of soil were weighed into glass
tumblers treated as described in the several experiments and in-
cubated in these containers. They were brought to the desired
moisture content with distilled water, the tumblers were covered
with Petr i dishes and incubated at 30 degrees C. Distilled water
was added during the incubation as required to keep the original
moisture content constant.
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At the end of the incubation period the tumblers were weighted
and their contents were transferred to a wide mouth 1000 cc. bottle
with 500 cc. of 5 per cent KC1 solution to give a 1:5 suspension. A
rubber stopper was placed in the bottle, and these were placed in
an end-over-end shaking machine for thirty minutes. The bottles
were then removed and allowed to stand for thirty minutes. The
larger particles settled in this time, and the supernatant liquid
was siphoned off and filtered. Ammonia and nitrate nitrogen
determinations were made on the filtrate by the following method:
a 250 cc. aliquot of the clear filtrate was placed in an 800 cc.
Kjeldahl flask, 150 cc. of water and 155 cc. of 40 per cent sodium
hydroxide were added, and the ammonia was distilled into stand-
ard acid which was titrated in the usual manner. The flasks were
allowed to cool; 3 grams of Devarda's alloy and 150 cc. of water
were added and the ammonia formed was determined by distilla-
tion into standard acid, as given above. All results are expressed
as milligrams of ammonia or nitrate nitrogen per 100 grams of soil.

This method of determining ammonia and nitrate has been used
extensively in this laboratory (1). Five per cent KC1 is the most
satisfactory agent for extracting ammonia and nitrate salts from
alkaline-calcareous soils. Test experiments showed that when
ammonia or nitrate salts were added to 100 grams of soil which
were treated in the same manner as those used in the experiment,
the recovery, after allowing the soils to stand at their optimum
moisture content for an hour, was about 96 per cent. The re-
coveries, particularly of ammonia, seldom were as great as 100
per cent. It seems probable that the difference may be due to
ammonia absorbed by the colloidal fraction of the soil and which
was not removed by the extracting solution.

In all cases where nitrogen was added the amount was 25 milli-
grams of nitrogen per 100 grams of soil. At any given time the
sum of the ammonia and nitrate nitrogen plus the amounts origin-
ally present in the soil should be equal to the amount of nitrogen
added plus that initially present. In some cases, which will be
explained later, there was a decided lack of agreement. In other
cases the ammonia and nitrate nitrogen found was in excess of
that added, while in others there was a loss.

It should be remembered that the results deal only with the
amounts of ammonia and nitrate nitrogen present. The increase
may be due either to the ammonification and subsequent nitrifica-
tion of some of the organic nitrogenous compounds occurring in
the soil, or it may be due to nitrogen fixation by the nonsymbiotic
nitrogen-fixing organisms. These organisms are widely distrib-
uted in Arizona soils and the nitrogen-fixing flora are very active.
The "losses" may be due to the assimilation of nitrogen by the soil
microorganisms and synthesis into microbial proteins or to denitri-
fication—i.e., complete reduction to gaseous nitrogen. These state-
ments are supported by the fact that increases were noted only
in the cases of the well aerated soils, while the "losses" occurred
in the puddled soils. In the latter case conditions are favorable
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to denitrification and unfavorable to nitrification. In general,
under aerobic conditions, the addition of a source of food or energy
will stimulate a single physiological group of microorganisms
without directly affecting the activities of other physiological
groups of any extent. The addition of ammonia increases the
activities of the nitrifiers and results in the production of nitrates
with little assimilation by other organisms. Under anaerobic
conditions nitrification does not occur and thus the assimilation
of ammonia by plants and some organisms is favored.

RATE OF NITRIFICATION IN ALKALINE-CALCAREOUS SOILS

The first experiment was designed to show the rate of nitrifica-
tion in alkaline-calcareous soils. These southwestern soils, when
in good mechanical condition and having an adequate supply of
moisture, exhibit very active nitrification of ammonium sulphate.
We usually find a slight reduction in the pH of the soil during the
decomposition of the ammonium salts in spite of the large amounts
of calcium carbonate present. Calcium nitrate and calcium sul-
phate are the principal final products of the nitrification. Only
one experiment is submitted, but it is typical of the rate in prac-
tically all our soils when conditions are optimum.

For this experiment 100 grams of soil were weighed into each of
seven tumblers and 25 milligrams of nitrogen, as ammonium sul-
phate, were added to each except the control. Sufficient water
was added to each to bring the moisture in the soil to optimum, and
all were placed in the incubator at 30 degrees C. One tumbler was
analyzed immediately without incubation in order to check the
method. The others were analyzed after two, three, four, five, and
six days in the incubator. The results obtained are given in Table
1.

TABLE 1.—THE RATE OF NITRIFICATION OF AMMONIUM
SULPHATE.

Mgm. nitrogen recovered as
Description NH» NOa

Untreated soil (control)
Soil plus N as am. sulph., no incubation..
Same incubated two days
Same incubated th ree days
Same incubated four days
Same incubated five days
Same incubated six days

This experiment shows quite clearly the rapid rate of nitrifica-
tion taking place in alkaline-calcareous soils when in good
mechanical condition, properly supplied with water, and kept at
optimum temperature. It also shows that the method employed
for the determination of ammonia and nitrate is accurate and well
adapted to the contemplated investigation.

trace
24.2
19.2
13.0
7.8
0.8

trace

3.8
3.8
5.8

13.0
17.0
24.2
25.3
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BEHAVIOR OF AMMONIUM SULPHATE AND SODIUM NITRATE
IN PUDDLED AND UNPUDDLED SOILS

The purpose of the investigations outlined in this bulletin was
to study the effect of changes in soil structure on the availability
of nitrogen fertilizers in Arizona soils as indicated by the nature of
the nitrogen transformations taking place under closely controlled
structural conditions. While it is planned to conduct studies in
the field also, obviously it is impossible to control structural con-
ditions under the extreme variation in soil moisture, which occurs
in irrigated soils, and the extreme aridity of the climate. Struc-
tural differences must be closely controlled in order to get quan-
titative results.

The economic importance of this type of soil study is evidenced
by frequent observations in the field in which poor physical con-
dition is manifestly associated with low productivity. While it is
true that soil structure is often a result of careless tillage prac-
tices, this is not necessarily true for irrigated lands, especially
where salty waters must be used. Conditions leading to poor
drainage, running together of the smallest soil particles, accumu-
lation of salt, and other factors often arise through no fault of the
farmer. Obviously under such conditions the surface soil may
become sufficiently dry to cultivate when the subsoil is far too wet
to be disturbed. Thus, when a farmer does npt have the instru-
ments for examining the condition of the subsoil he is in imminent
danger of seriously injuring the soil structure.

Such are the conditions often found in soils which have "gone
back" in productivity. While root growth is restricted under these
conditions the relative availability of plant food is also a factor.
This is particularly true for nitrogen. Nitrification may take place
in the surface soil only to be followed by denitrification as the
nitrates are leached into the poorly aerated subsoil. In other
words, there is an aerobic environment in the surface few inches
of soil and an anaerobic environment in the subsoil. Where such
soil conditions exist it becomes necessary to evaluate the soil
structure before selecting the form of nitrogen fertilizer to be
used, especially when the soil is planted to such quick growing
plants as the truck crops which require rather heavy fertilization.

In view of the fact that we desired to demonstrate the maximum
effect of soil puddling on nitrogen transformations a great deal of
preliminary work was conducted before finally adopting a method.
A puddled soil—that is, a soil in a badly dispersed or tightly
packed state at the beginning of a period of incubation—if un-
disturbed during the period of incubation may absorb sufficient
air, dry out sufficiently, or change in some other way which may
permit partial nitrification at the exposed surfaces and thus defeat
the purpose of the experiment. These preliminary experiments
showed that nitrification could be completely inhibited only if the
soils were kept in a completely puddled state by daily attention—
that is, repuddling. This was accomplished by maintaining a con-
stant moisture content and subjecting the tumbler, in which the
soils were being incubated, to active vibration with an off-center
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electric vibrator. By employing such an instrument all air can
be removed from the soil and its entry into the soil prevented.
This method was found to be admirably adapted to maintaining a
puddled soil in a puddled state, and its effectiveness is evidenced
by the results which we obtained. Unless otherwise stated, this
procedure was followed in the puddling experiments.

In line with the above discussion, the next experiment was de-
signed to study the changes which nitrate and ammonium salts
undergo in an alkaline-calcareous soil when in a puddled condi-
tion. The soil used has a moisture equivalent of about 20 and
was kept at approximately this moisture content during incuba-
tion. Sodium nitrate was used as a source of nitrate and am-
monium sulphate as a source of ammonium. Otherwise the ex-
perimental procedure was the same as already described. The
data—that is, the amounts of nitrogen added and recovered after
incubation—are given in Table 2.

TABLE 2.—THE EFFECT OF PUDDLING ON CHANGES IN
NITRATE AND AMMONIA PRESENT IN THE SOIL.

Mgm. N Mgm. N
Description added as recovered as

NH* NO3 NH4 NO*

tr.
tr.
tr.
2.0

5.0
25.0
26.2
tr.

Control, no nitrogen added
25 mgm. N as am. sulphate 25
25 mgm. N as sodium nitrate 25
Soil puddled, no nitrogen added
Soil puddled, 25 mgm. N as am.

sulphate 25 .... 11.5 tr.
Soil puddled, 25 mgm. N as sodium

nitrate 25 2.5 13.0

The period of incubation in this experiment was eighteen days.
It will be noted that the oxidation of ammonium sulphate was
complete in the unpuddled soil. While the figures indicate a slight
loss of 5 milligrams of nitrogen, it is probable that this error is ac-
counted for by the utilization of some nitrogen by soil organisms.
There was little or no change in the nitrate added as sodium nitrate
during the eighteen-day period. In other words, there was no de-
nitrification in the unpuddled soil. In the puddled soil to which no
nitrogen was added there was a complete loss of nitrate nitrogen,
2 milligrams of which were still present as ammonia at the end of
eighteen days. Of the 25 milligrams of nitrogen added to the pud-
dled soil as sodium nitrate there were still 13 milligrams left at the
end of the incubation period, but only 2.5 milligrams of this were
found as ammonia. This indicates that about half of the nitrate
nitrogen had been lost by denitrification and probably by volatili-
zation as gas. Where nitrogen was added as ammonium sulphate
there was no nitrification and a loss of more than half the ammonia
nitrogen. This was probably reduced to gaseous oxides or free
nitrogen.

This experiment was verified by repeating several times, and
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the above results were always confirmed. It very well indicates the
nutritional disturbances which arise in puddled soil in so far as
nitrogen as plant food is concerned, and illustrates the difficulties
which will be met in the fertilization of our heavy clay soils which
puddle easily under irrigation and cultivation.

A COMPARISON OF PUDDLED AND WATERLOGGED SOILS

In the puddling studies presented in Technical Bulletin 67 (10)
it was shown that there is a decided difference between the two
physical states known as puddling and dispersion, although they
are often used synonimously. If a soil is worked while at a mois-
ture content close to the moisture equivalent, the sticky point, it
will form a puttylike mass. In this state it exhibits its maximum
settling volume and its greatest percentage of suspended solids.
In other words, it possesses its maximum puddling ratio when
worked at a moisture content near the moisture equivalent. We
have designated this the critical moisture content. If the soil is
worked with an excess of water sufficient to form a near liquid
state, it is dispersed but only slightly puddled. Settling volume,
percentage of suspended solids, and degree of puddling will be con-
siderably less than those of the same soil worked at the critical
moisture content or the sticky point. There is evidence in these
observations that there must be some physical difference between
puddling and mere mechanical dispersion.

The next experiment was designed to determine if there is
any difference in the behavior of nitrifying and denitrifying bac-
teria under these two conditions, both of which allow little or no
oxidation. In this experiment a moisture content of 20 per cent
was maintained for optimum, 33 per cent moisture was present
when it was puddled for the tests, and a moisture content of 60
per cent was maintained for the waterlogged test. Ammonium
sulphate and ammonium zeolite were used as sources of ammonia
nitrogen, and both were added at the rate of 25 milligrams of
nitrogen each. Incubation was made at 30 degrees C. for eighteen
days, and controls containing no added nitrogen were incubated
as checks. The data obtained are given in Table 3.

TABLE 3.—THE EFFECT OF PUDDLING AND WATERLOGGING
OF SOILS ON NITRIFICATION.

Mgm. nitrogen present
Description after 18 days

as NIL as NO3

Soil at optimum (control)
Soil puddled (control)
Optimum plus 25 mgm, N as am. sulph
Puddled plus 25 mgm. N as am. sulph
Waterlogged plus 25 mgm. N as am. sulph
Optimum plus 25 mgm. N as am. zeol
Puddled plus 25 mgm. N as am. zeol
Waterlogged plus 25 mgm. N as am. zeol

tr.
1.5
tr.
9.5

11.5
tr.

14.8
16.0

5.0
tr.

22.5
4.0
3.2

26.0
1.5
2.0
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The soil kept at optimum moisture content and in good physical
condition contained no ammonia nitrogen and 5 milligrams of
nitrate nitrogen, showing complete nitrification of the soil nitro-
gen. On puddling this soil before incubation the nitrate was com-
pletely lost except for 1.5 milligrams still present as ammonia. On
adding ammonia as sulphate and zeolite both were completely
nitrified when the soil was kept at optimum moisture content and
optimum physical condition. In the puddled and waterlogged
soils a large portion of the ammonia nitrogen was still present at
the end of the incubation period, and while there appears to have
been some nitrification, most of the ammonia lost was denitrified.
In both cases the loss was greater in the puddled soil than in the
waterlogged soil, indicating that there must have been some dis-
solved air in the water. In nitrogen transformations in water-
logged soils a great deal depends upon whether the water is fresh
or stagnant, and it is highly probable that denitrification would
have been greater had the water been stagnant The experiment
shows, however, that under equal conditions puddling affects
nitrification more seriously than waterlogging. We purposely
avoided stagnant conditions in this experiment because under
such conditions numerous organic decomposition products of a
toxic nature are formed and would thus complicate the intention
of the experiment.

The relative effect of puddled and waterlogged conditions upon
nitrate nitrogen is shown in the second part of this experiment.
Sodium nitrate was used as a source of nitrate, and all treatments
were run in quadruplicate. The first was composed of 100 grams
of soil plus 25 cc. of water, the second was puddled with a spatula
after adding the 25 cc. of water, and for the third 50 cc. of water
were added to 100 grams of soil, and the whole thoroughly stirred
with a spatula producing waterlogging without puddling. These
three treatments were then applied to portions of the same soil
after adding 25 milligrams of nitrate nitrogen as sodium nitrate
solution. They were all incubated for eighteen days at 30 degrees
C. without any further addition of water or attempt to maintain
the original structure. The waterlogged soils still contained an
excess of water at the end of the incubation period, and the pud-
dled soils were still in a puddled state. The results are given in
Table 4.

TABLE 4.—THE EFFECT OF PUDDLING AND WATERLOGGING
ON NITRATE NITROGEN.

Water
added
(cc.)
25
25
50
25
25
50

Condition of
soil

control
puddled
waterlogged
control
puddled
waterlogged

Nitrogen
added

(mgm.)
none
none
none

25
25
25

Nitrate N
found

(mgm.)
6.3
3.4
3.1

31.3
23.0
25.0

Ammonia N
found

(mgm.)
0.1
1.3
0.6
0.0
0.4
0.5
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These data show the trend of nitrate decomposition under the
two conditions and indicate that the loss is more rapid in the
puddled soil. They further illustrate the need for maintaining the
soil in a puddled condition if complete denitrification is to be
attained,

EFFECT OF DUST MULCH ON SOIL STRUCTURE
AND NITRIFICATION

Some years ago E. S. Turville, who was extension agronomist at
the time, made the observation that the puddled structure, which
so often occurs in irrigated Arizona soils, was greatly improved if
the soil was allowed to dry under a dust mulch. This has since
been confirmed both in small plots in the field and in the labor-
atory.

Cultivation for the purpose of maintaining a dust mulch is a
common cultural practice with many farm crops. It was originally
believed that the dust mulch conserved soil moisture, but in re-
cent years this has been somewhat discredited and is now less
widely accepted as an explanation of the value of a dust mulch.
That it does aid in maintaining a good soil structure and even in
restoring puddled soils to better structure has been demonstrated
in our physical investigations and plant studies. In view of this
the next experiment was designed to study its effect upon the soil
microflora associated with nitrification.

Two incubation experiments were conducted in this experiment.
One extended for a period of eighteen days and the other for a
period of twenty-three days. After adding 25 milligrams of nitro-
gen as ammonium sulphate the soils were made to near saturation
with water and puddled with an electrical vibrator until air bub-
bles no longer arose from the soil. In this manner the soil was
converted into a puttylike mass. One of these puddled samples
was covered with a dust mulch before placing in the incubator.
The original weight of the puddled soil was 100 grams, and an
equal amount of soil was used as a dust cover. The data obtained
from this experiment are given in Table 5.

TABLE 5.—THE EFFECT OF A DUST MULCH ON THE NITRIFICA-
TION OF AMMONIUM SULPHATE IN A PUDDLED SOIL.

Mgm. nitrogen recovered as
Description NH8 NO3 NH* NO3

(18 days) (23 days)

7.0
29.3
tr.
0.7

tr.
tr.
4.8

11.5

9.5
28.2

0.6
0.0

Soil untreated (control) tr.
Soil plus 25 mgm. N tr.
Soil puddled (control). 5.0
Soil puddled plus 25 mgm. N 12.5
Soil puddled plus 25 mgm. N but

covered with dust mulch 3.2 16.0 2.5 18.5

As in all the previous experiments the soil kept at optimum
moisture and physical condition exhibits active nitrification as
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shown by the fact that all the soluble nitrogen is present as nitrate
in the untreated control and by the complete nitrification of the
ammonium sulphate in the control to which ammonia nitrogen
was added. In the puddled control all the soil nitrate was reduced,
and there was no nitrification of that added as ammonium sulphate
but some denitrification. In marked contrast to the above, active
nitrification took place in the soils under dust mulch. This ex-
periment shows that one effect of a dust mulch is to aid nitrifica-
tion or other oxidation reactions in puddled soils. Obviously the
soluble nitrogen is drawn by capillarity from the puddled soil up
into the dry dust mulch where ample air for oxidation is available.
However, it is not believed that this completely explains the ac-
tive nitrification under the mulch. In our physical studies it has
been shown that on covering a puddled soil with a dust mulch it
will dry out more slowly and to a more friable condition than if
allowed to dry in direct contact with the air. This leads us to be-
lieve that some nitrification took place in the soil below the layer
of mulch.

It is very probable that the dust mulch absorbs enough water
from the puddled soil to form a humid air blanket and that this
blanket in turn acts as a buffer between the arid atmosphere of
our climate and the saturated moisture content of the soil. A
limited degree of soil breathing is thereby set up which stimulates
a certain amount of oxidation processes. This is attested by the
difference between the nitrates present in the mulched and un-
mulched soils.

EFFECT OF DRYING A PUDDLED SOIL ON NITRIFICATION

It is the experience of farmers in the Southwest that the fertility
of irrigated lands is improved or better maintained at a high level
by allowing the soil to dry out thoroughly at regular intervals.
This practice is sometimes referred to as dry fallowing, and it is
the custom to allow the soil to lie fallow for at least a year without
irrigation or with only an occasional irrigation if the farmer desires
to get rid of accumulated alkali during the fallowing period. The
value of the dry fallow has been repeatedly demonstrated in a
practical way but all the factors involved in the physical, chemical,
and biological transformations which take place are still rather
obscure. The next experiment was designed to study the effect of
drying out a puddled soil on nitrification.

A description of the treatments given the soil used in this ex-
periment and the oxidation of ammonium sulphate under the
conditions studied are given in Table 6. The incubations were
conducted for a period of four weeks at 30 degrees C.

Here again there was complete nitrification in the unpuddled
soil at 21 per cent moisture, reduced nitrification in the soil pud-
dled with 33 per cent moisture, and complete nitrification in the
puddled soil after the normal physical structure had been restored
by drying before incubation at 21 per cent moisture. It is signi-
ficant that the puddled soil kept under waterlogged condition
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TABLE 6.—THE EFFECT OF DRYING ON NITRIFICATION.

Mgm. nitrogen recovered
Description as

NH3 NO3

Control—25 mgm. N, soil at 21% moisture tr. 25.0
Soil plus 25 mgm. N, puddled at 33% moisture 10.0 10.0
Soil plus 25 mgm. N, puddled at 33% moisture

but allowed to dry in air then made to 21%
moisture tr 25.7

Soil plus 25 mgm. N, puddled at 33% moisture
but dried, pulverized, and made to 21%
moisture tr. 25.5

Soil plus 25 mgm. N, puddled at 33% moisture
but waterlogged at 60% moisture 15.0 4.0

showed materially less nitrification than that which was puddled
and kept at 33 per cent moisture.

This experiment shows that once the soil has been puddled the
exidizing activities of the nitrifying bacteria are completely re-
stored by drying the soil but will not be restored if the soil is kept
in a saturated condition. This behavior is in agreement with the
observations made in a previous study on the puddled soil struc-
ture as affected by drying (10). That is, the only way the physical
structure of a puddled soil can be restored to a productive state is
by thorough drying such as is obtained by the dry fallow. In our
physical studies on puddling if the soil was puddled to a sticky
condition at the critical moisture content and then worked with a
rubber spatula in the presence of a large excess of water, the mass
was broken up into a completely dispersed condition—a suspen-
sion of individual soil particles—but its degree of puddling as
measured by settling volume and suspended solids was not re-
duced.

EFFECT OF SULPHUR, GYPSUM, AND SAND UPON
NITRIFICATION IN PUDDLED SOILS

There are a number of field practices in common use among
farmers of the Southwest which are designed to improve the
stnicture of puddled soils and in which several soil amendments
are employed. The incorporation of such materials as sulphur,
gypsum, and sand are often very effective. However, in order for
these materials to improve soil structure, complete incorporation
with the soil must be accomplished, and this is impossible unless
the puddled structure is first destroyed in part by cultural means
or by partial drying. Sulphur improves soil structure only when
sufficient air is available in the soil for its oxidation to sulphuric
acid and is therefore of no value if added to wet puddled soils.
In fact it may be harmful under such conditions, as it will be
reduced to hydrogen sulphide in an anaerobic environment. Gyp-
sum is added to puddled soils because under certain conditions it
will stimulate particle aggregation, but here again this property
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will be greatly restricted by incomplete incorporation in a wet soil
and its effectiveness reduced in proportion. The same applies to
sand, the value of which is based entirely upon its mechanical
value for opening up the soil and therefore depends upon the com-
pleteness of incorporation. What has just been said of these three
soil amendments also applies to fertilizers and manures. As long
as the soil retains its puddled state the puddling is such a great
limiting factor that soil amendments are unable to function as
they should.

The next experiment was designed to determine the effect of the
above amendments upon nitrification of ammonium sulphate in
puddled soils. In this experiment a comparison was made be-
tween a soil kept at optimum moisture content and in a good
physical condition, the same soil after puddling, and finally after
puddling and adding sulphur, gypsum, and sand. The data are
given in Table 7, expressed as milligrams of nitrogen.

TABLE 7.—THE PROPERTIES OF SULPHUR, GYPSUM, AND SAND
ADDED TO A PUDDLED SOIL.

Mgm. N recovered as
Description NHs NO3

Soil at optimum
Soil puddled
Optimum plus 25.0 mgm. N as (NH4)2SO4
Puddled plus 25.0 mgm. N as (NH4)_>SO4
Puddled plus 25.0 mgm. N as (NHOsSO* plus

0.5 gm. sulphur 13.0 0.5
Puddled plus 25.0 mgm. N as (NH4)2SO4 plus

1 gm. gypsum 14.8 0.5
Puddled plus 25.0 mgm. N as (NH^SO* plus

20 gm. sand 14.2 1.0

It is evident from this experiment that no improvement in nitri-
fication will obtain unless physical conditions are improved to the
extent that these amendments are able to function normally.
There was no oxidation of ammonium sulphate in any of the pud-
dled samples.

THE FIXATION OF AMMONIUM IN THE SOIL

In fertilizer practice when ammonium sulphate is added to the
soil it does not remain long as such in the soil solution. In the
presence of water it is partially or almost wholly fixed; that is, the
ammonium radical replaces other bases, such as sodium and cal-
cium in the soil colloids with the formation of ammonium zeolite.
The extent of this replacement depends largely upon the amount
of ammonium sulphate added, upon the nature of the original soil
zeolite, and upon the concentration of other soluble salts in the soil
solution. In the heavy, dispersed soils—the black alkali soils—of
the Southwest the zeolite is in large part saturated with sodium,
while in the flocculated soils of the East, the zeolite is usually a

trace4.5
0.0

13.8

9.0
0.5

29.0
0.9
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calcium compound. In the presence of white alkali, usually com-
posed of the soluble salts of sodium and calcium, the reaction be-
tween the ammonium sulphate and the zeolite is limited by the
energy of reaction of the bases in solution and therefore the re-
placement is not complete. Most of the soils used in this investi-
gation contained sodium chloride, and the zeolite was therefore
largely a sodium salt. The extent of replacement of the sodium
by ammonium in one of these soils under the conditions of our
experiments is shown in Table 8.

Twenty-five milligrams of nitrogen as ammonium sulphate were
added to 100 grams of soil. The soil was then made up to its
optimum moisture content and allowed to stand one hour; 500 cc.
of water were added and the mixture shaken for twenty minutes.
The solution was then filtered through a porous porcelain filter
and the ammonia nitrogen distilled off from an alkaline solution.
The nitrate remaining in the solution was then oxidized with
Devarda's alloy and another distillation made for the nitrate nitro-
gen. The nitrogen that was recorded is shown in Table 8 upon the
basis of dry soil.

TABLE 8.—THE FIXATION OF AMMONIUM AS ZEOLITE.

Mgm. nitrogen re-
Description covered as

NH8 NO*

Soil untreated 0.5 5.0
Soil and 25 mgm. N as (NH*)2SO* 6.5 5.0

The original soil contained 5.0 milligrams of nitrate nitrogen as
calcium nitrate with but a small amount of ammonia nitrogen. The
nitrate nitrogen remained constant in the treated soil. On the
addition of 25 milligrams of ammonia nitrogen as ammonium sul-
phate, only 6.5 milligrams were recovered in solution. Therefore,
18.5 milligrams or 74 per cent were absorbed by the zeolite. This did
not take into account the ammonium that was hydrolyzed from
the relatively insoluble ammonium zeolite. Another soil from the
Santa Cruz Valley that was used in these studies fixed 76 per cent
of the ammonia nitrogen from ammonium sulphate in an experi-
ment similar to the one just described.

Ordinarily we think of ammonium sulphate in the soil being
oxidized directly into nitrates, but from these experiments it is
evident that this is not entirely true. If ammonium sulphate,
when added to a soil, is to a great extent "fixed" as ammonium
zeolite, then the action of the nitrifying bacteria must be directly
or indirectly upon the zeolytic complex.

EXPERIMENTS WITH SYNTHETIC AMMONIUM ZEOLITE

For the purpose of studying the nitrification of ammonium
zeolite more carefully, a sample of commercial permutite, sodium
zeolite, was secured. This was leached with a 10 per cent solution



STUDIES ON SOIL STRUCTURE 241

of ammonium sulphate and then with water until it was free of
sulphate, thus producing an ammonium zeolite by exchange. After
drying this material in the air a 1-gram sample was shaken with
5 per cent KC1 solution, filtered, and ammonia determined in the
filtrate by alkaline distillation. Using this method of analysis,
which is the one used in all the preceding experiments, it was
found that the material contained 10.2 milligrams of nitrogen per
gram.

A large number of incubation experiments were then conducted
with this zeolite in comparison with ammonium sulphate in
normal and puddled soils. A representative set of data from these
experiments is presented in Table 9. The incubation period was
twenty days.

TABLE 9.—THE COMPARATIVE NITRIFICATION OF
AMMONIUM ZEOLITE AND AMMONIUM SULPHATE.

Mgm. nitrogen recovered as
Treatment NH3 NO3

Soil untreated
Soil plus 25 mgm. N as am. sulphate
Soil plus 25 mgm. N as am. zeolite
Soil puddled
Soil puddled plus 25 mgm. N as am. suiph
Soil puddled plus 25 mgm. N as am. zeol

This experiment shows that ammonium zeolite is just as readily
nitrified in a normal soil as ammonium sulphate, which is a further
indication that the ammonium sulphate is rapidly fixed in the soil
as zeolite. However, when these materials are present in a pud-
dled soil it appears that the ammonium sulphate is much more
reactive. There was more nitrification and probably more de-
nitrification of ammonium sulphate, as the sum of the nitrate end
ammonia is less for ammonium sulphate than for ammonium
zeolite. The reason for this probably lies in the difference in
solubility of the two salts.

It is entirely possible that had the incubation been continued
longer there would have been a closer agreement between the
final nitrate and ammonia content of the zeolite and sulphate
cultures.

RATE OF NITRIFICATION OF AMMONIUM ZEOLITE

Having demonstrated this behavior of synthetic ammonium
zeolite, we next prepared large quantities of soil for study by
leaching them with a 10 per cent solution of ammonium sulphate
until the exchange complex of the soil was saturated with am-
monium. The soils were then leached with water until free from
sulphates and then dried in the air. It is highly probable that a
small amount of nitrate may have formed during the drying oper-
ation.

trace
trace
trace

7.0
3.2

15.2

8.5
26.5
28.2

1.2
8.5
1.2



Incubation period
(days)

0
8

16
24
32
40
48

Mgm
N H
77.5
72.0
51.2
12.0
6.5
1.5
1.7
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In order to study the speed with which this fixed zeolite am-
monium is nitrified in the soil, 100-gram samples were weighed
into tumblers, water added to bring them to optimum, and they
were incubated at 30 degrees for the periods given in Table 10.

TABLE 10.—NITRIFICATION OF AMMONIUM-SATURATED
SOIL ZEOLITE.

Mgm. nitrogen recovered as
NO,

_

10.7
34.5
77.8
85.5
88.6
87.3

This experiment shows that if the soil is in good physical con-
dition and kept at optimum moisture content, the ammonia com-
bined with the soil zeolite will undergo very rapid nitrification.
However, when compared with the data in Table 1, the nitrifica-
tion of this fixed ammonia is slower than that of ammonia as am-
monium sulphate.

DENITRIFICATION OF AMMONIUM-SATURATED SOIL ZEOLITE
Having shown the rapid rate of oxidation which takes place

when the ammonium ion is combined with the soil zeolite the next
experiment was designed to determine the behavior of this com-
pound under reducing or puddled conditions.

The same ammonium-saturated soils as used in the previous ex-
periment were used in this one. One hundred grams of this soil
contained 102 milligrams of nitrogen as ammonium zeolite, and
this weight of soil was used for the incubation studies. One half
of the tumblers were kept at approximately optimum moisture
content and in good physical condition, while the others were
filled with puddled soil. Tumblers of soil were removed from the
incubator at eight-day intervals and analyzed for ammonia and
nitrate nitrogen. The results obtained from this experiment are
given in Table 11.

TABLE 11.-—THE OXIDATION OF AMMONIUM ZEOLITE IN A GOOD
SOIL AND REDUCTION IN A PUDDLED SOIL.

Days in
incubator

0
8

16
24
32

Mgm. nitrogen recovered
from soilI kept at

optimum as
NH3

102.0
64.0
20.5
4.0

trace

NO3

0.0
42.5
80.5

101.2
110.0

Mgm. nitrogen recovered
from puddled soil as

NH3

102.0
94.5
82.5
70.0
66.6

NO*

0.0
6.5
4.0
4.2
5.8
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In less than thirty-two days all the zeolite in the unpuddled soil
had been oxidized and appeared in the solution as nitrate, while
the ammonia nitrogen in the puddled soil was reduced from 102.0
to 66.6 milligrams. A slight oxidation was apparent in the pud-
dled soil. This, no doubt, took place on the exposed surface of the
soil samples where it was exposed to the air.

It will be noticed that there was an increase in the ammonia and
nitrate nitrogen in the unpuddled soils—that is, an increase from
102.0 up to 110.0 milligrams of nitrogen—while there was a de-
crease in the total amount of the ammonia and nitrate nitrogen
of the puddled soil—that is, a decrease from 102.0 to 72.4 milligrams
of nitrogen in the puddled soil. This is in agreement with our
previous experiments and is attributed to several causes, such as
the use of nitrogen as food by the bacteria and to the reduction of
combined nitrogen to the gaseous forms and its subsequent vola-
tilization. In order to get data on this point, samples of the soils
used to obtain the data given in Table 12, which had been in-
cubated for thirty-two days, were dried and total nitrogen deter-
minations were made by the modified Gunning method. In Table
12 an average of these determinations is given.

TABLE 12.—THE REDUCTION IN TOTAL NITROGEN
IN PUDDLED SOIL.

Description Total mgm. N in 100 gm. soil

Soil at beginning. 246.5
Soil incubated at optimum 249.2
Soil incubated, puddled 212.5

In making such comparisons there is a limit of error which is
fairly large, but it is quite evident that there was a distinct re-
duction of total nitrogen in the puddled soil brought about, in all
probability, by its loss as a gas.

A number of other total nitrogen determinations were made on
normal, puddled, and waterlogged soils which had been incubated
for thirty-eight days. These data are given in Table 13.

TABLE 13.—THE LOSS OF NITROGEN AS MEASURED BY TOTAL
NITROGEN DETERMINATIONS ON SOIL.

Mgm. N in 100 grams
Soil kept at soil after 38 days

incubation

Optimum.. 88.3
Puddled 80.7
Optimum plus 25 mgm. N as am. sulphate 102.0
Puddled plus 25 mgm. N as am. sulphate 90.0
Waterlogged plus 25 mgm. N as am. sulphate 85.7
Optimum plus 25 mgm. N as am. sulphate 105.7
Puddled plus 25 mgm. N as am. sulphate 91.3
Waterlogged plus 25 mgm. N as am. sulphate.... 92.2
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The data given in Table 13 are not single determinations but
averages of several and are accurately indicative of the behavior
of the nitrogen transformations under the three soil conditions.
They show a very definite loss of soil nitrogen, in a gaseous form,
from puddled and waterlogged alkaline-calcareous soils.

AMMONIUM HYDROXIDE AND AMMONIUM PHOSPHATE

Among the nitrogenous fertilizers used in Arizona, liquid am-
monia (ammonium hydroxide) and ammonium phosphate are ex-
tensively employed. In view of this, some incubation experiments
were conducted with these materials. Standardized solutions of
these were prepared and amounts equivalent to 25 milligrams of
nitrogen were added to each 100-gram portion of soil in tumblers,
both normal and puddled soils being used. The incubations were
conducted for a period of fifteen days, after which the soils were
analyzed for nitrate and ammonia nitrogen. The data are given
in Table 14.

TABLE 14.—OXIDATION AND REDUCTION OF AMMONIUM
HYDROXIDE AND AMMONIUM PHOSPHATE IN SOILS.

Soil kept at

Optimum
Optimum plus 25 mgm. N as am. hydroxide....
Optimum plus 25 mgm. N as am. phosphate....
Puddled
Puddled plus 25 mgm. N as am. hydroxide
Puddled plus 25 mgm. N as am. phosphate

Mgm. nitrogen
as

NH3

0
0
0
1.5

13.2
16.0

recovered

NO3

4.2
21.0
24.8

0.5
1.7
4.5

Both these nitrogen compounds undergo rapid oxidation in the
soil when kept at optimum moisture content and in good physical
condition. In the puddled soils there was a loss of nitrogen in both
cases, the greater loss being in the soil to which ammonium hy-
droxide was added. Both these compounds behave similarly to
ammonium sulphate.

All the experiments presented thus far in this bulletin were
conducted upon alkaline-calcareous soils because practically all
the soils of the irrigated valleys of Arizona are of this type. They
usually contain 2 to 10 per cent, or even more, of calcium carbon-
ate and possess pH values of 8.5 or higher. A part of this high pH
is due to soluble calcium carbonate and a part to the hydrolysis
of sodium zeolite. As is well known to students of soil micro-
biology, soils containing small amounts of calcium carbonate usu-
ally support active nitrification. The optimum pH for nitrifica-
tion is well on the alkaline side of neutrality and probably within
the range covered by 7.8 to 8.5.

As a matter of comparison studies were conducted on a non-
calcareous Carrington loam from Iowa having a pH value of 5.58.
The experimental procedure as regards incubation and amounts
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of nitrogen added were the same as already described. The data
obtained are given in Table 15.

The rate of nitrification was extremely slow in this soil and well
illustrates the rapid rate at which nitrification proceeds in our
Arizona calcareous soils. Nitrification was notably increased by
the addition of calcium carbonate to this soil

TABLE 15.—CARRINGTO3ST SILT LOAM; NONCALCAREOUS SOIL.

Mgm. nitrogen recovered as
24 days incubation NH3 NO3

Soil untreated 5.2 2.5
Soil plus 5% CaCO3 0.6 11.5
Soil plus 25 mgm. N as (NHO2SO4 25.8 4.0
Soil plus 25 mgm. N as (NH^SO* plus 5%

CaCO* 1.0 25.8
Soil plus 25 mgm. N as (NHO2Z 22.8 8.0
Soil plus 25 mgm. N as (NH4)2Z plus 5%

CaCO3 1.8 33.5

THE CRITICAL MOISTURE CONTENT FOR NITROGEN TRANS-
FORMATIONS IN PUDDLED AND NORMAL SOILS

Investigations on soil structure, which are being conducted in
this laboratory (10), have shown that there is a very definite
moisture content at which soil structure is most easily injured or
puddled, and that this is approximately that represented by the
moisture equivalent or the percentage of moisture which the soil
will hold against a force 1,000 times gravity. In our studies we
have designated this as the critical moisture content. When a soil
is worked, vibrated, agitated, or otherwise mishandled at this
critical moisture content, it exhibits its maximum degree of pud-
dling or worst puddling state. Also it will exhibit its lowest set-
tling rate when suspended in a column of water. It is also signifi-
cant that on settling in a column of water the soil which has been
puddled at the critical moisture content will exhibit a maximum
settling volume, its greatest water saturation capacity, and its
lowest real and apparent specific gravity. This is illustrated by
the curves in Figure 1.

In addition to the above properties aggregate analyses of soils
puddled at different moisture contents have given added signifi-
cance to the critical moisture content. By employing an elutriator
we were able to demonstrate that working the soil at a certain low
moisture content will result in an aggregate build up. As the
moisture content is increased above this point there is a gradual
destruction of the aggregate structure which reaches a maximum
at the moisture equivalent. At this moisture content the soil
possessed the lowest percentage of aggregates; that is, it was at a
maximum puddled or dispersed state. When the soils were
worked at moisture contents higher than the moisture equivalent
there was less destruction of aggregates.

This correlation between mechanical reaction of the soil to work-
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Figure 1.—Relation of moisture content to puddling ratio, settling, volume,
specific gravity of soil suspension, saturation capacity, and apparent

specific gravity of soil suspension.

ing and moisture content suggested a similar study on nitrogen
transformations, and this was made the basis of the next experi-
ment.

The soil used in this experiment possessed a moisture equivalent
of 16.5 and maximum water holding capacity of 34. Six series of
incubations were conducted using 100 grams of soil, an incubation
period of eighteen days, and a temperature of 30 degrees C. Each
series consisted of a variation in moisture content from air dry
to 50 cc. water per 100 grams of soil. The following is a detailed
outline of the treatments.
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Series 1: Control—0, 5, 10, 15, 20, 25, 30, 40, 50 cc. water merely
added to the soil.

Series 2: Puddled control—same as Series 1, except the soils
were worked with a spatula after addition of water and before
placing in the incubator.

Series 3: Calcium nitrate unpuddled series—same as Series 1,
except that 25 milligrams of nitrogen as calcium nitrate were
added to each tumbler.

Series 4: Calcium nitrate puddled series—same as Series 3, ex-
cept that the soil was worked with a spatula after adding the
water.

Series 5: Ammonium sulphate unpuddled series—same as
Series 1, except that 25 milligrams of nitrogen as ammonium sul-
phate were added to each tumbler.

Series 6: Ammonium sulphate puddled series—same as Series
5, except that the soil was worked with a spatula after adding the
water.

During the period of incubation the soils were brought to the
original moisture content each sixth day, but no attempt was made
to rework them during this period. At the end of the incubation
period nitrate and ammonia nitrogen were determined in each.
The results obtained are given in Table 16. The data are also
shown graphically in figures 2 and 3.

TABLE 16.—THE RELATION OF MOISTURE CONTENT IN PUDDLED
AND UNPUDDLED SOILS TO NITRIFICATION AND

DEVITRIFICATION.

cc.
water Control series Nitrate series Ammonia series
added unpuddled puddled unpuddled puddled unpuddled puddled

Mgm. nitrate nitrogen found in soils at end of incubation
0 6.2 .... ~
5

10
15
20
25
30
40
50

0
5

10
15
20
25
30
40
50

6.2
6.2
6.0
6.2
7.0
7.0
3.5
3.2

5.5
6.2
6.0
6.7
3.7
2.6
2.7
2.0

Mgm. ammonia nitrogen

L6
0.2
0.6
0.6
0.8
0.2
1.0
1.4

1.4
1.0
0.4
1.3
1.8
1.0
1.4
1.4

31
35
34
35
37
40
35
30
found

1.4
0̂ 2
0.2
0.2
0.2
0.4
0.8
1.0

35
40
37
37
30
30
30
25

in soils at end

To
0.3
0.4
1.2
0.8

0.6
1.0

7.5
8.7

15.0
17.5
20.0
22.0

5.5
5.0

of incubation

12.6
12.2
4.4
1.2
1.0
0.6

10.1
8.0

6.0
7.0
8.7

10.0
6.0
4.5
4.2
4.2

14^8
13*.8
11.6
11.4
8.6

11.4
9.0
9.4

A comparison of figures 2 and 3 with Figure 1 shows an inter-
esting correlation between the behavior of nitrifying and denitrify-
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CC. WATER APP£P P£P 100 GMS. SOIL

Figure 2.—Relation between mgm. nitrate nitrogen and amount of water
present in the soil when puddled and not puddled: 1, soil without added
nitrogen; 2, soil to which 25 mgm. nitrate nitrogen were added; 3, soil to
which 25 mgm. ammonium nitrogen were added. P, puddled and C, un-

puddled soils.

ing bacteria at a moisture content approximating the moisture
equivalent and the physical properties exhibited by the soil when
puddled at this same moisture content. In other words, the same
critical point applies both to these bacterial processes and to a
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Figure 3.—Relation between mgm. ammonia nitrogen and amount of
water present in the soil when puddled and not puddled: 2, soil to which
no nitrogen was added; 2, soil to which 25 mgm. nitrate nitrogen were
added; 3, soil to which 25 mgm. ammonia nitrogen were added. Upper 2
and 2 show total nitrate and ammonia nitrogen in puddled and unpuddled

soils. P, puddled and C, unpuddled soils.

number of the maximum and minimum values for some physical
constants studied earlier in this investigation of puddled soils.
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There is also a correlation in the behavior of these bacterial ac-
tivities and physical properties at moisture contents below the
moisture equivalent. That is, nitrification of ammonium sulphate
increased with increase in moisture content up to the moisture
equivalent in the puddled soils, at which point it reached a maxi-
mum and beyond which nitrification was reduced. Likewise, de-
nitrification in the controls and those to which nitrate had been
added began just beyond the moisture equivalent. The difference
between the properties of the soil at high moisture contents when
in a puddled state and when allowed to retain its normal struc-
ture undisturbed is also clearly illustrated by these figures. Nitri-
fication of ammonium sulphate was checked and denitrification of
nitrate began at a moisture content about 1.4 times the moisture
equivalent. This is in close agreement with the observations of
Russell, Jones, and Bahrt (11).

The changes in ammonia content of the soils with increase in
moisture content under puddled and normal or undisturbed con-
ditions is shown in Figure 3. The combined nitrate and ammonia
content is also given in Figure 3. The ammonia in the ammonium
sulphate cultures decreases with increase in moisture content
reaching a minimum at approximately the moisture equivalent.
However, the minimum points on these curves are at a slightly
higher moisture content than the maximum points on the nitrate
curves.

SUMMABY

The purpose of the investigation outlined in this bulletin was to
study the effect of soil structure, together with soil moisture, upon
the nitrogen transformations in the alkaline-calcareous soils of
the semiarid Southwest.

For a number of years this laboratory has been conducting in-
vestigations upon the factors associated with the reduced fertility
which often follows the continued cultivation of the soils in this
region. Thus far these investigations have shown that both avail-
able plant food and changes in physical structure are involved
factors. In view of this, the effect of soil puddling on the physical
structure of the soil is now being studied. Since the activities of
soil bacteria are greatly influenced by soil structure, it became
necessary to devote some time to this phase of the problem.

A review of the literature revealed a rather extensive group of
articles devoted to the nitrogen transformation taking place in
submerged soils, and a few were devoted to the relation between
the moisture content of the soil and the activity of soil micro-
organisms, but it is significant that little or no attention seems to
have been given to nitrogen transformations when the soil is not
only waterlogged but also in a puddled condition. This investi-
gation is therefore devoted specifically to this phase.

First it should be mentioned that the alkaline-calcareous soils
are extremely active nitrifiers and ammonifiers, and this is shown
by the first experiment. One reason for this activity is that these
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soils are well buffered at a desirable reaction range. From this
standpoint they are admirably suited to the study of factors which
influence these bacterial processes.

On creating a puddled condition in these soil types nitrification
is completely stopped and denitrification becomes quite active.
Ammonium sulphate appears to be denitrified to a greater extent
than sodium nitrate, and this may have a bearing upon the relative
value of these two nitrogen fertilizers on poorly drained soils.
Since our previous studies on soil structure had shown rather
striking differences in physical properties between puddled soils
and soils which were merely waterlogged or dispersed, a similar
study was made of the relative influence of these two conditions
upon nitrogen transformations. This experiment revealed a great-
er loss of nitrogen from the puddled soil regardless of whether it
was added as nitrate or ammonia, and this loss was entirely as
gaseous nitrogen.

Knowing the value of a dust mulch on puddled soil, an experi-
ment devoted to this phase revealed an active increase in nitrifica-
tion when a puddled soil was covered with such a mulch. An-
other method often employed in reclaiming or restoring puddled
soils to better fertility is by dry fallowing, and it is significant that
the nitrifying power of a puddled soil is completely restored by
this treatment.

When ammonium salts are added to the soil much of the am-
monium ion is rapidly fixed by the colloids before nitrification.
In view of this, studies were conducted to compare the zeolite and
sulphate salts of ammonia. In a well aerated soil the zeolite am-
monia is just as readily nitrified as the sulphate. Under puddled
conditions this is not necessarily true, as our experiments showed
a slower rate or less nitrification and less denitrification of the
zeolite form of ammonia. This appears to be true for the ammonia
fixed as zeolite in the soil as well as the synthetic zeolite.

The relative effect of waterlogged and puddled soils upon nitri-
fication and denitrification is well revealed in the last experiment,
which is shown graphically in figures 1, 2, and 3. Throughout
our studies in soil structure the critical moisture content—that is,
the moisture content at which the soil structure is most seriously
destroyed by agitation or vibration—is approximately that repre-
sented by the moisture equivalent. Regardless of how vigorously
a soil is worked at moisture contents above or below this point it
will not acquire its maximum degree of puddling. On studying
nitrogen transformations from this angle the experiments revealed
that the moisture equivalent is also the critical moisture content
for microbiological oxidation processes in puddled soils. At this
moisture content nitrification is checked and denitrification be-
comes active. If the soil is not in a puddled condition then the
critical point is not reached until the moisture content is about 1.4
times the moisture equivalent.
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