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THE MICROBIOLOGICAL OXIDATION OF
AMMONIA IN DESERT SOILS,

I. THRESHOLD PH VALUE FOR NITRATIFICATION*
BY A. B. CASTER,! W. P. MARTIN, AND T. F. BUEHRER

INTRODUCTION

In recent years ammonia gas dissolved in irrigation water has
become agriculturally important as a source of nitrogen in the
fertilization of soils, particularly those of irrigated regions.
Gaseous ammonia, as distinguished from the common nitrogen
fertilizers, has several noteworthy advantages: (1) an unusually
high percentage of nitrogen—the highest, in fact, of all nitrogen
fertilizers; (2) the fact that by being wholly utilized by the plant
it leaves no salt residue to contribute to the salinity of the soil;
(3) the ease with which it can be applied to the soil even after
the crop is too high to permit the application of granular ferti-
lizers by the conventional methods; and (4) the economy with
which the amount applied and its distribution can be controlled.
In addition, the loss of ammonia by volatilization when so applied
is remarkably slight on account of its prompt fixation by base
exchange.

Superficially it may seem anomalous to apply a highly alkaline
ammonia solution as a fertilizer to an already alkaline soil, and
the established practice has generally been to use a nitrogen
compound having an acid or neutral reaction. Nevertheless, on
many soils where ammonia has been employed, it has produced
increases in yield of magnitudes such that the anticipated unde-
sirable effects of high alkalinity were entirely overcome by the
rapidity with which the ammonia was oxidized. Since the rate of
this oxidation process is without doubt a factor affecting the crop
response which may be expected as a result of ammonia fertiliza-
tion, it was deemed of interest to investigate the interrelationships
of the physical, chemical, and microbiological factors which in-
fluence it.

The authors are well aware that the mechanism of ammonia
oxidation in the soil has for many years engaged the attention of
investigators, and that its quantitative relationships are fairly
well known. In the present instance, however, it is evident that
there may be conditions that are unfavorable to the process,
either (1) by slowing down certain steps, (2) by allowing inter-
mediate products toxic to the nitrifying bacteria to accumulate,
or (3) by inhibiting nitrification entirely. The extent to which

*The authors desire to express their appreciation to the Shell Chemical
Company of San Francisco, California, for sponsoring the fellowship under
which this investigation was carried out and for financing in part its
publication.

tShell Fellow, 1939-41.
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these effects manifest themselves in any given soil is evidently a
function of various factors, notably its alkalinity. This bulletin
sets forth the results of experiments to determine to what extent
the alkalinity affects the process, and whether or not there is a
threshold pH value above which the conversion of ammonia to
nitrite, or of nitrite to nitrate, will not occur regardless of how
favorable the other conditions may be,

LITERATURE REVIEW
Inasmuch as the use of free ammonia as a fertilizer is a compar-

atively recent development in agricultural practice, the amount of
the published research on its properties and behavior is necessar-
ily limited in extent. Furthermore it is not possible to deduce
with any degree of certainty the probable behavior of ammonia
when so used, from the results of investigations on the various
ammonium salts or of the organic nitrogen compounds commonly
applied as fertilizers. On the other hand, the background of exist-
ing research on the varied factors affecting the microbiological
oxidation of nitrogen in both the organic and inorganic forms and
the utilization of those forms by the plant has yielded valuable
suggestions as to an advantageous approach to the present
problem.
AMMONIA AS COMPARED WITH NITRATE NITROGEN IN PLANT

NUTRITION
The ability of plants throughout their entire growth period to

utilize ammonia per se has not yet been conclusively proved.
Physiological differences in plants with respect to the intake of
other nutrient elements, the development of their root systems,
and fruiting characteristics have been observed repeatedly where
plants were grown in nutrient solutions or sand cultures in which
either the nitrate or ammonium ion was present as the sole source
of nitrogen. Some investigators, notably Prianishnikov (46),
claim to have established the fact that plants under certain con-
ditions absorb ammonia in preference to nitrate. Studies on
ammonium-ion absorption have, however, generally involved the
use of neutral ammonium salts in nutrient solutions, in sand
cultures or in waterlogged soils—all of which represent condi-
tions which do not obtain in normal, arable soils.

Shive and his co-workers (2, 14, 15, 20, 48, 49, 50), Jones and
Skinner (29), Stewart et al. (52), McGeorge (34), and Naftel (41)
have made substantial contributions to our knowledge of the
relative absorption and assimilation of ammonium ion and nitrate
by plants. Considered collectively, their results indicate that the
ion absorbed and assimilated is a function of the age and species
of the plant and/or the reaction of the external medium. The
preponderance of evidence, however, indicates that nitrates are
essential to the plant at some stage of its development and
growth. As noted recently by Arnon (1), the possibility of
nitrification of ammonium ion in any study which aims to com-
pare its relative absorption with that of nitrate is a complicating
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factor which renders the use of, or even the presence of, soil un-
desirable. On the other hand, since the conditions are not com-
parable, it is poor logic to assume that the results of nutrient
solution studies will apply directly to the soil. From an experi-
mental point of view it would seem preferable to make a study
of the state or condition of the nitrogen in the soil at various in-
tervals of time after its application—that is, to determine its ni-
trification rate—when subjected to conditions such as those which
actually prevail in the soil.

Although numerous compounds have been studied as a source
of nitrogen in fertilizer programs, practically no work bearing
either on field or laboratory studies with gaseous ammonia has
appeared in the literature. Ammonium sulfate has been exten-
sively used as a standard for the comparison of different nitrogen
compounds in nitrification studies, but its residually acid nature
makes it difficult to apply the results so obtained in the prognosis
of the probable behavior of ammonia when applied to a soil. The
majority of the published papers concern themselves with nitri-
fication studies on humid soils which are dominantly acid and
may possess a microflora in general different from that of the
dominantly alkaline soils of the desert.

INFLUENCE OF SOIL ALKALINITY ON THE NITRIFICATION
PROCESS

Because of the alkalinity produced when ammonia is dissolved
in water, the pH factor so introduced may influence not only the
rate at which the ammonia is nitrified but also certain physical
properties of the soil. When ammonia is added in an amount
equivalent to 300 p.p.m. of nitrogen, it is sufficient not only to
neutralize the carbon dioxide and bicarbonate ion which the irri-
gation water may have contained but also to leave a certain
amount of free alkalinity. The effect of the added base on the pH
value of the soil will of course be determined by the extent to
which the latter is buffered against base, which in alkaline soils
is usually slight. In this manner an amount of free alkalinity is
added to the soil which, though temporary in duration, may never-
theless have important effects on the microbial population of the
soil, particularly the nitrifying organisms. Hence their ability to
remain active over the range of pH values which may be pro-
duced under such conditions may be in considerable measure re-
duced. These are some of the fundamental aspects of the problem
which received particular consideration in the course of the pres-
ent study.

That nitrification proceeds more efficiently under neutral or
slightly alkaline conditions has been noted by various investi-
gators in this field, but no study appears to have been made on the
optimum or limiting pH values for nitrification in alkaline cal-
careous soils. Fraps and Sterges (21) found that soils which
failed to nitrify ammonium sulfate could be made to do so by the
addition of cultures from actively nitrifying soils and/or of
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calcium carbonate. These authors (22), furthermore, found that
in acid soils calcium carbonate favored rapid nitrification more
so than did dicalcium phosphate, rock phosphate, magnesium car-
bonate, or dolomite. Similar studies by Tandon and Dhar (53)
showed that nitrification is favored more by calcium carbonate
than by magnesium carbonate.

Waksman (54) in his nitrification studies stressed the necessity
of neutralizing the acid formed in the oxidation of ammonium
sulfate and indicated that an acid condition was harmful to the
process. He observed, for example, that the accumulation of ni-
trates stopped when a pH value in the range of 4.4 to 4.8 was
reached and concluded that nitrate accumulation in any soil de-
pends upon its initial pH value, its buffer capacity, and the final
pH value of the soil, "more so than on the bacteriological activity."
The minimum pH value reported by Waksman is essentially in
agreement with that found by Humf'eld and Erdman (28) and by
Gaarder and Hagem (23); the latter, having worked with acid
solutions, placed the minimum pH range below which the nitri-
fiers no longer function between 3.9 and 4.5.

Naftel (42) investigated the rate of nitrification in five widely
different soils as a function of pH value and base saturation and
found, in general, that the rate increased with base and calcium
saturation. His results indicated that the extent of nitrification
in different soils may vary widely even though their pH values
may be the same. This may be due in part to the degree of satura-
tion with bases, since only those soils which had the highest per-
centage of their base exchange complex saturated with calcium
nitrified ammonium sulfate to any considerable extent.

That the nitrifying bacteria are capable of adjusting themselves
to a fairly wide variation in pH value was found by Olsen (44)
working with strongly acid humus soils in which the pH value
had been adjusted and maintained at the desired levels with lime.
He concluded that nitrification can take place between pH 3.7 and
8.8, the optimum being 8.3, so long as ammonia is not the limiting
factor.

Meyerhof (37, 38, 39), Gowda (25), and Meek and Lipman (36)
have reported results which pertain more specifically to nitri-
fication in the alkaline range. In a detailed study of both types of
bacteria, Meyerhof found that ammonia was oxidized most
quickly between pH 8.5 and 8.8. The optimum pH for nitrite
oxidation was between 8.3 and 9.3. These values are in substan-
tial agreement with those obtained by Gowda. Meek and Lipman,
on the other hand, found that both nitrite- and nitrate-forming
organisms from garden soil were alive and functioning at pH 13.0,
but the nitrifiers from acid peat were unable to produce nitrates
above a pH value of 9.5. They concluded that the nitrate-forming
bacteria are somewhat more resistant to alkalinity than are the
nitrite formers. It is to be noted, however, that the above investi-
gators worked exclusively with nutrient solutions and not with
soil.
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Ayers and Jenny (4) and Waynick (56) studied the nitrifica-
tion of ammonia and ammonium sulf ate in relation to the physical
and chemical changes resulting from the application of these fer-
tilizers. The former used one acid and one slightly alkaline soil in
their studies. Waynick worked with a series of soils ranging from
7.1 to 8.1 in their initial pH values, but since his determinations
were made on the soil suspension, his pH values are obviously
higher than those obtained on the same soil at field moisture con-
tents (35).

Nelson (43) found that the toxicity of manganese was reduced
by additions of lime to the soil and concluded that the shift in re-
action so produced rendered the conditions more favorable for
the action of the nitrifying organisms.

TOXIC EFFECT OF AMMONIA ON NITRIFYING BACTERIA

There is some evidence to indicate that free ammonia may have
a toxic or inhibiting effect on the nitrifying organisms. Willis
and Piland (57) found that the free ammonia formed from the
hydrolysis of diammonium phosphate decreased the rate of ni-
trification when this salt was used in pot culture experiments.
Such toxicity, strangely enough, was not observed in the case of
ammonium sulf ate, chloride, or nitrate; nor did the alkalinity of
the diammonium phosphate appear to be responsible for the in-
jurious effect. They found further that calcium salts were able
to counteract the toxicity of the ammonia. It is therefore reason-
able to expect that such toxicity would not be likely to occur in
calcareous soils, notwithstanding the alkalinity produced when
free ammonia is added as the source of nitrogen.

Similarly Waksman (54) reported that sufficient free ammonia
is evolved in the rapid decomposition of dried blood in alkaline
and poorly buffered soils to have an injurious effect upon the
activity of the nitrifying bacteria in the soil. He did not, however,
mention the antagonistic effect of calcium as reported by Willis
and Piland, and since his report referred specifically to alkaline
soils, it is felt by the present writers that further studies should
be conducted on this phase of the problem to clarify the apparent
anomaly.

PURPOSE AND PLAN OF THIS INVESTIGATION

In view of the increasing interest in the use of gaseous ammonia
as a fertilizer for citrus, truck crops, small grains, and hay which
are extensively grown under irrigation on the alkaline calcareous
soils of the desert, it seemed desirable to study some of the funda-
mental aspects of its behavior when applied to such soils. It is
recognized that the rate and mechanism of ammonia nitrification
in such soils may be a function of the alkalinity, salinity, soil
type, and dominant microflora, and perhaps other factors which
influence it to a greater or lesser degree. The results to be pre-
sented in this bulletin concern themselves primarily with the pH
relationships which are involved in the nitrification mechanism.
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The investigation was planned as a laboratory incubation study
under controlled conditions so as to afford a comparison between
the rate of microbial oxidation of ammonia with that of other
types of nitrogen fertilizers commonly used—namely, an inorganic
ammonium salt, ammonium sulfate, and an organic nitrogen
compound, urea. Six typical but widely separated desert soils,
having textures varying from sands to clays, were chosen. Three
of these were in the virgin state and three were from areas under
cultivation. All of them except one were calcareous and decidedly
alkaline.

EXPERIMENTAL PROCEDURE AND RESULTS

DESCRIPTION OF SOILS

The soils used in this study were as follows:
1. Superstition sand, from near the University Farm on the

Yuma mesa; virgin, calcareous.
2. Gila sandy loam, from a ranch adjacent to the Cortaro Farms

at Marana, Arizona; virgin, calcareous.
3. Gila sandy loam, same general locality as (2) but from a

field in cotton on Cortaro Farms at Marana, Arizona; under culti-
vation, calcareous.

4. Pima clay loam, from a farm in the Gila River bottom near
Safford, Arizona; under cultivation, mildly calcareous.

5. Laveen loam, from the University of Arizona Farm at Mesa,
Arizona; under cultivation, calcareous.

6. Palos Verdes sandy loam, from north of the Rancho Palos
Verdes near Tucson, Arizona; virgin, noncalcareous.

The samples were taken within a period of about a month dur-
ing the summer of 1939. After gentle rolling to break up the ag-
gregates, and removal of foreign matter, the soils were screened
to 10-mesh, thoroughly mixed, and stored.

Prior to the nitrification studies, it was deemed of value to
make determinations of certain chemical constituents and phys-
ical properties of these soils which might have some bearing on
the nitrification process. The following were accordingly deter-
mined by the accepted methods: pH values by the Beckman pH
meter; soluble salts by conductivity of the 1:5 aqueous extract;
total carbonate by the official gasometric method of the A.O.A.C.
(3); nitrate by phenoldisulfonic acid; organic carbon by wet oxi-
dation with chromic acid; and total and specific buffer capacities
on the 1:5 suspension according to the method of Pierre (45).

The data are assembled in Table 1.
The pH values were determined both on the 1:5 suspension and

on the soil at a moisture content of 70 per cent of its water-holding
capacity. The data given in the table illustrate the frequently
observed fact that the pH value of a soil at field moisture content
is considerably lower than that of the same soil in the 1:5 suspen-
sion, and in most of the above soils the difference amounted to as
much as 1.1 pH unit. None of these soils at field moisture con-
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tent can be said to be excessively alkaline, being, in fact, fairly
close to neutrality, and one of them, the Palos Verdes sandy loam,
actually has a value on the acid side of neutrality.

With the exception of the Pima and Laveen loams, the soluble
salt contents of these soils are relatively low, of a magnitude
which is not great enough to affect seriously the activity of the
nitrifying organisms. The high salt content of the two soils re-
ferred to accounts in part for their relatively lower pH values.

The data for total organic carbon are consistent with the typi-
cally low percentage of organic matter in desert soils. All of the
soils except the Palos Verdes sandy loam contained appreciable
amounts of carbonate, particularly the Laveen loam, to which the
latter soil owes its unusually high buffer capacity. The specific
buffer capacity data afford a significant indication of the stability
of these soils toward a change in pH. When the specific buffer
capacity is plotted against the total carbonate content, the points
fall on a straight line within limits of experimental error, thus in-
dicating that calcium carbonate is the principal buffering com-
pound present. For this reason and also because the soils on the
alkaline side of neutrality are largely saturated with bases, they
are buffered primarily toward acid. Being so slightly buffered
toward base, as the buffer determinations have shown, it is not
surprising that a considerable rise in pH is realized when solu-
tions of ammonia or of other free bases are added to the soil. In
the case of the Palos Verdes sandy loam, these conditions are
reversed.

Since buffer capacity determinations are usually made at a
constant dilution of 1:5, it is conceivable that a soil may ex-
hibit a considerably higher buffer capacity at field moisture
content. This was found to be the case in later experiments when
equal volumes of normal and half-normal sulfuric acid solution
were added to samples of Gila sandy loam at field moisture con-
tent, with no significant difference in pH value. These buffer
considerations have an important bearing upon how a given soil
will react when treated with ammoniated irrigation water and
the extent to which such a soil will resist any considerable de-
crease in pH value upon its subsequent nitrification.

Some of the soils contained appreciable amounts of nitrate and
organic matter, particularly those which have been under culti-
vation for some time. This is illustrated in the case of the Pima
clay loam, one of the most fertile agricultural soils of Arizona,
whose fertility can be accounted for by the fact that the farm
from which the sample came had been systematically fertilized
with manure at the rate of 12 tons per acre for the past 10 years.

The foregoing determinations are presented to emphasize the
fact that the soils chosen for the nitrification studies to be set
forth in this bulletin represent a fair cross section of the agricul-
tural areas where ammonia is already being used, or may be used,
as a nitrogen fertilizer—a circumstance which must be borne in
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mind in making generalizations concerning the microbiological
transformations it may undergo under field conditions.

RATE OF NITRIFICATION OF AMMONIA AND OTHER NITROGEN
COMPOUNDS IN DESERT SOILS

The first series of experiments in this investigation was designed
to ascertain not only the general nature of the nitrification curve
for ammonia, ammonium sulfate, and urea over an extended pe-
riod of incubation but also the nature of the process insofar as it
may be affected by the character of the soil.

Replicate 100-gram samples of soil were weighed into glass
tumblers with close-fitting covers. The samples were divided
into four equal groups and treated with the following fertilizer
solutions: Group 1: control, untreated; Group 2: 30 mg. of nitro-
gen as ammonia; Group 3: 30 mg. of nitrogen as ammonium
sulfate; Group 4: 30 mg. of nitrogen as urea. On this basis the
nitrogen was present in each sample to an extent of 300 p.p.m. of
air-dry soil.

Since ammonia is fixed very promptly by the soil, there is no
perceptible loss when so applied. By keeping the ammonia solu-
tion in a closed delivery system, its concentration could be main-
tained constant. Following application of the above solutions
distilled water was added to bring the moisture content of each
sample to 70 per cent of the water-holding capacity of the partic-
ular soil. The tumblers were then weighed and placed in an in-
cubator maintained at 30 degrees C. The moisture lost during the
incubation was periodically restored by bringing the samples
back to their original weights by the addition of distilled water.

After the desired incubation intervals, duplicate samples from
each series were removed from the incubator and the pH values
determined on the moist soil. The entire 100-gram sample of soil
was then transferred to a large wide-mouthed bottle, 500 ml. of
distilled water added, and the resulting 1:5 suspension shaken
for 20 minutes to bring the nitrites and nitrates, formed during
the incubation, into solution. Carbon dioxide was then bubbled
through the suspension for a few minutes to coagulate the colloids
and facilitate the filtration. The clear filtrates were then analyzed
for nitrates by the standard methods, the final colorimetric de-
terminations being made with a Cenco Photelometer. The data
are reported in terms of parts per million of nitrogen as nitrate
on the basis of the air-dry soil. Throughout this investigation the
analyses were made on duplicate samples of each treatment of
each soil. This procedure eliminates possible systematic errors
resulting from the use of aliquot portions of only one soil sample
and, in addition, the error arising from variation in the soil from
sample to sample. Thus each analytical result, as reported in the
tables and graphs to follow, is an average of determinations on
two independent soil samples and hence proportionately more
significant and trustworthy. By the same token the curves,
although continuous, do not represent a continuous change in any
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single sample but rather the changes in similarly treated, replicate
samples.

The results presented in Table 2 give the successive amounts
of nitrate observed in the three respective treatments on the six
soils over a period of about 100 days.

The results for Laveen loam are shown in Figure 1. Because
of limitations of space and similarity in the general character of
the nitrification curves, it was deemed desirable to limit the
graphs to one of the soils in which the trends of the nitrification
process were fairly well exemplified.

It will be noted that the curves representing the rate of nitri-
fication are typically exponential and hence are similar to the
growth rate curves for the nitrifying bacteria as found by nu-
merous investigators (12). In the cultivated Gila sandy loam,
Laveen loam, and Pima clay loam, the rates of nitrification of
ammonia, ammonium sulfate, and urea were practically identical
with the exception that in the cultivated Gila sandy loam the
ammonia was oxidized somewhat more slowly than either of the
other two nitrogen compounds. It should be noted incidentally
that the corresponding curve for the control sample exhibits only
a very slight increase in nitrate during the first several days of
incubation and thereafter remains horizontal over the entire
period of incubation. This slight increase in nitrate probably re-
sulted from the nitrification of the organic nitrogen originally
present in the soil.

The remaining three soils—namely, the Superstition sand, vir-
gin Gila sandy loam, and Palos Verdes sandy loam—differed in
their rates of nitrification from those discussed above. Referring
to Table 2, it may be noted that ammonium sulfate was nitrified
less rapidly than the urea or ammonia in the Palos Verdes sandy
loam, which is diametrically opposite to the behavior observed
in the other soils. This behavior is very probably due to the fact
that during the oxidation of the ammonium sulfate the pH value of
the soil is lowered sufficiently to inhibit nitrification. At the end
of 40 days' incubation and with only one third of the ammonia
nitrogen oxidized, the pH value had already dropped to 4.65,
which incidentally is in close agreement with that of Waksman
(54) and Humfeld and Erdman (28)—namely, 4.4—as the "limit-
ing reaction for nitrification on the acid side of neutrality.

In the Superstition sand (Table 2), nitrates did not begin to
accumulate for nearly 30 days, regardless of the nature of the
nitrogen fertilizer added, and even then such accumulation oc-
curred only in the case of ammonium sulfate and urea. Not even
a trace of the ammonia was found to have been oxidized during
the entire 107 days of incubation. That the rate of nitrification
was rather slow in the case of Superstition sand is not surprising
considering its inherently low native fertility. It is most sur-
prising, however, that none of the ammonia had been oxidized,
whereas the urea and ammonium sulfate were readily nitrified,
The data in Table 2 show that the ammonia solution had raised
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Figure 1.—Relative rates of nitrification in Laveen loam under different
treatments.

the initial pH value of this soil to 9.5, and that the alkalinity had,
during the incubation period, decreased to a value equivalent to
pH 8.35 corresponding to the urea but higher than that of the
ammonium sulfate—namely, 8.21—which existed in the soil prior
to the beginning of the incubation. This observation, in addition
to the anomalous behavior of ammonia in virgin Gila sandy loam,
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next cited, was the first definite indication that high alkalin-
ity may limit, or even prevent, the oxidation of ammonia to nitrate
in calcareous desert soils.

In the ammonia-treated samples of virgin Gila sandy loam, no
nitrates were observed until the forty-ninth day and then only
in one of the duplicate samples. Since duplicates had in all of the
previous instances been in good agreement, it was at first thought
that this relatively enormous discrepancy was due to an error
which had crept into the technique employed in the nitrate deter-
mination on one of the samples. Particular care was therefore
taken with the corresponding samples taken off on the fifty-third
day, but again a considerable difference in nitrate content be-
tween the duplicate samples was noted. Throughout the re-
mainder of the incubation, the behavior of the samples was un-
usual; on the fifty-ninth day nitrates were entirely absent in both
samples; on the seventy-second they were present in one but not
the other; on the eighty-sixth nitrates were present in consider-
able amount in both samples; and on the one hundred and seventh
the amount of nitrate present was again of the same order of
magnitude as in the control.

This peculiar behavior was difficult to account for, except inso-
far as it might be related to the pH values of the samples in
question. The data of Table 2, as well as the curves in Figure 2,
show, in fact, that there is a close correlation between the pH
value and the presence or absence of nitrates. It will be noted
from Figure 3 that on the forty-ninth day, When nitrates first
appeared in one of the samples, the pH value of this sample was
7.9. In all other instances the failure of the ammonia to be nitri-
fied correlated closely with a pH value of 7.7 it 0.1. Similarly, all
of the samples which contained nitrates exhibited a pH value be-
low this figure. As a consequence of this striking coincidence, the
data for all of the soils tested were re-examined, with the result
that in only one instance out of 133 in which nitrification was
observed to have taken place did nitrates make their appearance
at a pH value above 7.7 ±. 0.1.

In view of this finding and of the supporting evidence which is
to follow, the authors feel justified in concluding that: There
appears to exist in alkaline desert soils a threshold pH value of
7.7 zb 0.13 above which the complete oxidation of ammonia to
nitrate will not occur, and to which the pH value of such soils
must first be reduced before nitratification will take place.

The foregoing conclusion is of unusual interest and significance,
particularly in view of the results of Meek and Lipman (36) who
placed the optimum value at pH 8.5 to 8.8; Olsen (44) at 8.3, and
Meyerhof (37, 38, 39) between 8.3 and 9.2. The significance of
such a value in connection with the microbiological oxidation of
ammonia lies in the fact that in desert soils their inherent alka-
linity must in some manner be reduced, and that the organisms are
virtually ineffective, so far as the primary nitrification process is
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Figure 2.—Relative changes in pH value and nitrate content of virgin Gila
sandy loam treated with 300 p.p.m. of nitrogen as ammonia.

concerned, until the pH value of the soil has been reduced to the
threshold value.

The foregoing generalization regarding the existence of a
threshold pH value for nitratification suggested certain confirma-
tory experiments, the results of which will now be presented.

FURTHER EVIDENCE SUBSTANTIATING THE EXISTENCE
OF A THRESHOLD pH VALUE OF 7.7+0.1 FOR THE

NITRATIFICATION PROCESS

In the previous sections of this bulletin the process of nitrifica-
tion has been referred to in its broad sense, including all of the
intermediate stages through which nitrogen may pass in the
course of its oxidation from ammonia to nitrate. In discussing
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the subsequent phases of this investigation, it will be advantageous
to divide the process into two main steps: the first, which will
hereafter be referred to as nitritification, includes all of the possi-
ble intermediate steps in the oxidation of nitrogen from any of
the lower forms in which it may occur to nitrite; and the second,
to be termed nitratification, will signify the last stage of the proc-
ess in which the nitrite is oxidized to nitrate.

From the drop in pH value of the soil prior to nitrification, as is
evident from the data in Table 2, it follows that the nitrifying
bacteria native to such soils do not function effectively until a
threshold pH value of 7.7 has been reached. This fact is unique
in view of the prevailing opinion that a decrease in pH occurs con-
currently with the oxidation of the nitrogen to nitric acid. In the
present study the pH drop in the incubated samples was found to
occur prior to the detection of nitrates. It is self-evident that the
formation of sulfuric and nitric acid must, or should, result in
reducing to some extent the alkalinity of the soil. If, therefore, a
pronounced decrease in pH value occurred before nitrates began
to be formed, it seems reasonable to assume (in the case of the
urea, and ammonia-treated samples in which no sulfate radical is
present) that the reduction in pH must have come about through
the formation of compounds other than nitric or sulfuric acids.
The over-all oxidation of ammonia to nitrite is represented by the
following equation:

2 NH3 + 3 O2 + 2 OH" = 2 N(V + 4 H2O

in which the reduction in pH value results from the fact that
hydroxyl ions are used up in the reaction. It is possible, of course,
for some intermediate nitrogen compound other than nitrite to be
formed.

Assuming that the foregoing reaction actually accounted for the
observed changes in pH, it seemed likely that the nitrite ion
might be detectable in the soil in appreciable amount during the
course of the oxidation, especially in those samples in which a con-
siderable difference existed between the initial pH value of the
soil and the threshold value. Under normal conditions and in
arable soils, however, nitrites are considered to be too transitory
to accumulate in significant amounts. It was considered of great
interest, therefore, to determine whether or not nitrite may, if
formed under the alkaline conditions of desert soils, actually ac-
cumulate in measurable amounts, and if so, whether the reduction
in pH value observed could be explained in terms of such accu-
mulation.

Experiments were accordingly planned embodying the following
phases of the problem: (1) the influence of the initial pH value of
the soil upon the rate of nitrite accumulation and the formation
of nitrates; and (2) the effect of maintaining the pH value at a
level above the threshold value by the addition of a base, such as
calcium hydroxide. In order to permit a greater variation of other
factors, this phase of the study was confined to the cultivated Gila
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sandy loam, a soil of relatively low salt content, medium buffer
capacity, and especially one which in previous experiments had
been found to permit the rapid oxidation of ammonia, as shown
in Table 2 and Figure 3.

30<P

240

180

I
NITRATE

T

GIIA SMDY LOAM (CULTIVATKD)

9.0

'.0

7.0

6 . O t

5.0

60
INCUBATION TIME

100 days

Figure 3.—Relative changes in pH value and nitrate content of cultivated
Gila sandy loam treated with 300 p.p.m. of nitrogen as ammonia.

INFLUENCE OF INITIAL PH VALUE ON THE RATE OF NITRITE
ACCUMULATION AND THE FORMATION OF NITRATES

As in previous experiments, 100-gram samples of soil were
weighed into glass tumblers with close-fitting covers. These were
then divided into five groups and subjected to the following treat-
ments: (A) control—no treatment; (B) 10 ml. of ammonia solu-
tion containing 30 mg, of nitrogen plus 10 ml. of saturated calcium
hydroxide; (C) 10 ml. of the same ammonia solution plus 10 ml.
distilled water; (D) 10 ml. of the same ammonia solution plus 10
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ml. 0.5N sulfuric acid; and (E) 10 ml. of the same ammonia solu-
tion plus 10 ml. of 12V sulfuric acid. These treatments served to
fix the initial pH values at different levels with respect to the
threshold value. The volumes of solution, totaling 20 ml. in each
case were so chosen that the resulting moisture content of the
samples was 70 per cent of the water-holding capacity of this soil.
In order to insure a rapid and approximately uniform distribution
of the added liquids throughout the soil mass, each sample of soil
was transferred from the tumbler to a clean sheet of paper and
divided into approximate fourths. Five milliliters of the solution
to be used were then put into the empty tumbler and one fourth
portion of the soil sample added to it. A second 5 ml. portion of
solution was added, then a second quarter of the soil, and so on,
until all of the solution and soil for each tumbler had been added.
In this manner the initial pH value of the soil was quickly estab-
lished, and, more important still, an even distribution of the
ammonia was achieved throughout the soil mass. The samples
were again incubated at 30 degrees C., and the moisture lost by
evaporation was restored at intervals. Periodically, duplicate
samples from each treatment were removed and analyzed for
nitrite and nitrate, and the pH values on the moist soil were
determined.

The results obtained in this study are presented in Table 3 as
well as in Figures 4 and 5, in which p.p.m. of nitrate formed, as
well as the pH values, are plotted as ordinates against incubation

(9.5
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(B) NHiOH PLUS Ca(QH)g
(C) NH4OH ALOUE

10 15
INCUBATION TIKE

i£THKESH01I>

7.5
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25 days

Figure 4.—Correlation between pH value and nitrate formation in Gila
sandy loam under different treatments.
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time as abscissae. The purpose of this study was considered
achieved as soon as the pH value had dropped to a point suffi-
ciently low so that nitrification could proceed rapidly. For this
reason the data presented in the afore-mentioned figures were
made to extend through the twenty-fifth day only. A* final an-
alysis was made, however, on the fifty-eighth day to determine the
maximum amount of nitrate that had formed. This determination
was made primarily to compare the results of the C treatment
with the data obtained in the previous experiments on the rate
of nitrification of ammonia, which had been carried out on the
same soil and under identical conditions of incubation. The be-
havior of the various series of treatments will now be discussed.
Series A—Control; no treatment

Eeferring to Figure 4, it will be noted that the pH values and
nitrate contents of the samples of the A series remained practi-
cally unchanged over a period of 25 days. The initial pH value
was at the threshold level of 7.7, and in the subsequent samples it
increased to as high as 7.9. Nitrates were present to the extent of
only 8 p.p.m. Nitrites were found to be present only as mere
traces throughout the incubation period.
Series B—Treated with NH,OH+Ca(OH)2

This series of samples, as a result of the addition of calcium
hydroxide, exhibited the highest initial pH value—namely 9.21.
It will be noted from Table 3 that the pH value gradually de-
creased during the first 8 days of incubation to about 8.4, remain-
ing practically constant at that value up to the seventeenth day.
Thereafter a sudden drop in pH occurred, accompanied by the
appearance of nitrite, and decreased gradually to 7.60 at the end of
the experiment. The concentration of nitrite in the soil samples
continued to increase, however, reaching a maximum of 71 p.p.m.
on the twenty-first day just as the pH dropped to the threshold
value. Not until the twenty-fifth day, while the pH value was still
at the threshold level, did nitrates make their first appearance and
nitrites begin to disappear.

Series C—NH^OH alone

The data of this series are of particular interest since they con-
firm the results obtained under the same experimental conditions
as in the nitrification rate study already reported in Table 2 and
Figure 3.

In the present instance the samples had a relatively high initial
pH value—namely, 9.0—and the decrease during the first 11 days
of incubation was approximately 0.6 pH unit. Up to the fourteenth
day, as shown by the data in Table 3, no additional nitrate had
been formed, but a definite quantity of nitrite (22 p.p.m.) had
made its appearance. As the build-up of nitrites continued, the
pH value dropped somewhat, and eventually fell to a point below
the threshold value by the time the maximum amount of nitrite—



THRESHOLD PH VALUE FOR NITRATIFICATION 493

namely, 94 p.p.m.—had accumulated. This relatively high max-
imum for nitrite was reached on the twenty-first day of incubation,
but thereafter the amount decreased sharply, so that by the
twenty-fifth day only a trace of nitrite was detectable in the
samples. Almost immediately after the pH value had dropped
below the threshold value (which occurred on the seventeenth
day), nitrates began to form and thereafter accumulate.

From the above data it is evident that nitrites must have been
present in the soil for nearly 2 weeks, a fact which is rather
surprising, in view of the generally accepted fact that nitrites do
not exist as such to any appreciable extent in well-aerated soils,
at normal moisture contents, being oxidized to nitrate almost as
soon as they are formed.

It is of interest to compare the nitrate data for the C series of
samples with those obtained in the initial nitrification experi-
ment illustrated in Table 2 and Figure 3. It will be recalled that
the same Gila sandy loam (cultivated) had been fertilized with
ammonia to exactly the same extent—namely, 30 rng. of nitrogen—
and incubated under identical conditions. Referring to Table 3, it
will be noted that the first appreciable increase in nitrate content
occurred on the nineteenth day of incubation, and on the twenty-
fifth day nitrates were found to be present to an extent of 190
p.p.m., which represented a nitrogen recovery of about 63 per
cent. In the previous experiment shown in Figure 3, the first
evidence of nitratification was noted on the eighteenth day of
incubation, and on the twenty-fifth day a maximum of 193 p.p.m.
of nitrates was observed. Here the recovery was about 64 per
cent of the total nitrogen applied as ammonia.

Inasmuch as 97 per cent of the nitrogen applied in the first
series had been recovered at the end of 7 weeks, it was decided
to allow a final set of the samples to incubate for approximately
the same period—namely, 58 days—to observe how closely the
final values recorded in Table 3 would be confirmed. It was found,
in fact, that in the C series 99 per cent of the nitrogen initially
added as ammonia had been oxidized to nitrate by the end of this
period.

This phenomenal agreement between two entirely independent
incubation studies indicates how reproducible the results of such
studies on nitrogen transformations can be and constitutes a
confirmation of the threshold pH value in nitratification processes
as had been repeatedly observed in the course of the present
investigation.

Series D—Treatment with NH4OH-f 0.5N HoSO* and Series E—Treatment
with NHiOH+lN H2SO*

In this experiment an attempt was made to adjust the initial pH
value to a point below the threshold, by adding equal volumes of
0.5JV and IN sulfuric acid to the 100-gram samples of soil after
treatment with ammonia. From the difference in acid concentra-
tion it was anticipated that the pH values of the samples would be
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reduced to different levels below the threshold, as indicated by
the buffer curves obtained on the 1:5 suspension. The pH values
actually obtained—namely, 7.47 with the 0.5IV solution and 7.50
with the normal acid solution—are identical within limits of
precision of the pH determination. Obviously the soil at 70 per
cent of its water-holding capacity is buffered considerably more
than in its 1:5 suspension. This experiment is, nevertheless, of
interest in that it shows how reproducible the extent of micro-
biological nitrogen transformations actually is when the pH value
is held constant.

The resulting curves for these two series of incubations (D and
E), shown in Figure 4, are found to be so nearly identical that
they are practically superimposable. The numerical data for
this experiment, given in Table 3, indicate that the accumulation
of nitrite begins considerably sooner than in the B and C series.
Similarly, the period of time during which nitrites were produced
in appreciable amounts is considerably shorter in the acidified
than in the more alkaline samples. Nitrates were first observed at
a much earlier date in the acid-treated samples; hence by the
twenty-fifth day a considerably greater amount of nitrate had
accumulated in the D and E series than in the B and C series,
where the formation of nitrate was retarded by the high initial
alkalinity.

RELATIONSHIP BETWEEN PH VALUE AND NITRATE FORMATION

The dependence of nitrate formation upon the attainment of the
threshold pH value of 7,7 is strikingly shown by the curves in
Figure 4. The control series A, in which the amounts of nitrogen
originally present in the samples were rather minute, could not
be expected to show a correlation between pH value and nitrate
formation. It is quite significant, however, that nitrates were
entirely absent from the samples of the B and C series until the
pH had dropped to the threshold value, after which time nitrates
began to accumulate. The importance of this threshold value is
further illustrated by the data in Table 3, which show that nitrate
formation began relatively promptly—i.e., on the sixth day after
the beginning of the incubation—in those samples whose initial pH
values were below the threshold. Therefore the conclusion may
be drawn that, if the initial pH value lies above the threshold,
nitratification begins promptly when the threshold value is
reached, and hence represents a response of the microorganisms to
an environment favorable to their activity. In samples whose
initial pH value lies below the threshold, nitratification appears
to depend simply upon the beginning of an appreciable micro-
biological activity following the normal lag phase. Since, in the
D and E series the initial pH values were close to the threshold
and during most of the incubation period did not drop to any
considerable extent below it, the foregoing deduction is consistent
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with the normal growth or activity curve, the character of which
is indicated graphically in Figure 1.

CORRELATION OF INITIAL PH VALUE WITH NITRITE AND NITRATE
FORMATION

The influence of the various treatments upon the initial and
final pH values of the soil samples and their relation to nitrite
and nitrate formation are shown in the form of a bar graph (Fig.
5). In this figure are also given the pH values at the time nitrites
were first observed, when the amount of nitrite formed reached
a maximum, and when nitrates made their first appearance. At
the top of each bar is given the day of incubation on which the
observation was made.

lst- DAY,
pH 25th. DAY

pH 1st. NOjj OBSERVED

pH HAX. NOJ OBSERVED

pH 1st. NOJ OBSERVED

NH4OH - 0.5 N NH4OH - I N
H2S04 H 2 0 4

Figure 5. — Threshold pH range in the nitrification of ammonia in Gila
sandy loam. (Numbers above bars indicate time in days of incubation after
which measurement was made.)

It will be noted in each instance that the pH value was equal to,
or less than, the threshold value before nitrates began to appear.
The time interval between the beginning of the incubation and the
first appearance of nitrates appears to vary directly with the
initial pH value of the sample. Thus in the most alkaline series
(B), 25 days had elapsed before nitrates appeared, and in the less
alkaline ammonia-treated series (C), 19 days elapsed prior to the
formation of nitrates. In the two acidified series (D and E), the
corresponding time interval was only 8 days. It is obvious, there-
fore, that the rate of nitrification of ammonia in desert soils
among other things is a function of the pH value, and, in general,
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the higher it is above the threshold value of 7.7 =t 0.1 the longer
will be the time which elapses before nitrates begin to make
their appearance.

Although it was not the primary object of this investigation to
study the influence of pH upon the formation of nitrites in the
micr'obial oxidation of ammonia, sufficient evidence has been
accumulated to justify the formulation of a provisional rule as
follows: The more alkaline the soil, the longer will be the time
which elapses during the incubation before nitrites appear in
amounts detectable by analysis. Figure 5 also indicates that a
large decrease in alkalinity occurred in the B and C series prior
to the formation of nitrites. This decrease amounted to 1.4 pH
units in the B and 0.9 pH unit in the C series. The fact that com-
plete equilibrium may not have been attained within the soil
samples can account for only a small portion of this decrease.
Hence it appears obvious that the ammonia must have been
oxidized to some intermediate product (or products) before pass-
ing over into the nitrite form, in order to account for the observed
drop in pH value. Further reference will be made to this phe-
nomenon in the discussion of results which is to follow.

Another point of interest shown in Figure 5 is that the build-up
of nitrites appears to be conditioned by the length of time which
elapses, prior to the attainment of the threshold value, before the
oxidation of nitrite to nitrate begins. For example, in the B series,
nitrites were first observed on the seventeenth day of incubation;
nitrates on the twenty-fifth day. Thus there was a period of 8
days during which the accumulation of nitrites in the soil samples
could take place. By way of contrast, the corresponding time in-
terval in the C series was 5 days, and in the D-E series, only 2 days.
While nitrites tend to accumulate in greatest amounts under
alkaline conditions, it will be seen from Table 3 that even in the
acid-treated samples, fairly large quantities of nitrite may accum-
ulate, of the order of 70 to 90 p.p.m. Considering the process
quantitatively one may regard the total amount of nitrite
formed in the oxidation of ammonia as determined by two factors:
the rate of its build-up and the time during which such an ac-
cumulation can occur. This time interval is, as shown above, the
length of time required to bring the pH value of the soil down
to the threshold value, at which point nitrites would begin to
disappear by their oxidation to nitrate. It appears that high
alkalinity reduces the activity of the organisms, which is equiv-
alent to reducing the rate of nitritification. It is quite possible that
ammonia is oxidized to nitrite more rapidly at the lower pH
values than under the more alkaline conditions and at a more
rapid rate than it can be oxidized to nitrates by the nitratifiers.

EFFECT OF MAINTAINING THE SOIL AT A PH VALUE ABOVE
THE THRESHOLD OF 7.7±0.1

In the preceding experiments the incubations were set up and
begun under a particular set of conditions, and the pH value of
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the soil in each case changed during the period of incubation. It
seemed of interest therefore to carry out an incubation experiment
in which the pH value of the soil, initially at a level considerably
above the threshold due to the addition'of ammonia, was main-
tained at a relatively high level by the periodic addition of base
in the form of calcium hydroxide solution. As in previous series,
100-gram samples of the cultivated Gila sandy loam were treated
with ammonia solution, added in 5-ml. portions to successive
quarter portions of soil, so that the total nitrogen added amounted
to 30 mg. The samples after weighing were incubated without
the close-fitting covers, so that evaporation would be hastened
and restoration of moisture lost could be made with saturated
calcium hydroxide solution. Determinations of pH, nitrate, and
nitrite were made on duplicate samples as before.

The data are shown graphically in Figure 6. The first samples
were analyzed on the third day of incubation, at which time the
pH value was 8.72. During the following 18 days, the pH value
gradually dropped in spite of the added base, but the nitrate ac-
cumulations were relatively slight, amounting to only 12 to 15
p.p.m. On the twenty-second day, however, notwithstanding the
pH value was still 7.90, the nitrate content had increased to nearly
35 p.p.m. This amount is small, to be sure, in comparison with
the amount formed in previous experiments, but nevertheless
significant, in view of the fact that the pH value was still slightly
above the threshold value. This result was interpreted to mean
that the pH-nitratification curve did not jail immediately to zero
once the threshold pH value had been passed, "but that nitratifi-
cation continued to proceed slowly and nitrates to accumulate in
measurable amounts after the lapse of a sufficient length of time.
It might be taken to indicate that the pH value within a part
of the soil mass was less than the threshold value, which would
enable part of the nitrifying bacteria, at least, to function
normally.

Since the nitrites appeared to have reached a stationary value,
at least did not appear to increase or decrease, after the seven-
teenth day of incubation, and nitrates appeared to be forming
slowly within at least a portion of the soil mass, it was decided to
withhold additional base until the threshold value had been
reached, and then to observe whether or not such treatment had
favored the formation of nitrates. Figure 6 shows the result: On
the twenty-sixth day the pH value had decreased to a point with-
in the threshold range—namely, 7.68—and the nitrate content had
risen to 75 p.p.m. On the thirtieth day, when the pH value was still
within the threshold range, the amount of nitrate formed had more
than doubled in amount, totaling 180 p.p.m. Evidently, after the
threshold pH range has once been attained, the nitrate content of
the soil increases normally as a result of ameliorated pH condi-
tions, and this increase in nitrate content appears to be indepen-
dent of the time interval which elapses prior to the attainment
of the threshold value.
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Figure 6.—Rate of nitrification of ammonia in Gila sandy loam as influenced
by controlled alkalinity.

If high alkalinity is the factor which prevents nitratification, it
might be expected that the saturated calcium hydroxide solution
added to the surface of the soil samples to restore moisture lost
by evaporation would retard or prevent the activity of the nitri-
fying organisms with which it came in contact. It is probable,
however, that this treatment did not affect all of the organisms
throughout the sample equally, since there was no means avail-
able to bring about a uniform distribution of the base. The ap-
pearance of nitrate under these conditions can therefore be ac-
counted for only on the assumption that the organisms were not
all affected in the same manner or to the same extent by the
calcium hydroxide solution added.

The experiment here described was, however, continued by
restoring the pH after the thirtieth incubation day to a value above
the threshold to determine whether, in line with the foregoing
reasoning, the rate of accumulation of nitrate should decrease.
Figure 6 shows, in fact, that the slope of the nitrate curve dropped
off quite promptly indicating that nitrates form much less rapidly
when the pH value of the soil is raised above the threshold value.
This experiment was terminated after 52 days of incubation, at
which time the nitrate content of the soil was found to have
reached a value of 225 p.p.m. This result is rather striking in
view of the fact that the same soil fertilized with ammonia in the
absence of calcium hydroxide had by the forty-ninth day of in-
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cubation (as shown in Table 2) attained a nitrate concentration
of approximately 300 p.p.m. The nitrite curve in the same figure
illustrates the general result, observed in all of the experiments,
that the nitrite content of the soil falls rapidly to a mere trace as
soon as the threshold pH value is reached and nitrates have begun
to form at a fairly rapid rate.

DISCUSSION

In the foregoing studies several new and highly significant facts
have been brought to light: first, ammonia exhibits a nitrification
rate similar in magnitude to that of ammonium sulfate and urea
under similar experimental conditions; second, there exists a
threshold pH value for the nitratification of these compounds—
namely, 7.7±0.1—above which nitrites are not oxidized to nitrates
to any appreciable extent; third, nitrites may form in considerable
amount even in a well-aerated desert soil maintained at the
optimum moisture content.

The fact of outstanding interest is the existence of a threshold
pH value for nitratification, particularly in view of the work of
Gerretsen (24), Gowda (25), Meyerhof (37, 38, 39), Olsen (44),
and others, who reported pH values or ranges considerably higher
than 7.7 as the optimum for the nitrifying bacteria. Meyerhof
placed his optimum between 8.3 and 9.3, basing his deductions on
results obtained with pure culture media. Under such conditions
the mineral nutrients required by the organisms are usually
present in an easily available form, so that the bacteria should be
able to work most efficiently. In the soil, however, such may not
be the case. If the needed mineral nutrients are present in the
soil in a less available form due to high alkalinity, the bacteria
cannot function efficiently, if at all, in the nitrifying process until
the pH value has been reduced to a point where the required
nutrients are more readily available. Thus the threshold value
may prove to be a factor which affects both the biological be-
havior of the nitrifying bacteria and their nutrition as well.

The threshold value of 7.7±0.1 here found is in striking agree-
ment with the value of 7.6 established by Breazeale and McGeorge
(11), beyond which plants are unable to absorb phosphate and/or
nitrate from the soil solution. Basing his deductions upon thermo-
dynamic principles, Buehrer (13) showed that since plants are
unable to utilize phosphate from solution at pH values above 7.6,
the form of phosphate ion used by them must be the H2PO4~ ion.
Similarly Greene (26) found that Azotobacter grew best and
fixed nitrogen most abundantly in soils at reactions where phos-
phorus is present chiefly as the H2PCV ion, and concluded that
certain bacteria behave like plants with respect to their absorp-
tion of phosphate. It is therefore very probable that in alkaline
calcareous soils the nitratifiers are not able to perform their nor-
mal functions without phosphorus, for at reactions above the
threshold value the amount of phosphorus present in the form of
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H2PO4~ ion is relatively small. In solution cultures, on the other
hand, it is quite possible for nitratification to occur at pH values
considerably higher than 7.7, in view of the fact that even at
higher alkalinity the ionic relations of the phosphate equilibrium
(see Table 3 and Ref. 13) permit the existence of an amount of
H2P04~ sufficient for bacterial metabolism. It is evident that the
percentage of the gross phosphate concentration represented by
the H2P04~ ion decreases as the pH rises. In solution cultures
where the total concentration of soluble phosphate is usually high,
the concentration of H2PO4" ions notwithstanding the high pH
value may still be sufficiently high to enable the nitrifying or-
ganisms to function. In the soil, however, where both the total
concentration of soluble phosphate and the percentage of H2PO4"
present at higher pH values are small in magnitude, the actual
concentration of H2PO4~ ion may be too small to satisfy the bac-
terial requirements.

It is a fairly well-established fact that the nitrifying organisms
can adapt themselves to free alkalinity if exposed to such condi-
tions over sufficiently long periods of time. Olsen (44) working
with strongly acid humus soil adjusted the pH with lime and
found nitrification to occur over an unusually wide range of pH
values. It is quite probable that under these conditions he did not
succeed in neutralizing the acidity within the soil aggregates even
though the pH value, as determined on the entire soil mass, ap-
peared to have been on the alkaline side of neutrality.

Among the nitrification studies on ammonia, ammonium sul-
fate, and urea, reported in the foregoing sections of this bulletin,
three observations are of particular interest: first, the failure of
the ammonia to nitrify in Superstition sand, as shown in Table 2;
second, the apparent irregularity in the nitratification occurring
in the virgin Gila sandy loam samples that had been fertilized
with ammonia, as shown in Table 2; and third, the slower rate
of nitratification of all three of the fertilizers in Palos Verdes
sandy loam, as illustrated by the data of Table 3.

The application of ammonia to Superstition sand, which ex-
hibited a low buffer capacity toward base, being highly calcareous,
raised the hydroxyl-ion concentration to such an inordinately high
value—550 times the alkalinity existing at neutrality, for ex-
ample—that nitrate formation did not take place. In the Palos
Verdes soil, however, the buffer conditions are reversed, the soil
having a low specific buffer capacity toward acid. This buffer
capacity is characteristic of acid soils of the type with which
Waksman (54) worked. He recommended the addition of a base
to neutralize the acid which is continuously formed during the ni-
trification. The Palos Verdes soil had an initial pH value of 6.5
and exhibited a characteristically slower rate of nitrate formation
than is shown by soils of a more alkaline reaction. During the
nitrification of ammonium sulfate in this soil, the rate of nitrate
formation decreased simultaneously with the decrease in pH value.
This retardation of nitratification rate at the lower pH values is
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consistent with the findings of Waksman (54), Naftel (42),
Gaarder and Hagem (23), and Humfeld and Erdman (28). In the
present investigation, the series of samples treated with ammon-
ium sulfate attained a minimal pH value of 4.65, which is not low
enough to verify the pH range of 3.9 to 4.4 adopted by the fore-
going investigators as the extreme lower limit of pH for nitrate
formation.

The challenging aspect of the present series of experiments was
to establish definitely the actual existence of a threshold pH value
for nitratification, and particularly to determine whether the de-
crease in pH from the high initial values was accompanied by, or
resulted from, the formation of nitrites. The data for Series B
and C, as well as their graphical representation in Figure 5,
showed that a large drop in pH occurred prior to the beginning of
nitrite formation. Several factors may have contributed to this
effect: one is the possibility of a lag in the establishment of
equilibrium in the soil samples following application of the solu-
tions; some time is manifestly required to establish moisture- and
base exchange-equilibrium in the soil. The effect manifests itself
as an almost immediate initial drop in the pH curve. It is a well-
known fact that the pH value of any soil tends to fall for some
time after the addition of water while the various equilibria are
being established, but the lowering of the pH value from this
cause is small in comparison with the large decreases in pH which
were observed prior to the beginning of nitrite formation.

Another factor which may have a bearing upon this decrease in
pH prior to nitritification is the fact that the first observations of
nitrite, as shown in Series B and C of Table 3, were not obtained
immediately after the formation of nitrites had begun. The first
appearance of nitrites in the B series was observed on the seven-
teenth day, at which time about 30 p.p.m. of nitrite had accum-
ulated, or nearly half of the maximum amount which finally
formed. Similarly about 22 per cent of the maximum value for
nitrites in the C series had made its appearance by the fourteenth
day, when nitrites were first detected. If this reasoning is correct,
the remaining 50 per cent of the total amount of nitrite accumu-
lated in Series B and 78 per cent in Series C was evidently much
less effective in reducing the pH value than the amounts men-
tioned above. Each p.p.m. of nitrite formed would, if one assumes
the equation

2 NH8 + 3 O2 + 2 OH- = 2 NO>~ + 4 H2O
to represent the process, remove an equivalent amount of hy-
droxyl ion; hence there is no justification for the assumption that
there may be a change in ratio of nitrite formed to hydroxyl
removed. It is apparent that there must be some intermediate re-
action which is responsible for the lowering in pH prior to the
formation of nitrites.

Various investigators have assumed the presence of one or more
intermediate compounds in the formation of nitrite from am-
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monia. Beesley (7), Mumford (40), Kluyver and Donker (30),
and Corbet (16, 17, 18, 19) have produced direct or indirect evi-
dence of such intermediate products in their oxidation studies.
Beesley found that as much as 44 per cent of the applied ammonia
disappeared prior to the formation of nitrite, and concluded that
the nitrogen must have passed through some intermediate stage,
"which must be regarded as more or less hydroxylated." Mumford
advanced the theory that the oxidation of ammonia involves the
successive hydroxylation of the hydrogen atoms with its attendant
removal of water, and reported the presence of hydroxylamine
and salts of hyponitrous acid.

Kluyver and Donker (30) similarly incline to the hydroxyl-
amine-hyponitrous acid mechanism for the oxidation of ammonia,
assuming that these intermediate products result from alternate
hydration and dehydrogenation characteristic of microbiological
reactions. Corbet (17) definitely reports the presence of these
two compounds in systems involving ammonia oxidation. He
writes as follows:

It appears that the reaction proceeds through the formation of hydroxyl-
amine and hyponitrous acid as intermediate compounds, but while the
first-named can never have more than an ephemeral existence under the
experimental conditions, hyponitrous acid present in the form of the
calcium salt may account for as much as 40% of the total nitrogen present.

The actual presence of hydroxylamine and hyponitrous acid in
such a process is difficult to prove analytically even under the
most favorable conditions. Rao et al. (47) attempted to demon-
strate the formation of these compounds by using culture tech-
nique, but without success. They are of the opinion that Corbet's
analytical procedure is not specific for hyponitrites. The pres-
ence of hydroxylamine, on the other hand, has been suggested
(8, 9, 10, 31, 33) as an intermediate product not only in the oxi-
dation of ammonia to nitrite but also in denitrification and nitro-
gen fixation—both of which are microbiological processes.

ENERGY RELATIONS INVOLVED IN THE HYDROXYLAMINE-
HYPONITROUS ACID MECHANISM IN THE NITRIFICATION

OF AMMONIA

The pH changes associated with the nitrogen transformations
in the microbiological oxidation of ammonia, set forth in the pre-
ceding sections, can be reconciled in part with the hydroxylamine-
hyponitrous acid mechanism as proposed by Kluyver and Donker.
To be tenable, such a mechanism must involve not only the re-
moval of hydroxyl ions, which is responsible for the drop in pH
value, but it must also be consistent with the free energy changes
accompanying the respective steps in the process. The free energy
change, by virtue of its magnitude and sign, offers a criterion of
whether or not the postulated intermediate reactions are likely to
take place, or can take place if conditions are favorable. In other
words, it is a measure of the tendency with which the reaction
tends to take place, but it also represents the maximum amount
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of available energy liberated or absorbed when one mol of the
reacting constituent is converted reversibly to another form.

Baas-Becking and Parks (5) employed such a free energy ap-
proach in a theoretical study of the energy efficiency of various
types of autotrophic bacteria, including the nitrifiers. They cal-
culated the free energy change for the overall transformation of
ammonium ion to nitrite, and of nitrite to nitrate, basing their
calculations on certain data of Meyerhof (37, 38, 39) for the
optimum concentrations of the ions involved in the respective
transformations. The data in question were obtained in experi-
ments with nutrient solutions, and from the analytically deter-
mined ion activities it was possible to calculate the free energy
change attending the process under those conditions.

In applying such free energy methods to transformations occur-
ring in the soil, however, it is difficult to convert the standard free
energy changes to the actual activities of the constituents as they
exist in the soil solution, because neither hydroxylamine nor
hyponitrous acid can be satisfactorily determined by existing
analytical methods. It was decided, therefore, as a first approx-
imation, to calculate the free energy changes for the constituents
considered as being present in their standard states—namely, at
unit activity. The appropriate data for these nitrogen transforma-
tions have been assembled by Latimer (32) from the most reliable
thermodynamic studies available.

In making such free energy calculations it is obviously possible
to base them either (1) on the half reaction involving the nitro-
gen compounds or ions, which would take place at the negative
electrode of a reversible galvanic cell, or (2) on the entire oxida-
tion reaction involved in each step. In the latter procedure one
must introduce the oxidizing agent which is generally written as
molecular oxygen but which probably involves the microorgan-
ism in some manner. The free energy data so calculated are
shown in Table 4, in which the values are given both for the
half reaction and the entire oxidation reaction. For comparison,
the data have been calculated for the respective steps under both
alkaline and acid conditions.

It will be noted that when the nitrification of ammonia occurs
under alkaline conditions, as in the soils used in this study, each
of the steps (as shown by the equation for the half reaction) uses
up hydroxyl ions. As a result, there should be a decrease in pH
value resulting from each of these steps. Furthermore, there is
a much greater consumption of hydroxyl ion—namely, seven
mols—when one mol of ammonium ion goes to nitrite, than when
the nitrite is transformed to nitrate, which requires only two
mols. The fact that the hydroxylamine and hyponitrous acid steps
alone involve a total of five mols of hydroxyl accounts in part for
the phenomenal drop in pH which occurs prior to both nitrite and
nitrate formation.
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The free energy changes attending these steps give a hint as to
a justification for the proposed mechanism. It will be noted that
the first step in which the hydroxylamine is formed involves a
large positive free energy change, "indicating that the process is
not spontaneous. If the reaction occurs at all, energy must be
supplied from some source, possibly by the microorganisms.
Moreover, the high positive value of the free energy suggests that
the hydroxylamine must be unstable, which in turn may account
fof the difficulty of identifying it in the soil. When it changes to
hyponitrous acid, the process is evidently spontaneous, since it
involves a considerable decrease in free energy (33,680 calories
per mol for the half reaction and 51,870 calories per mol for the
entire reaction). The fact that energy must be put into the system
in Step 1 may also account in part for the lag period which is al-
ways observed in the initial stages of ammonia oxidation.

The free energy data for the transformation of nitrogen under
acid conditions are of interest in the respect that in every step a
high positive free energy value is involved. The reaction is quite
evidently not favored by acid conditions since hydrogen ion is
formed in each step, which would tend to reverse the process. In
the case of the nitrifying organisms it has in fact been found (6)
that microbiological oxidation processes cease when the pH value
drops to 5.5, below which the oxidation is believed to be primarily
chemical and catalyzed perhaps by hydrogen ion. Below a pH
value of 4.5, the oxidation processes represented in Table 4 cease
entirely. It is of interest therefore to note that the oxidation of
ammonia, which is of primary importance when used as a fer-
tilizer, proceeds favorably on the alkaline side of neutrality,
where the free energy values for the reactions are dominantly
negative. The fact that it requires the catalytic influence of the
microorganisms to proceed emphasizes the repeatedly observed
fact that the oxidation will not proceed with maximum efficiency
if the environment of the soil is not favorable to the metabolism of
the bacteria and their multiplication. Therefore, although an
excessively alkaline condition in the soil would theoretically
favor the nitrogen transformations in question, it is evident that
unless man can otherwise ameliorate such an adverse condition,
it must be done by the bacteria themselves, by reducing the pH
value to the point where their own nutrition processes become
normal and nitratification can take place efficiently.

SUMMARY

1. A comparative study has been made of the rates of nitrifica-
tion of ammonia, ammonium sulfate, and urea in six typical
Arizona soils.

2. A threshold pH value of 7.7±0.1 has been found for the
nitratification of the ammonia type of fertilizers in desert soils
above which the complete oxidation of ammonia will not occur,
and to which the pH value of such soils must first be reduced be-
fore nitrification can proceed to completion.
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3. In the microbiological oxidation of nitrogen applied in the
three above-mentioned forms, there is considerable nitrite for-
mation, even in well-aerated soils under favorable conditions of
temperature and moisture, so long as the pH value of the soil is
considerably above the threshold value. It was greatest in those
cases where the soil had been rendered strongly alkaline by addi-
tion of calcium hydroxide.

4. A pronounced decrease in pH value occurs in the soil prior
to both nitrite and nitrate formation.

5. Nitrite accumulation appears to be inhibited by a high con-
centration of calcium ions and/or by high alkalinity.

6. In all instances in which a significant accumulation of ni-
trites was noted, the amount of nitrite decreased almost simul-
taneously with the formation of nitrates.

7. Ammonia is not toxic to the nitrifying organisms even at a
concentration as high as 300 p.p.m. The failure of the ammonia to
nitrify in some instances is attributed to the high alkalinity of the
soil.

8. The fact that practically all of the nitrogen added as am-
monia can be analytically accounted for indicates that losses by
volatilization from the soil or by the spontaneous decomposition
of ammonium nitrite are negligible.

9. Under constant (uniform) experimental conditions it is
found that equal amounts of nitrate are formed in soil samples
treated with the different nitrogen fertilizers after a given period
of time.
10. In alkaline calcareous soils ammonia nitrifies as rapidly as

ammonium sulfate and urea, provided the soil is sufficiently well
buffered toward base to withstand the initial change in pH. By
virtue of the microbial oxidation, the pH value of a soil treated
with ammonia will be reduced to substantially the same limiting
value as when an equivalent amount of ammonium sulf ate or urea
has been added to supply the nitrogen.
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