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INTRODUCTION

Nitrogen has commonly been a deficient element in the cultivated
soils of the world since the beginning of agriculture. The general
acceptance of the practice of using manures as a means of increasing
plant growth, as shown by the records of ancient civilizations, attest
to this fact. Since the time of von Liebig there has been an increasing
awareness of the importance of this deficiency in soils. As a result
of a better understanding of the problem and the increasing availability
of commercial forms of nitrogen, a rapid increase in the use of nitrogen
fertilizers has taken place in the last few decades,

This increasing use of commercial forms of nitrogen is accompanied
by the need for more information concerning the proper use of these
materials in order to accomplish the greatest benefit. For example,
with the advent of increasing use of ammonium fertilizer to improve soil
productivity, there has arisen a possibility of lengthening the period
from the date of the fertilizer application to the time of utilization
by the crop. This advanced application, especially in the fall of the
year, has many advantages and is widely advocated. The following ques-
tions need to be answered in connection with the efficiency of such a
practice:s Will the ammonium form of nitrogen remain unoxidized in the
s0il over the winter months? Will it be fully oxidized to nitrates
even at low temperatures and subjected to losses by leaching or denitri-
fication in case of the high moisture commonly occurring during the

winter and spring months? Could it be only partially oxidized and
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result in an accumulation of nitrites that may cause toxicity or be lost
from the soil in a gaseous form such as nitrous oxide? What are the
chances for significant losses by volatilization before it is oxidized?
How does the amount of moisture and the prevailing temperature affect
these transformations?

The study reported here is an endeavor to contribute to more com-
plete answers to some of these questions. Although much research has
been conducted relating to the effects of moisture or temperature on
nitrogen transformations in the soil, more information is needed cover-
ing greater variations in the moisture and temperature levels along
with the interactions of these. Accordingly, experiments were conducted
under carefully controlled conditions to measure the changes occurring
in the inorganic soil nitrogen from an applied ammonium source, at

various moisture and temperature levels.



REVIEW OF LITERATURE

Since the nitrogen transformations reported in this study are per-
formed by the nitrifying bacteria in the soil, it is well to mention a
few basic facts about these organisms as reviewed by Meikljohn (1953).
They cannot use the decomposition products of organic material for
their energy but are entirely dependent on the oxidation reaction that
they carry out for their energy. Accordingly, they are autotrophic.
One familiar group of the ammonia oxidizers is called Nitrosomonas. An
important group of the nitrite oxidizers is called Nitrobacter. Carbon
dioxide is the source of carbon for the cell substance of these
organisms.

Other commonly accepted facts about the nitrifiers are: (1) they
grow faster in darkness; (2) they are aerobic; (3) they tolerate a
fairly wide range of acidity; (L) they require certain inorganic
nutrients such as calcium, phosphorus and iron; and (5) they adhere to
and proliferate at the surface of solid particles.

The biochemistry of nitrification in the soil has been studied by
several workers (Hofman and Lees, 1953; Lees and Quastel, 19Léa, 1946b)
by use of the soil perfusion apparatus. One of the interesting conclu-
sions from these experiments is that the rate of nitrification of a
glven quantity of ammonium sulfate is a function of the degree to which
the ammonium ions are adsorbed on the particle surfaces in the soil
cation exchange complex. The greater the amount of adsorption, the
faster is the nitrification.



Nolsture Effects on Nitrogen Transformstions

Surprisingly little detailed study of the effect of moisture on
nitrogen transformations was found in the literature. An early and
quite extensive work concerning the influence of moisture on the bac-
terial activities in the soil that should be mentioned is that of
Greaves and Carter (1920). Twenty-two soils of typical farm land of
Cache Valley were studied. Their moisture holding capacity ranged from
31 to 78 percent of the oven dry weight. Nitrification was at its
maximum at 50 to 60 percent of its water holding capacity and varied
with specific soils.

Russel et al. (1925) made a study of moisture and temperature
factors in nitrate production on some Nebraska soils. They found no
nitrate production at the hygroscopic coefficient fﬁlt observed that
nitrate production increased with an increase in moisture up to 1 1/h
times the moisture equivalent. They noted some nitrification at as low
as 5° C and found that it stopped at 55° C with a maximum of nitrates
produced at 35° C.

The only work found dealing specifically with the low moisture
range (the wilting point and below) was a recent paper from Africa by
Robinson (1957). He found that active nitrification of the natural
soil nitrogen stopped at a soil moisture level just below the permanent
wilting percentage. Ammonification of natural nitrogen in this soil,
however, did not cease at this moisture level and ammonium nitrogen
accumulated substantially. Limited application could be made of these
results since he was using a tropical soil (pH L.8 to 5.6), and the

method he used for controlling the moisture is questionable. The
samples were kept in flasks plugged with cotton wool, and moisture was

added daily with a fine spray accompanied by shaking. At the low



moisture levels it seems that adequate control would be very difficult
by this method.

Another recent paper from Africa by Calder (1957) used more accu-
rate moisture control methods by means of a specially designed apparatus
for humidifying the air going over the samples. However, no attempt was
made to go as low as the permanent wilting point. He pointed ocut that
the accumulation of nitrate in unenriched tropical soil was not specifi-
cally favored by any stable moisture content between the limits of 15
and L5 percent water on a dry soil basis (wilting point equal to 12.5
percent and f ield capacity equal to 25 percent). Change of moisture
status during drying was accompanied by the appearance of much more
nitrate than under steady moisture conditions. Fluctuation of moisture
status about an optimum average of 22 to 23 percent seemed likely to
provide the most favorable conditions according to his investigations,.

An interesting observation concerning the relationship of soil
moisture to the nitrification process has been pointed out in a recent
paper by Birch (1960). Investigating air dry storage periods of 3 to
15 weeks, he found that the longer a soil was kept in the air dry state
in storage prior to moistening, the higher the amount of nitrification
after moistening. With high humic soils drying produced extra nitrogen
on moistening, sometimes equivalent to over one ton of sulfate of
ammonia per acre. Even with low humie soils, values of about 300 pounds

were common. The mechanism poni—\;ly——in;olnd is suggtst.d by Birch as
being the result of drying increasing the surface area of the humic gels
or nitrogeneous colloids. Although not suggested by him, it seems
possible that this increase in nitrification could be associated with
the ammonium nitrogen accumulation in dry soils mentioned above by

Robinson (1957). A similar increasing effect of previous air drying on
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nitrification was noted recently in some South Dakota soils by Harpstead
and Brage (1958).

Temperature Effects on Nitrogen Transformations

The literature is considerably more voluminous with respect to
temperature effects on nitrification than it is in the case of moisture
effects. Until recently, however, there have been very few studies
reported on the effects of low temperatures (around the freezing point).
Early studies such as that of Waksman and Madhok (1937) were primarily
aimed at determining an optimum temperature. Their paper suggested 27
to 37° C as the most favorable. There is, however, much disagreement
in the literature about the optimum range for nitrification.

One of the earlier and most inclusive studies of the effect of
temperature as a factor in nitrogen changes was done by Panganiban
(1925). He included the effect of constant and alternating temperatures
in connection with ammonification, nitrification, denitrification and
nitrogen fixation under both aerobic and anaerobic conditions. He found
that ammonification took place at constant temperatures between 15 and
60° C and that at higher temperatures the rate is faster. He showed
that nitrification took place between 15 and 40° C and that the optimum
temperature in soil cultures was about 35° C.

As late as 1956 Sabey et al. (1956) made the statement that
although it had been long known that temperature affects the rate of
biological oxidation of ammonia, specific data showing the magnitude of
this in the critical low temperature ranges was not found in the litera-
ture. They reported an optimum nitrification temperature of 25° C with

no nitrification at 0° C. In general, rates were about 50, 25 and 6

percent, respectively, as rapid at 20, 15 and 8° C as at 250 C,
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later in the same year, Frederick (1956) reported on the effect of
temperature on the formation of nitrate from ammonium nitrogen. Four
soils were studied under laboratory conditions. The formation of ni-
trates took place at all temperatures studied between 2 and 35° C when
other factors were favorable, The rate of nitrification increased with
increase in temperature, with the greatest increase between 7 and 15° ¢,
The optimum lay between 27 and 35° C, and no sharp break was found until
the temperature went below 20° C. In Gemesee silt loam, & Well drained
alluvial and caleareous soil of moderate organic matter and pH 7.7,
nitrate nitrogen was formed at rates of 2, 10, 45, 60, 90 and 120 ppm
per week at 2, 7, 15.5, 21, 27 and 35° C, respectively, until the 200
ppm of added ammonium nitrogen was oxidized. The rates in the other
soils were progressively less, with the slowest rate in Clermont silt
loam which 1s a poorly drained soil, low in organic matter and with a
pH 5.0, Temperature fluctuating in a 2h-hour cycle (as under field
conditions) generally resulted in an increased rate of nitrification at
temperatures below 15.5° C and a decreased rate above 15.5° 6. An ap-
plication of 50 pounds per acre of ammonium nitrogen in soils like the
Genesee silt loam could be nitrified in about two months even when the
average temperature is near freezing (0 to 2° C).

" In a later study Frederick (1957) considered the effect of the
population of the nitrifiers on the formation of nitrates and related
this to the temperature over which nitrate formation from ammonium
salts occurs. He concluded that differences between soils in regard to
the temperature range over which nitrate formation from ammonium salts
occurs appear to be due to differences in the initial population of

nitrifiers. Sabey, Frederick and Bartholomew (1959) investigated the



influence of temperature and initial population of nitrifying organisms
on the maximum rate and delay period of nitrate formation from ammonium
nitrogen. This study showed that the influence of temperature and
nitrifying population on delay periods and maximum rates varied greatly
among soils, indicating that other factors inherent in the soils also
affect nitrification.

Anderson and Purvis (1955) and Anderson (1960) gave particular
attention to the effect of low temperatures. Some nitrification at 37°
F occurred in six weeks in all soils tested. They also found much
variation in both delay periods and maximum rates between soils.

Stojanovic and Broadbent (1957) studied the influence of low tem-
peratures on nitrogen transformations in Honeoye silt loam. They used
5 and 10° C with an incubation period of six weeks. One of the inor-
ganic sources of nitrogen used was ammonium sulfate. A substantial
amount of nitrate nitrogen was formed at 5° C during the zero- to two-
week interval.

Another recent study of low temperature effects on nitrification
was made by Tyler et al. (1959). Using California soils and tempera-
tures of 37, L5 and 75° F, they observed that nitrification proceeded
at a moderate rate at L5° F even though this was somewhat slower than
at 75° F. A greatly reduced, though still measurable, rate of nitrifi-
cation was observed in these soils as low as 37° F.

r Effects on Ni fo

Several workers have investigated the possible inhibitory effect
of high amounts of ammonium fertilizers on the nitrification process.
The accumulation of nitrites has been associated with this problem.
Chapman and Leibig (1952) suggested that wherever fairly high ammonium

concentrations and neutral to alkaline soil conditions occur, more or



less nitrite accumulation may be expected. Broadbent et al. (1957)
stated that the formation of considerable quantities of nitrite in the
alkaline soils that they studied may be explained on the basis of the
inhibitory effect of free ammonia on the activities of the Nitrobacter.
In their study of six California soils they used six levels of added
ammonium nitrogen ranging from O to 800 ppm, their purpose being to
represent a typical cross section area of the fertilizer band as applied
in the field., They found that nitrification was inhibited at the higher
levels of applied ammonia and, in the case of one soil, this inhibition
was evident as low as the 200 ppm nitrogen addition. They suggested
possible causes for this inhibition other than the presence of free
ammonia, especially in alkaline soils, such as pH or salt effects.
McIntosh and Frederick (1958) studied the distribution and nitrifi-
cation of anhydrous ammonia applied with a field applicator by sampling
an 8 x 8 x 2 inch cross section perpendicular to the applicator row.
Ammonium nitrogen and nitrate nitrogen were determined on each one inch
square subsample. Ammonium nitrogen decreased from a maximum concentra-
tion of 1,300 to 2,000 ppm at the center to less than 200 ppm in the
area about 1 1/2 inches away from the center of the retention zone.
They showed that nitrification initially proceeded more rapidly in the

outside area of the retention zone where the concentration of ammonium

nitrogen was less than LOO ppm. Similarly, Eno et al. (1955) found
that the application of anhydrous ammonia to soil resulted in a high
local concentration of ammoniacal nitrogen levels which showed a detri-
mental influence on the formation of nitrates.

Tyler et al. (1959) stated that low temperature and alkaline soil

reaction appeared to favor nitrite accumulation from ammoniacal



fertilizers even at low levels of addition. According to them, this
finding suggested that the Nitrobacter group, which oxidizes nitrite to
nitrate, is more sensitive to low temperature than the Nitrosomonas
group responsible for the first step in nitrification; or that there is
an interaction between temperature and free ammonia inhibition of
Nitrobacter.

A basic study of the effect of inorganic nitrogen on nitrification
was made recently by Stojanovac and Alexander (1958) using the soil
perfusion technique described by Audus (1946) with the Honeoye silt
loam, pH 7.7« They showed that the addition of ammonium nitrogen in
quantities of 250/‘g/n1 perfusate, or greater, lead to a depression in
the rate of nitrate formation. Analysis of the kinetics of the oxida-
tion showed that there was no effect of ammonium nitrogen concentration
on the rate of ammonium oxidation. However there did occur an accumu-
lation of nitrite which at constant pH was proportional to the amount
of ammonium sulfate initially added. Nitrites apparently accumulated
only when there was some ammonium nitrogen remaining in the metabolite
solution but then rapidly disappeared once the ammonium nitrogen had
been oxidized. They concluded that ammonium nitrogen applied in high
concentrations can cause the accumulation of nitrites in soils of high
pH by virtue of the specific effects of the original substrate on the
Nitrobacter-catalyzed oxidation of nitrite. These results are in
agreement with cultural studies of the responsible microorganisms.
Finally, they suggested that the build-up and persistance of this sub-
stance is favored by alkaline reaction and high levels of applied
ammonium-forming fertilizers, possibly by means of an inhibition of
Nitrobacter by the free ammonia.



EXPERIMENT I. INCUBATION WITH PERIODIC AERATION

Methods and Procedure

This study was undertaken to examine the effects of moisture,
temperature, fertilizer and their interactions on nitrification under
carefully controlled conditions. In order to better isolate some of
these effects, the same soil was used throughout this study. The soil,
Millville loam, is highly calcareous (L7 percent calcium carbonate
equivalent) with a fH of 7.8 and total nitrogen (Xjeldahl) of 0.13 per-
cent., It is a highly productive soil of Cache Valley. The samples
used in this study were taken from the Greenville Experiment Farm of
the Utah State Agricultural Experiment Station.

The percentage moisture for this soil at 0.3 bars tension (approxi-
mately field capacity) was found to be 18.0, This figure was used in
the moisture additions in this study, although Taylor and Cavazza (1954)
have found the percentage for the same soil to be 21.5 at one-third
atmosphere tension. The percentage moisture of the soil used in this
experiment was 6.9 at 15 bars tension (approximately permanent wilting
percentage). The permanent wilting percentage determined by the sun=~
flower method was 7.9. In the air dry state this soil contained 1.6
percent moisture. -

" The soil, treated with different levels of ammonium sulfate, was
incubated under varying temperature and moisture conditions and sampled
at weekly intervals to test for different forms of inorganic nitrogen
and pH.

Ammonium sulfate was dissolved in water and added to 100 grams
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soil in pint jars with sufficient water to bring the moisture contents
to 18.0, 15.9 and 7.8 percent which correspond to 0.3, 1 and 10 bars
moisture tensions. The nitrogen levels were O, 150, and L50 ppm. Care
was taken to make sure the samples were uniformly moistened. It was
important to place the moistened samples in the constant temperature
rooms as quickly as possible after adding the moisture and fertilizer in
order to avoid the influence of uncontrolled temperature on nitrifica=-
tion. Since no time could be allowed for the soil to reach equilibrium
with the added water, each sample was mixed thoroughly by hand with a
spatula right after the predetemined amount of moisture containing the
ammordum sulfate was added to the sample in the jar. The jar was then
sealed immediately. Before placing the lids on the mixed sample, a fine
mist of moisture was sprayed on the 1lids and around the mouth of the
Jars to cause a high humidity in the jar above the sample., The samples
were then placed in the constant temperature rooms. Duplicate samples
were prepared, sealed, and placed in the constant temperature rooms at
2, 10 and 22° C, Sufficient samples were made to allow for sampling at
weekly intervals for four weeks. However, after the anmalysis was com-
pleted on the samples taken the third week, it was decided to leave the
remaining samples in for a total of 10 weeks.

The jars were opened twice weekly and the air in each flask com=-
pletely exchanged by using a squeeze bulb., Preliminary experiments had
shown that this aeration twice weekly was sufficient for the highest
rate of microbial activity in this soil. It was necessary to moisten
the inside of each jar and lid with a fine mist at the t ime of each
aeration to compensate for vapor lost when the air was exchanged. After

a slight initial drop during the first week, the moisture content of all



samples remained nearly constant.

The entire sample in each jar was taken for the weekly analysis.
The jars were treated with toluene, resealed, and placed in a refrig-
erator until the analyses were made. All analyses were made during the
week in which the samples were taken. The samples were analyzed for
ammonium nitrogen, nitrate nitrogen, nitrite nitrogen, soil reaction and
moisture. Ammonium nitrogen determination was made on a potassium
chloride extract of the soils by the Nessler method, using alkaline
tartrate and gum acacia in a modification of the method given by Jackson
(1958). Nitrate nitrogen was determined from a saturated calcium hy-
droxide extract by the phenoldisulfonic acid method, after first destroy-
ing nitrites by use of ammonium sulfamate. Nitrite nitrogen was
determined from the same alkaline extract using the method given by
Shinn (1941) which employs sulfanilamide and a coupling reagent. The pH
was determined on a saturated soil paste.

Results and Discussion

Soil reaction

With nitrification there was a corresponding reduction in pH as is
normally expected. The pH ranged from 7.8 for the untreated soil to
T+2 for the treated soil where maximum nitrification occurred. This is
shown in figure 1 for the three nitrogen levels at 22° C and 0.3 bar
moisture tension. The complete soil reaction data are shown in table 1.
After nitrification was complete, there was relatively little change in
the respective pH levels with time during the 70-day period. No sig-
nificant effect on soil reaction in relation to moisture or temperature

was indicated within the ranges used in this study.

UTAH STATE UNIVERSITY LIBRARY.
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Mitrate nitrogen
One of the most interesting observations of this experiment was the

relatively 1ittle effect shown by the different moisture levels on the
nitrification of ammonium sulfate when the temperature was favorable.
This can be seen from the data in table 2 and is pointed out more
specifically by the graph in figure 2. There was no difference in
either amount or rate of nitrification between the 0.3 and 1 bar mois-
ture tensions at 22° C for the 150 ppm level., Under the same conditions
at 10 bars moisture tension, there was a delay of about two weeks, in
comparison to the other moisture levels, before nitrification began.
After the second week the rate of nitrification at this low moisture
level compared favorably with that of the higher moistures, Nitrifica-
tion of the added 150 ppm nitrogen as ammonium sulfate was nearly
complete at this low moisture in 70 days.

The relatively little influence of lowered moisture is amplified
from the 10° C data (figure 3). Even at this low temperature there was
a highly significant increase in nitrate production between the 21- and
70~day period. mu}; in 70 days at 10° C and 10 bars moisture tension,
about 50 percent of the added ammonium sulfate was nitrified. This
would be equivalent to more than a pound of nitrogen per acre=-furrow
slice per day. The higher moisture levels for this same temperature
gave rates of about 10 to 12 pounds nitrogen per acre per day.

Temperature exerted a greater influence on nitrification than did
moisture under the conditions of this experiment. Even at the lowest
moisture (10 bars tension) there was a highly significant difference
between temperature levels (figure l). The difference in nitrate pro-

duction between the 2 and 10° C temperatures occurred only at the 70-day
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Table 2. Changes in nitrate nitrogen in a calcareous soil incubated at
various moistures, temperatures, and levels of nitrogen added
as ammonium sulfate

Treatment Days incubated
Te - Nitroge Moisture

iy Siile tewion 7 L 21 0

B ppm bars ppm NO3-N
0 10 55 L2 L5 L6
150 10 38 L2 52 L6
Lso 10 37 L2 L8 Ll
0 1 50 Ll L6 57
2 150 1 34 Ll L6 56
k5o 1 38 b 48 50
0 0.3 52 L6 L5 55
150 0.3 Lo Ll 50 85
L50 0.3 37 L2 50 Sh
0 10 L6 L7 L8 50
150 10 Ll 50 54 92
L50 10 L2 Lé Sk 70
0 1 18 L6 Sk L5
10 150 p Lé 62 86 20l
L50 1 Ls SL 3 L62
0 0.3 L8 sk 55 59
150 0.3 50 59 92 188
L50 0.3 L5 55 (e 235
0 10 L7 50 58 58
150 10 55 66 130 168
450 10 L8 69 137 Lo
0 1 55 56 56 72
22 150 it 8l 188 197 222
L5o 1 56 288 L52 L82
0 043 52 58 56 76
150 043 88 202 190 228
450 0.3 70 290 L3k Lok

LSD
For comparison between: «05 level 01 level
Two treatments for same date 16 21

Two dates for same treatment 12 16
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test, while the difference between 10 and 22° C temperature occurred as
early as 21 days. The rate of nitrification at the highest temperature
(22° C) and lowest moisture (10 bars tension) was very high between U
and 21 days. With this high temperature, at 21 days nitrification of
the 150 ppm nitrogen was over half complete even at this moisture (10
bars tension) which is not far above the wilting point for higher
plantse

The effect of added ammonium sulfate at high moisture (0.3 bar
tension) and high temperature (22° C) is shown in figure 5. By refer-
ring to table 2, it can be noted that a significant amount of nitrifica-
tion had taken place under these favorable moisture and temperature
conditions even in one week. A point of interest is the fact that a
delay was shown with the 450 ppm nitrogen treatment in comparison to
the 150 ppm nitrogen treatment. At the 7-day period the amount of ni-
trification in the case of the higher nitrogen treatment was significant
only at the 0.05 level, whereas the 150 ppm nitrogen treatment showed
significant nitrification at the 0.01 level. At 1l days the 150 ppm
nitrogen application had been corpletely axidized, while the 450 ppm
mitrogen treatment was hardly complete at 21 days. There was enough
nitrification under these conditions (0.3 bar moisture and 22° C) even
in the case of no added ammonium sulfate to be significant at the 0.05
level. This was evidently due to mineralization of the soil arganic
matter.

This delay effect associated with high concentrations of ammonium
nitrogen has been noted by other workers. Broadbent et al. (1957) con-
cluded that where ammonium concentrations were low, nitrification

occurred rapldly and completely. Higher ammonium concentrations showed
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an inhibiting effect on nitrification, and in the case of poorly buf-
fered soils the nitrification was completely inhibited. The levels used
in their study were O, 50, 100, 200, LO0O and 800 ppm of ammonium nitro-
gen. In studying the distribution and nitrification of applied anhydrous
ammonia, McIntosh and Frederick (1958) showed that nitrification in-
itially proceeded more rapidly in the outside area of the retention zone
where the concentration of ammonium nitrogen was less than LCO ppm.

At 10 bars moisture tension and 22° C there were almost identical
amounts of ammonium sulfate oxidized to nitrates for the 150 and L50
ppm nitrogen treatments for the first three weeks (figure 6). This also
indicates a delay in the case of the 450 ppm relative to the 150 ppm
nitrogen treatment. Both of these amounts of applied ammonium sulfate
were nearly completely nitrified by the end of 70 days even at this low
moisture (10 bars).

The effects of moisture, temperature, and fertilizer over all time
periods are of interest. Since the analysis of variance (appendix,
table 15) shows the interactions of the three factors to be significant,
the experimental results were combined into two-way tables over all time
periods.

In table 3 the interaction of moisture and temperature can be
observed, At the low temperature there was no significant difference in
the mean moisture effect over all fertilizer levels, while at the
higher temperatures there was a significant difference between moistures,
This interaction can be seen at the 150 ppm nitrogen level in figure 7.
At the highest temperature there was no significant difference between
the 003 and 1 bar moisture tensions, and even at the low moisture there

was an appreciable amount of nitrate nitrogen at this high temperature.
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Table 3. Mean nitrate nitrogen content for all
moistures at all temperatures

Tempera— Moisture tension, bars

Means
ture 10 1 0.3
oC P
2 45 L6 L7 )
10 sl 102 85 80
22 110 184 186 160
Means 70 111 106 95
ISD
0,0 0,01
Means within table 5 6
Table means 3 5

Within the moisture range used in this experiment, there was little
effect by moisture on nitrification when the temperatures were favorable.
This caen be seen graphically in figure 8. In contrast to this there was
a strong effect of temperature as shown by the temperature means in
table 3.

The interaction of moisture and fertilizer is presented in table L.
There was significant nitrification at all moisture levels with added
ammonium sulfate. The mean effects of fertilizer over all moistures are
in a ratio of approximately 1419 for LS50 ppm and 150 ppm added nitrogen,
respectively, However, at the lowest moisture (10 bars tension) the
ratio of nitrates at these fertilizer levels is only 9:7. This indicates
the effectiveness of the added nitrogen depends on the amount of mois-
ture in the soil,

There was a significantly larger amount of nitrification at the
1 bar moisture tension than at the 0.3 bar with 450 ppm added nitrogen.
This is contrary to what is generally accepted about the effects of

moisture on nitrification. Nitrification under these conditions should
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Table L. Mean nitrate nitrogen content for all
moistures at all fertilizer levels

Ferti- Moisture tension, bars Means
lizer 10 1 043
ppm ppm
0 L9 52 S5 52
150 70 106 107 N
450 90 17h 157 U0
Means 70 11 106 95
1LSD
0.05 0.01
Means within table 5 6
Table means 3 g

be examined in greater detail by going back to table 2, It is seen here
that greater nitrification occurred at the 1 bar moisture tension at 70
days with 10° C temperature. At this observation there was a signifi-
cant amount (100 ppm) of ammonium nitrogen remaining, an accumilation of
nitrites (72.5 ppm) and a loss (approximately 100 ppm) of total nitro-
gen. The moisture content was checked and found to be in line with the
other experimental units. One possible explanation of these phenomena
is that the oxygen supply is very near the critical level under these
conditions of high moisture and high ammonium application, resulting in
sufficiently adverse conditions in some samples to cause this irregular-
ity. The 450 ppm nitrogen level requires a greater amount of oxygen,
and the higher moisture level reduces the available amount of oxygen in
the soil, Insufficient aeration would slow down the transformation of
ammonium nitrogen to nitrite nitrogen as well as favor the accumulation
of the nitrite nitrogen that is formed. A loss of nitrogen is expected

under partial anaerobic conditions, as shown by other workers. Bremner
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and Shaw (1958) suggested that denitrification occurs when the supply of
oxygen required by the microorganisms is restricted. Jones (1951),
working with completely anaerobic conditions, showed that denitrifica-
tion is a very rapid process. Armold (1956) discussed another possible
source of loss by pointing out that where the oxygen supply is limited
the oxidation of ammonium ions may yield hydroxylamine, which, in the
absence of sufficient oxygen, does not all become further oxidized but
interacts with accumlated nitrite to yleld nitrous oxide which escapes
into the air. Broadbent and Stojanovic (1952) found that denitrifica-
tion of added nitrate was inversely related to partial pressure of
oxygen. It is concluded, therefore, that insufficient aeration may
well account for the significantly greater amount of nitrification
occurring at the 1 bar than at the 0.3 bar moisture tension at 70 days
and 10° C (figure 3 and table 3).

Table 5 presents the data showing the interaction of fertilizer
with temperature. Even at the zero level of fertilizer a significant
" amount of nitrification occurred at the highest temperature (22° C),
while at the low temperature no significant amount of nitrification
occurred even at the highest fertilizer level, The dependency of nitri-
fication of the added nitrogen on temperature is further emphasized by
the fact that at 10° C the ratio of nitrates at the 450 ppm nitrogen
level to nitrates at the 150 ppm nitrogen level is approximately 7 to 6,
while at 22° C the ratio is approximately 9 to 5, In other words, the
300 ppm increment was of little value except at the more favorable
temperature,
Ammonium nitrogen
The changes in ammonium nitrogen at various moistures, temperatures

and levels of added ammonium sulfate are given in table 6. Although the
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Table 5. Mean nitrate nitrogen content for all
temperatures at all fertilizer levels

Ferti- __Temperature, °C Lasrs
lizer 2 10 22
ppm ppr
0 L9 50 58 52
150 L6 85 151 9l
450 Lk 105 27 140
Means L6 80 160 95
LSD
0,05 0,01
Means within table S 6
Table means 3 5

data for ammonium nitrogen changes are slightly more erratic than that
of the nitrate nitrogen changes, the two tables (tables 2 and 6) tell
essentially the same nitrification story. For this reason the ammo-
mium nitrogen changes are not discussed in detail as were the changes
in nitrate nitrogen. The comparison of the changes in ammonium nitro-
gen and nitrate nitrogen at 0.3 bar moisture and 150 ppm added nitrogen
are shown in figure 9.

In addition to what can be observed in figure 9, it can be seen
from table 6 that the ammonium nitrogen disappearance proceeded at a
slightly faster rate than did the formation of nitrate nitrogen at all
temperature and moisture levels except at 22° C, 0.3 bar tension and
150 ppm added nitrogen. In this case they were both complete in 14
days, the changes being so rapid that weekly sampling did not provide a
satisfactory rate comparison.

From these comparison curves at the 2° C temperature (figure 9) it

can be seen that there is an indication of some oxidation of ammonium
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Table 6. Changes in ammonium nitrogen in a-calCareous soil incubated at
various moistures, temperatures,and levels of n;t«mm added
as ammorntum-sulfate /AHy), S0,

Treatment Days incubated
Tempera- Nitrogen Moisture

ture added” tension 7 1 2 7

WEC ppm bars ppm M), =N
0 10 20 2 2l 13
150 10 218 148 160 136
L50 10 370 169 539 Loé
0 1 20 2 16 12
2 150 28 178 16 U8 130
L0 & L1 L56 598 L18
0 0.3 22 2 15 i
150 0.3 169 150 152 124
Lso 0.3 L38 k15 610 L31
0 10 20 0 16 I
150 10 158 142 L8 105
450 10 L32 452 592 397
0 ' 3 18 0 18 10
10 150 3 168 112 13 10
Lso 1 Lhé 387 L67 22
0 0.3 22 0 16 ik
150 0.3 184 114 113 12
450 0.3 453 389 541 100
0 10 18 0 15 12
150 10 161 12 9) 38
50 10 L2k 37h Los 26
0 1 2 0 2 17
22 150 1 146 1 20 12
Lso 1 L39 198 38 15
0 0.3 12 0 22 12
150 0.3 123 0 20 10
450 0.3 L12 161 26 12

5 1SD ¥
For comparison between: .05 level ,01 level
Two treatments for same date L9 66

Two dates for same treatment 52 69
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nitrogen by the end of 70 days. This observation contributed to the
decision to test these changes for a longer period of time. This is
discussed later as a separate experiment.

Mitrite nitrogen

Nitrite nitrogen (table 7) did not persist long in the soils that
were held at conditions felt to be optimum for nitrification in this
experiment (0.3 bar, 22° C and 150 ppm added nitrogen). Rather high
levels were found at the first sampling date (7 days) at the highest
level of added nitrogen (L50 ppm). Under the less favorable nitrifying
condition of lower temperature (10° C) nitrite nitrogen persisted at
moderate levels much longer for both levels of added nitrogen, and it
was found to be quite high at 70 days in the case of the LS50 ppm level.
Tyler and Broadbent (1960) have shown that the nitrite oxidizers are
very sensitive to low temperature. Under their conditions considerable
nitrite persisted beyond four weeks in soils at L5° F. At the lowest
temperature (2° C) in this experiment, no significant nitrite accumla-
tion was found during the first three weeks of incubation tut nitrite
accumilation was very high at the 70-day test. This contrast in
nitrite accumlation at 2° and 22° ¢ is presented in figire 10 for the
highest level of added nitrogen.

Nitrite formation followed closely ammonium nitrogen disappearance
and preceded the formation of nitrates in some instances by as much as a
week, This was observed more readily at the lower temperatures and
lower moistures. There was a greater accumulation of nitrites at the
L50 than at the 150 ppm level of added nitrogen except in the case of
the 2° C temperature. At this low temperature the oxidation process

was evidently just beginning at 70 days and had proceeded further in



Table 7.

3k

Changes in nitrite nitrogen in a calcareous soil incubated at
various moistures, temperatures, and levels of nitrogen added
as ammonium sulfate )

Treatment _Days incubated
Tempera=- MNi trogen Moisture
ture added tension 7 L 2 (;d
oc ppm bars Ppm mz-n
0 10 1.1 0.8 0.6 0.1
150 10 1.2 0.8 1.9 L.é
450 10 0.8 1.0 0.9 2.5
0 1 1.6 3.6 2.2 0.2
2 150 1 2.5 3.0 3.8 She3
L50 1 2.1 3.5 Le2 32.6
0 0.3 1.6 1.9 3.1 0.2
150 043 2.6 3.2 S.8 61.1
450 0.3 2.6 k.o 52 h2.8
0 10 0.6 0.1 0.5 0.1
150 10 3.8 5.6 748 0,9
L50 10 3. k.5 .0 52.0
(0] 1 042 042 0.5 042
10 150 1 11.0 28.1 2645 0.1
450 1 9.7 28.9 L7.0 0.5
0 0.3 0.5 0.2 045 0.2
150 0.3 10.6 28.5 b1.s 0.y
450 0.3 8.2 33.5 63.7 72.5
0 10 0.1 0.1 0.4 Oul
150 10 740 Seli p 0k
450 10 746 8.0 245 0.8
0 i 0.2 02 Ouli 0ol
22 150 1 Seli 0.8 045 0.4
450 L 2745 2.1 0.8 0.8
0 0.3 0.2 0.2 0.2 0.9
150 0.3 8.2 0.8 0.8 0.9
k5o 0.3 52,6 1.9 0.9 1.0
LSD
For comparison between: .05 level L0l level
Two treatments for same date 1.1 15.0
Two dates for same treatment 11.0 1.5
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the case of the 150 ppm level than at the LS50 ppm treatment. Figure 11
shows this difference, which was significant at the 0.0l level at both
the 0.3 and 1 bar moisture tensions. In the case of more favorable
temperatures nitrate formation had already begun at the 150 ppm level,
while the 450 ppm treatment remained in the nitrite accumulation stage
preceding nitrate formation. All of this harmonizes with the previously
mentioned delay in nitrate nitrogen production in the case of the LS50
ppm treatment. This delay at the L50 ppm level is likely due to the
inhibiting effect of high amounts of ammonia on the Nitrobacter which
carry out the second step in the nitrification process. Stojanovac and
Alexander (1958), using kinetics of the oxidation process, showed that
there was no effect of ammonium nitrogen concentration on the rate of
ammonium oxidation to nitrites but that high ammonium nitrogen concen=-
trations did cause the accumulation of nitrites in soils of high pH by
virtue of the specific effects on the Nitrobacter-catalyzed oxidation
of nitrite.

Additional low Temperature Experiment of Longer Duration

Because nitrite appeared at significant levels for the 70-day
sampling at 2° C and there was an indication of oxidation of the applied
ammonium nitrogen at the 150 ppm level, it was decided to incubate the
samples under these conditions for longer than 70 days.

The methods and procedures for this experiment were the same as
those previously described except for the variables used. Only the 0.3
bar moisture tension was used for all fertilizer treatments, and the 10
bars tension was used with the 150 ppm treatment only. The incubation
time was extended to 91 days and samples were tested for ammonium
nitrogen, nitrite nitrogen and nitrate nitrogen at 70, 77, 84 and 91

days. The results are shown in table 8,
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Table 8. Changes in ammonium nitrogen, nitrite nitrogen, and nitrate
nitrogen from the incubation of ammonium sulfate in a
calcareous soil at 2° C

Treatment Nitrogen Days incubated 1SD
Nitrogen Moisture Means
gt gl analyzed 70 17 8l 91 <05
ppm bars ppm
NH) -N 16 10 21 17 16 29
0 0.3 NO,-N 0 0 0 0 0 7
m&l.: 28 19 20 2l 23 17
L 29 1 Il
NHj, -N 2 70 68 7h 7 29
150 0.3 NOo-N 82 72 50 82 72 7
NO5-N 65 78 102 81 82 17
Sum 2l 220 220 237
) N 397 373 355 | 386 378 29
L50 0.3 NOo-N 78 90 65 102 8l 7

NO3-H Ly 52 g 58 L8 by
Sum 519 515 462  Su5

NH) -N 138 135 U 133 138 29
150 10 NOp=N 20 10 22 26 20 7
NO3-N 28 23 25 27 26 17

Sum 186 168 191 186

LSD 0.05
Treatment Time
NO4=-N 35 17
NEp-x 58 28
mz—N 13 it
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It can be seen that the low moisture (10 bars) with this low
temperature completely inhibited nitrate formation for the 13-week
incubation period. There was, however, significant nitrite formation
and an indication of ammonia loss even at this low moisture and tempera-
ture for these longer periods of time. Perhaps this indicates that at
least the first step of the nitrification process was occurring.

In comparing the 70-day data of this experiment with that of the
previous study reported, it will be noted that there was less nitrite
accumilation at the 10 bars moisture level in the previocus study than
in this case. This difference, along with the other slight differences

in actual values between the two experiments at this same incubation

time, was probably due to the use of a different soil sample. These
samples were obtained from the same area but, being sampled at different
times, had different nitrogen levels initially., This is evident by com-
paring the figures for the zero treatments.

At the high moisture (0.3 bar) and 150 ppm added nitrogen there was
significant nitrate formation at these longer periods of incubation.
Comparing the zero ppm treatment with the 150 ppm level in table §,
there was significant nitrification even at 70 days in this experiment.
Although slow, there was also significant nitrification with time for
the 150 ppm treatment. In the case of the L50 ppm level no significant
nitrate formation was observed under these conditions. This harmonizes
with the typical delay observed with this high treatment as discussed
previously.

Rather large quantities of nitrites were produced, both at the 150
and 4SO ppm levels of added ammonium sulfate. This fact alone can have

a significant influence on the concept of applying ammonium-containing
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fertilizers in the fall with the hope that this will be unchanged and,
hence, free from leaching losses until spring. The nitrites produced,
even though they are not oxidized to nitrates, are subject to the same
leaching losses as are nitrates. The quantities produced were large,
over 50 percent of the 150 ppm treatment in some cases. By the 1l0-week
sampling about 60 percent of the added ammonium was converted to
nitrates plus nitrites in the case of the 150 ppm treatment.

The results found in this experiment would be conservative since
the ammonium was applied to the soil and irmediately cooled and main-
tained at 2° C throughout the period. In field soils the temperatures
would come down to this low level much slower; during this period
nitrification could be occurring.

Summary of Experiment I

A calcareous soil (Millville loam) was incubated in jars provided
with periodic aeration to determine the transformation of nitrogen from
added ammonium sulfate under controlled moisture and temperature condi-
tions. Samples were taken at weekly intervals for a period of 21 days
and again at 70 days and analyzed for soil reaction and different forms
of nitrogen.

Under the conditions of this study there were definite inhibitory
influences of low moisture, low temperature and high ammonium concentra-
tion on nitrification along with significant interactions of these
factors., These conclusions are not altogether new, but some aspects of
the study are enlightening.

At 2° C there was evidence of ammonium oxidation and a distinct
accumulation of nitrites at 70 days which led to a test of longer dura-

tion. In this second test nitrate production was obtained at this low
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temperature during the period of testing (70 through 91 days)e At both
10 and 22° C nitrification was found at all moisture levels (0.3, 1 and
10 bars)., Even at 10 bars moisture tension nitrification of 150 ppm
added nitrogen was about 80 percent complete at 22° C in three weeks.
Thus, even though the rate of nitrate production was temperature and
moisture dependent, the dependency on moisture was surprisingly small.

Even under conditions felt to be relatively most optimum for nitri-
fication (0.3 bar and 22° C) rather high levels of nitrite nitrogen were
found at seven days at the highest nitrogen level (4SO ppm). A delay in
nitrate formation was found at this higher ammonium concentration in
comparison to the 150 ppm treatment. This was evidently due to the in-
hibiting effect of the ammonium. Under the less favorable nitrifying
conditions of lower temperature (10° C) nitrites persisted much longer
and were found at 70 days to be quite high.

There was a reduction in pH with nitrification of ammonium sulfate
but relatively little change in the respective pH levels with time
during the 70-day period.
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EXPERTMENT II. INCUBA TION WITH CONSTANT AERATION

Methods and Procedures

Relationship to first experiment

Since the first experiment primarily included relatively high mois-
ture levels in combination with comparatively low temperatures, the
second study was designed to investigate the low moisture range (wilt-
ing point and below) together with relatively high temperatures.

Another major reason for undertaking the second study was to
eliminate the possibility of inadequate aeration. As discussed in
Experiment I, there was evidence of inadequate oxygen supply, especially
in the case of the high ammonium treatment in combination with rela-
tively high moisture and temperature.

In addition to the above reasons, which primarily arose from the
first experiment, there were at least two special reasons for investi=-
gating the nitrification effects of low moisture levels. First, there
were no such investigations found in the literature. Secondly, it has
been postulated that the process of nitrification occurs at or on
colloidal surfaces. One could theorize, then, that the small film of
water surrounding the soil particles at moisture lsvels less than per-
manent wilting percentage might be sufficient to allow the process to
proceed.

The soil used in this experiment (Millville loam, described in
Experiment I) showed an air dry moisture percentage of 1.6 and a wilting
point percentage of about 7. A series of samples were incubated at
moisture levels to include this wilting percentage, two moisture levels

below the permanent wilting percentage (3 and 5 percent) and one
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slightly above this percentage (9 percent). Sufficient water was added,
along with the 150 ppm nitrogen in the form of ammonium sulfate, to
bring the incubating samples to 3, 5, 7 and 9 percent moisture.

Establishing the moisture levels

Theory.—In order to be able to determine the relative humidity
desirable to maintain in the air stream flowing over the soil samples to
keep the moisture percentages constant, the vapor pressure data for the
Millville soil determined by Thomas (1921, 192l) were used. From his
data a curve was plotted of the relative humidity (P/Po) against the
moisture percentage for this soil. From this curve the 3, 5, 7 and 9
percent moisture levels corresponded to 74, 92, 99 and 99.5 percent
relative humidity.

To be consistent with Experiment I in reporting all the data in
terms of moisture tension so that more universal application to other
80ils may be made, the relative humidity percentages were converted to
bars moisture tension by the formula:

%/ = -RT 1n R. H. N = e LR e R S (1)
where ¥= moisture tension, R = 8.314 x 107 ergs/deg/mole, T = absolute
temperature and R. H. = relative humidity. The moisture levels in
terms of moisture tension from these calculations were 415, 115, 15 and
7 bars, corresponding to the 3, 5, 7 and 9 percent moistures,
respectively.

Contimious aeration and relative humidity control.--An apparatus

was constructed to provide continuous aeration to the samples and at the
same time maintain constant moisture levels in the soil, To accomplish
this, air was humidified to a definite level and passed contimously

over a thin (one-fourth inch) layer of soil (33.3 grams) which was
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contained in a 250 milliliter Erlemeyer flask. Two methods were used to
humidify the air-——salt solutions and differential pressure. At the two
moisture levels below the permanent wilting point the air was kept at
7% and 92 percent relative humidity, respectively, by use of salt solu-
tions, allowing also for the differential pressure effect associated
with the salt solutions. A saturated solution of sodium chloride was
used for 7l percent and a saturated solution of ammonium dihydrogen
phosphate for 92 percent relative humidity. In the case of the two
moisture levels at and above the permanent wilting percentage, water
was used to give the desired relative humidity by means of differential
pressure. The incoming air was saturated under a known pressure and
then released to atmospheric pressure when passing over the samples.

The relative humidity needed to maintain a given moisture level was
calculated from the formulat
BeBe mBp/Py o o 5 #is s o v (2

where R. He = relative humidity, Py = the final total pressure (atmo-
spheric) and P; = the pressure under which the air was humidified. This
formula, making use of a fundamental principle described by the gas laws,
is given by Bartholomew and Broadbent (1949) and was used by them as a
method of controlling relative humidity of the aeration stream.

The air for all moisture levels was humidified under a pressure of
10 centimeters of water and released to atmospheric pressure as it
passed over the samples. A manometer was used on each air line so that
the correct pressure could be maintained constantly. For the air humi-
dified over the salt solutions, the relative humidity was that given by
the saturated salt solution corrected for the 10 centimeters of water

differential pressure. These corrected figures as previously mentioned
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were 74 and 92 percent relative humidity. The relative humidity of the
air as it passed over the samples at atmospheric pressure after having
been humidified with distilled water under 1U centimeters of pressure,
was calculated by formula (2). Using 910 centimeters of water as the
barometric pressure for this location, the calculated relative humidity
to the nearest percent was 99. If this figure is carried to the same
mumber of decimal places and expressed in terms of the activity of water
as given by Taylor (1958) it is almost identical to the one given for
15.00 bars gauge pressure.

Since the relative humidity of the air is affected by temperature
variation, a water bath was used to control the temperature to % 0,01°
Ce. Temperature control was obtained by use of a bimetallic thermo-
regulator and supersensitive relay. The temperature levels used in this
study were 25 and 35° C.

Description of apparatus for moisture, temperature and aeration control

Two metal soil storage cabinets were insulated, lined with galvan-
ized iron and painted blacks A water pump was mounted on one end to
circulate the water for uniform temperature throughout the bath, A 500
watt heating element was mounted in the center of each bath. A bimetallic
thermoregulator was mounted and connected to a supersensitive relay for
accurate temperature controls An over-all view is shown in figure 12,
Three large plastic tubes (four inches in diameter) were mounted hori-
zontally in the bottom of the bath (figure 13). These tubes were filled
to about one-half capacity, two with the saturated salt solutions and
the other with water., The incoming air was passed over the liquid in
these tubes to insure the proper relative humidity upon entering the
samples. Rubber tubing connected these large tubes to plastic manifolds

which in turn were connected to 250 milliliter Erlemeyer flasks
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Over=all views of gpparatus for moisture, temperature
and aeration control, with (upper) and without
(lower) samples



Figure 13.

Plastic tubes containing the humidifying sclutions
over which the air is passed before reaching the

samples
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containing the samples. In order to secure uniform distribution of air
to each sample comnnected to the manifold, a fine capillary was inserted
in the line near the entrance into each flask. Figure 1l shows the
capillaries connected to the air manifold and to the flasks. The capil-
laries were made by drawing down 1 millimeter capillary tubing to a very
small opening, mich as described by Bartholomew and Broadbent (1949).
These were enclosed in a protective covering and calibrated for uniform=
ity of air flow. Figure 15 shows the capillary and its protective
shield separately.

Prior to passing the air over the solutions in the large tubes, it
was passed through bottles containing the solutions and located outside
the bath (figure 16). This partially humidified the air and insured
more complete saturation when the air was passed over the solutions in
the tubes in the bottom of the tanks to insure complete equilibrium.

All of the samples, along with the tubing supplying the humidified air,
were completely submerged under the water in the bath. Only the outlet
air tube extended above the surface of the water (figure 17). Each
week, when a group of flasks were sampled, the water level in the bath
was lowered only slightly in order to disconnect the tubing. The remain-
ing flasks were completely submerged during sampling. The flasks were
anchored in the water bath, using rubber bands attached to wire hooks,
to a wire mesh which was wedged in over the large air tubes (figure 1L).
When samples were removed from the bath without being replaced by
another group of samples, a short piece of glass tubing was inserted in
the air line with a cork on the other end to hold it above the surface
of the water to prevent water from entering the air line and plugging

the capillaries. These can be seen in figure 18 where a unit in



Figure 1.

Partially filled bath showing the capillaries con-
nected to the air manifolds and to the samples
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Figure 15.

A capillary with its protective shield




Figure 16.

Bottles containing the humidifying solutions
through which the air passes before reaching the
plastic tubes inside the bath

51



Figure 17. Apparatus for moisture, temperature and aesration
control during incubation of samples



Figure 18.

Apparatus for moisture, temperature and aeration
control during incubation after some of the samples
have been removed

53
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operation has had part of the samples removed.

Each bath contained 54 samples. Two baths were in operation simul-
taneously, one for each temperature level (25 and 35° C). Three
moisture levels, replicated three times, were maintained in each bath.
Each sample was in a separate flask. Samples were taken at weekly
intervals and replaced by others as needed to cover the various mois-
tures, temperatures and periods of incubation. The samples were
analyzed for soil inorganic nitrogen components as described in
Experiment I.

Since the physical set-up limited the number of samples, fertiliszer
treatment was eliminated as a variable. All samples received 150 ppm
nitrogen in the form of ammonium sulfate, applied with the water for
proper moisture, immediately prior to being placed in the baths. The
150 ppm level was selected because the results obtained in Experiment I
indicated it to be a desirable level for this type of study, since no
appreciable inhibiting effects were apparent at this level.

Because only three moisture levels could be maintained at one time,
incubation was begun at the 7, 115 and 415 bars moisture tension, and
the 15 bars moisture tension was added later in the experiment. Time
permitted only four weekly sampling periods at this moisture level,
while samples were incubated at the other three moistures for elght
weeks .

Results and Discussion

Moisture effects
The first samples were taken at the end of three weeks. At that
time no nitrification was indicated at either the 415 or 115 bars mois-

ture levels at either temperature; therefore, no 7- or li-day tests were



55
set up for these moisture levels. Actually no nitrification occurred at
these moisture levels during the entire eight-week incubation period at
either temperature (table 9).

Since nitrification occurred only at the 7 and 15 bars moisture
levels, these data were tabulated and analyzed together for their common
period of incubation (four weeks). The results, showing the nitrate
nitrogen produced by incubation at these two moisture levels, are pre-
sented in table 10. At the 7 bars moisture tension and 25° C, nitrifi-
cation had begun by the end of the first week and was complete at the
end of three weeks. At this moisture, less nitrification occurred at
35° C., There was some indication of nitrification at the end of the
first week even at the 15 bars moisture tension with 25° C temperature,
At the end of four weeks over one-half of the amount of nitrogen applied
in the ammonium form had been transformed to nitrates at 25° C., Only
about one-half as much had been completely oxidized to nitrates in the
359 C bath as in the 25° C bath at both the 7 and 15 bars moisture ten-—
sion, Figure 19 shows the comparison of the amount of nitrification at
these two moisture levels nearest the wilting point.

The fact that no nitrification occurred at the 115 bars moisture
level but did occur at 15 bars moisture tension indicates that the
critical moisture point for nitrification is at least slightly below the
wilting point for higher plants. Although the critical moisture level
was not specifically determined in this experiment, it must be between
7 and 5 percent moisture for this soil, or it must lie between 15 and
115 bars molsture tension if it is expressed on a basis for comparison
with other soils.

In order to investigate the idea of the critical moisture level

more closely, samples were prepared at 6 percent moisture (70 bars
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Table 9. Changes in ammonium nitrogen, nitrite nitrogen and nitrate
nitrogen during incubation of 150 ppm nitrogen added as
ammonium sulfate in a calcareous soil at various moistures
and temperatures

Treatment Nitrogen Days incubated

Roigtun Tamen- awiyet @ . @8 95 4N A5 s
bars oC

NH) =N 1659 152 ahy ' 243 X9 A3k

25 NO 0 0 0 0 0 0

NO3-N A7 12 13 12 13 13

i Sum 176 16, 162 153 m2 W7

15

1E), N 152 1k 136 13 123 1A

35 NO =N 0 0 0 0 0 0

Wy 17 W 1% 12 0 u 1

Sum 169 158 152 146 13 134

NH) N U2 353 It 13 120 131

25 NOo=N 0 0 0 0 0 0

M- 20 18 1B 1 U 1

S Sum 162 169 165 150 134 150

M) =N 118 129 121 105 98 9l

35 NOo-N 0 0 0 0 0 0

NO3-N B A 3 B 12 13

Sum W1 W6 1o 12 10 107

NH), =N 8.8 ‘7T D A ¢

25 N 0 0 0 0 0 0

M3-N 153 151 160 161 166 16l

: Sum 182 182 187 AL IS IS

1), -N 93 86 81 61 51 59

35 NOo=N 76 63 38 3L 32 9

w3 51 6 2 B W 82

Sum 20 221 I 131 353 156
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Table 10. Changes in ammonium nitrogen, nitrite nitrogen and nitrate

nitrogen during incubation of added ammonium sulfate in a
calcareous soil at various moistures and temperatures

- mTreatmer;t Nitrogen Days incubated
tnssio:: emtupxe':a- analyzed 7 1 21 28
bars oc
NH) -N 137 128 92 80
25 NO,-N i 1 1 0
N S S -
¢ Sum 175 il 176 177
1
NH),-N 3 129 ny 917
35 NOo-N 16 16 2l 25
Wy 26 2% B3 8
Sum 185 7L 184 175
NH), =N 12, 76 29 31
25 NOo=N 15 i 0 0
W3-8 b 1z 3 1
Sum 183 189 182 182
it
mh-n 129 121 93 86
35 NOo=N 30 o) 76 63
Ww3n 28 b 8 6
Sum 187 210 220 211
ISD
For comparison between: 0.05 0.01
Two treatments for same date Ni)-H 8 12
Noz-N 19 28
NO3-N 19 28
Two dates for same treatment NHj-N 13 18
Nop-N 15 20
NO3-N 13 4 Iy g
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Figure 19, The effect of moisture levels near the wilting point on the
nitrification of 150 ppm nitrogen applied as ammonium sulfate
and incubated at 25° C



59
tension) and added to the 25° C bath as time and space would allow dur-
ing this experiment. These were sampled at 21 and 28 days. The com=
parison of these two sampling dates with those of the 15 and 7 bars
tension are shown in table 1l. Comparing these two dates at 70 bars
moisture tension, there was a significant reduction in ammonium nitrogen.
The difference in nitrate formation is almost significant at the 0,05
level. There was no nitrite accumulation at any observation period
shown in table 11, It should be pointed out that in the case of the 70
bars tension and 21 days incubation the total nitrogen is somewhat high
in comparison with the other totals. This, of course, would indicate
the possibility of an error in the ammonium nitrogen analysis which
would contribute to the amount of ammonium reduction between these two
dates. However, all three replications were consistent and even when an
adjustment is made for this possible error, there was still a signifi-
cant reduction in ammonium nitrogen.

Another possibility that might cause one to doubt the reality of
this ammonium reduction being due to its oxidation is the fact that it
might have been lost by volatilization from the system. It is true that
there was a loss of total nitrogen from the system with time as can be
seen in table 9. This loss was evidently due largely to volatilization
of ammonium nitrogen as will be discussed later. It will be noted,
however, that the loss was much greater at 35° C than at 25° C where the
7 bars moisture tension was used. It is concluded, therefore, that
there is evidence of a slow rate of nitrification at this moisture ten-
sion which is considerably below the wilting point for higher plants.
Further investigation in this moisture range is needed in order to draw

any positive conclusions.



Table 11. Changes in ammonium nitrogen and nitrate
nitrogen from the incubation of 150 ppm
nmitrogen as ammonium sulfate in a cal=-
careous soil at 25° C

;oisture M trogen Days incubated
tension analyzed 21 28
bars ppm
70 MH) =N 172 139
NO3-N 29 L2
15 ), -N 92 80
NO3-N 83 97
7 M) =N 29 31
NO3-N 153 151
1SD
For comparison between: NHh-N M)J-H
Two treatments for same date 20 27
Two periods for same treatment 15 18

Temperature effects

The comparison of nitrification at the two temperatures (25 and
35° C) is one of the most interesting observations of this experiment.
As shown in figure 20, 25° C was the more favorable temperature for
nitrification throughout the eight-week period at 7 bars moisture ten-
sion, At this moisture complete nitrification of the applied ammonium
sulfate occurred in three weeks at 25° C. There was a slow rate of
nitrification at 35° C for six weeks and then nitrification apparently
stopped at approximately one-half the value for complete nitrification.

At 35° C and 7 bars moisture tension the nitrites remained rela-
tively high throughout the first seven weeks (figure 21). At this
moisture there was a significant drop in nitrites between the seventh

and eighth week, reaching a level of insignificance. Since nitrate
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formation has tended to follow nitrite disappearance throughout this
study, there is a possibility that the remaining unoxidized ammonium
nitrogen may be oxidized to nitrates after the eight weeks. Figure 21
also shows that there was no nitrite accumulation with 25° ¢ temperature
and 7 bars moisture tension except at the initial (7-day) test. This is
the same period at which nitrites were found in Experiment I under the
more favorable conditions for nitrification. Also at 15 bars moisture
tension and 25° C, nitrites were found in a measurable amount only at
the 7-day period. At 35° C and 15 bars moisture tension, nitrites per-
sisted throughout the four weeks these conditions were tested (figure
21). There was no nitrite accumulation at either 25 or 35° C with the
other moisture levels.

At 35° C there was a consistently greater loss of total nitrogen
from the system than from those maintained at 25° C. By the end of the
incubation period (56 days) this loss was quite obvious as seen from
the summation figures shown in table 9. These losses will be discussed
later,

Interaction of moisture and temperature

Since the analysis of variance (appendix, table 22) shows a sig-
nificant interaction between moisture and temperature, the two-way table
of means (table 12) was prepared in order to examine this interaction
more closely. The temperature means over all moisture levels show that
25° C was much more favorable for nitrification than 35° C. By examin-
ing the means within the table, it can be seen that the difference
between temperature levels is mich greater at the higher moisture,
although the difference in temperature effects is significant at the

0,01 level for both moistures. The depressing effect on nitrification



Table 12, The mean nitrate nitrogen content for all
moistures at all temperatures

Moisture tension, bars

Tempera- Means
ture 15 7
oc ppm
25 63 115 89
35 37 L8 L3
Means 50 82 66
LSD
0 . .
Means within table 9 1l
Table means 7 10

of the higher temperature can be seen by the fact that the difference
between moisture effects 1s significant only at the 0.05 level, while

at the lower temperature the difference in moisture effects is signifi-
cant at the 0.01 level, Figures 22 and 23 show this interaction between
moisture and temperature. In comparing the means of temperature and
moisture, it can be seen that the differences in temperature had a
greater effect on nitrification than did the differences in moisture
though both differences resulted in significant effects.

Figure 2l shows the influence of moisture and temperature on the
amount of nitrate nitrogen produced during the entire period of incuba-
tion, The 115 bars moisture level had shown no evidence of nitrifica-
tion by the end of 56 days at either the 25 or 35° C temperature., The
7 bars moisture level at 35° C was only about 50 percent complete at the
end of the 56 days and had shown no increase after the L2-day sampling

period. On the other hand, nitrification of the 150 ppm added nitrogen
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Figure 22, The effect of temperature, as influenced by moisture,
on the nitrification of 150 ppm nitrogen applied as
ammonium sulfate
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was complete by 21 days at 25° C and 7 bars moisture tension. In order
to show further the magnitude of the effect of temperature, it can be
seen from figure 2l that at 25° C the amount of nitrification at 15
bars moisture tension was greater than it was at 35° C even at a higher
moisture (7 bars) and after a longer period of time (56 days).

Moisture control

Maintaining moisture at a constant level is one of the main pro-
blems in contimuously aerated samples. In this experiment the desired
amount of moisture calculated on the oven dry weight basis was mixed
with the sample originally. Each week, when samples were taken for
analysis, the moisture content was determined for each sample. Approxi-
mately 5 grams of moist soil was weighed, dried in the oven overnight
at 110° C and the moisture expressed as a percentage of the oven dry
weight. Table 13 shows the mean moisture levels for each weekly sam-
pling perlod. The efficiency of moisture control during incubation is
shown in table 1. Xore precise moisture control was obtained at the
25° C temperature than at 35° C. Better control was also generally
obtained at the lower moisture levels. The best control, however, was
at the 7 percent added moisture (15 bars) where the mean was 7,01,
standard deviation, 0.25 and coefficient of variation, 3.57.

It should be pointed out that there was a fairly consistent loss
of moisture with time in the case of the 9 percent original moisture
addition (table 13). The highest variation was also found at this mois-
ture (table 1i). A plausible explanation for this is the fact that the
relative humidity of the alr passing over the samples at this soil mois-
ture lsvel was too low. The same relative humidity was used for this

moisture level as was used for the samples originally receiving 7 percent
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Table 13, Mean moisture levels by week%:/ sampling periods of Millville
loam incubated at 25° and 35° C

e

Tempera=~ Original Days incubated
ture moisture 7 b 21 28 35 L2 L9 56
6 percent percent
3 3.08 2,89 2,79 2.86 2,8, 2,93
25 5 h.w h.& 5.19 hoos hcn‘ hi‘w
0 7405 6467 7425 7.06
9 8.1 8,61 8487 B8.i1 B8.33 7.89 8.09 7.69
3 295 2,78 3.30 2,69 2,76 2.62
15 S hel0  Le23 Le03 Lol ha02 L7
7 7.0 6,36 7.17 6.0
9 B.45 8423 9.0 8.65 7.7h  B.7h  B8.28  7.02

Table 4. A comperison of various mean moistures at 25° and 3520

Tempera- yoeiire Standird Costfisteut
Original Mean : 0.
i added obtained deviation variation
= percent percent
3 2.90 0.11 3.79
2¢ 5 11,59 0.ls2 9,15
7 7.01 0.25 3.57
2 8425 0456 6479
3 2.79 0.23 8.2l
5 k.23 0.38 B.98
3% 7 6.85 0.15 6457
9 8425 0.91 11,03
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moisture. Due to the mechanical setup for this study, the relative
humidity of the air stream could not be maintained above 99 percent.

As previously shown, the calculated value for the 9 percent moisture
level was 99,5 percent. #ith the size capillary being used, in order
to get sufficient air to the samples, it was necessary to maintain at
least 10 centimeters pressure on the line while the air was being hu=-
midified. This pressure being released as the air passed through the
capillaries before going over the sample resulted in a decrease in
relative huridity to 99 percent as calculated by the formula previously
stated.

Nitrogen recovery

Complete recovery of the total inorganic nitrogen was not possible
in either the first or second experiment of this study. This observa-
tion has been pointed out by many workers as discussed by Allison (1955)
in his review. In this study, however, it was observed that nearly
complete recovery was found under favorable conditions for rapid nitri-
fication. On the other hand when nitrification proceeded very slowly,
there was considerable loss of total inorganic nitrogen.

The most rapid nitrification condition of this experiment was at
7 bars moisture tension and 25° C. This is shown in figure 25 in rela-
tion to the total nitrogen recovered. It can be seen here that very
little total nitrogen was unaccounted for.

At 35° C with the same moisture (7 bars), nitrification proceeded
much slower (figure 26). The decrease in total recovered nitrogen with
time in this case is very obvious. At the 56-day test the total re-
covered nitrogen was only 150 ppm in comparison to 187 ppm at the seven-

day test. It is likely that some might have been lost during the first
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week also, It should be noted here that there was a noticeable increase
in total nitrogen up to 21 days, which is appreciably more than initi-
ally found and also more than that found for the same date for soils
kept at 25° C. A probable explanation for this could be that ammonifi-
cation is possibly accelerated at this high temperature while nitrifi-
cation is hindered. Panganiban (1925) found that ammonification took
place up to 60° C and that at higher temperatures the rate was faster.
In the present study some ammonium nitrogen could have been formed from
the soil organic matter at a faster rate than it was being lost for the
first 21 days. Robinson (1957) has shown that ammonium nitrogen did
accumulate at high temperatures where nitrification was hindered because
of lowered moisture levels.

Under the conditions of this experiment the unrecovered nitrogen
was evidently lost by volatilization of the ammonium nitrogen. Evidence
for this is shown in figure 27. Here it will be noted that at the 415
bars moisture tension level, where no nitrification occurred, there was
a loss in nitrogen with time. In fact, the greatest loss in total
nitrogen occurred at the two moistures (415 and 115 bars) where there
was no nitrification (table 9). Figure 27 also shows that there was
greater loss of ammonium nitrogen at the higher temperature (35° C).
This agrees with the conclusion made by Allison (1955) in his review
on ammonia losses when he said that one of the main facts established
regarding ammonia volatilization is that the losses increase with
temperature.

To further establish the point that the unrecovered nitrogen was
lost by volatilization of ammonium nitrogen, the 415 bars moisture
tension was compared with the 7 bars moisture tension at 25° C, begin-

ning with the 2l-day incubation period (figure 28). It can be seen
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here that where there was little unoxidized ammonium nitrogen remaining,
as was the case with the 7 bars moisture level after 21 days, there was
very little reduction in total nitrogen recovered. Although the
nitrates remained constant and no nitrites occurred at the L15 bars
moisture, there was a consistent loss in total nitrogen which could
only be accounted for as volatilization of ammonium nitrogen. Appreci-
able amounts of volatilization of ammonium nitrogen has been shown by
other workers including Wahhab et al. (1957), Jewitt (1942), and Martin
and Chapman (1951). These workers have especially associated the loss
of ammonia with the loss of moisture. They agree that no loss of
ammonia was observed when the loss in moisture ceased and that the ratio
of ammonia loss to water loss should remain substantially constant. In
the present study it was observed that the greatest loss of ammonia
occurred at the highest temperature (35° C) and, as pointed out previ-
ously from table 1., the poorest moisture control was also found to be
at this temperature. Although there was no consistent loss of moisture
with time except in the case of the highest moisture (7 bars) discussed
previously, there was a more nearly consistent moisture loss with time
in the samples incubated at 35° C, where the ammonia loss was greatest,
than at 25° C. It was also true, as seen by comparing tables 9 and 13,
that the combination of the highest moisture (7 bars) with the highest
temperature (35° C) showed the greatest loss of ammonia as well as the
sreatest loss of moisture with time. In other cases, however, there
was a consistent loss of ammonia while under the same conditions there
was no consistent loss in moisture. Under the conditions of this study,
therefore, it was possible to show only a very general relationship

between moisture loss and the loss of ammonia.
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Summary of Experiment II

In order to expand the investigation of moisture effects on nitro-
gen transformations to include levels near and below the permanent
wilting point for higher plants, a special apparatus was constructed
to maintain these low moisture levels along with contimious aeration
for long incubation periods. Constant moisture and aeration were main-
tained by passing a humidified air stream constantly over the samples.
The moisture levels used in the study, reported in bars moisture tension
for more adaptability in comparisons with other soils, were 7, 15, 70,
115 and 415 bars. Constant temperature was maintained in two water
baths, one at 25 and one at 35° C. All samples were treated with 150
ppm nitrogen added as ammonium sulfate. The same soil (Millville loam)
was used in this experiment as in Experiment I.

Nitrification was completely inhibited at 115 and 415 bars moisture
tension. At these low moistures there was considerable loss of inor-
ganic nitrogen with time. At 7 bars moisture tension and 25° C,
nitrification was quite rapid--the 150 ppm applied nitrogen being com-
pletely oxidized in three weeks. At the wilting point for higher plants
(15 bars tension) and 25° C, nitrification proceeded fairly rapidly with
over half of the 150 ppm nitrogen added as ammonium sulfate being oxi=-
dized to nitrates in 28 days. Even at 70 bars moisture tension there
was an indication of nitrification at 28 days.

The higher temperature (35° C) was not conducive to rapid nitrifi-
cation in this soil. At 35° C nitrite accumulation persisted throughout
the incubation period at both 7 and 15 bars moisture tension. Nitrate
formation at 35° C was quite slow and had apparently ceased with only
S0 percent nitrification after six weeks at the 7 bars moisture level,

There was more effect exerted by temperature on nitrification than by



78
moisture in this experiment as was also found in Experiment I.

There was a significant interaction between moisture and tempera-
ture. The difference between temperature effects was greater at 7 bars
moisture tension than at 15 bars. The difference in moisture effects
was much greater at 25° C than at 35° C.

Since one of the main problems in continuously aerated samples is
that of maintaining a specific moisture level, the effectiveness of
moisture control in this experiment was investigated. Moisture deter-
minations by oven drying were made at each sampling date. In general
the efficiency of moisture control was considered adequate., Xore pre-
cise control was obtained at 25° C than at 35° C. Better control was
usually obtained at the lower moisture levels. The best control, how=
ever, was at 7 percent added moisture (15 bars). The better control on
moisture at the drier levels was probably due to the fact that the air
was more nearly humidified to the proper level.

Since there was a decrease in the total inorganic nitrogen recov-
ered with time at the lowest moisture levels (115 and 415 bars) where
no nitrification occurred and a negligible decrease at the highest
moisture level (7 bars) where nitrification proceeded fairly rapidly,
it was concluded that the loss in nitrogen from the system was due to

volatilization of ammonium nitrogen.
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GENERAL SUMMARY AND CONCLUSIONS

Incubation studies to determine the effects of moisture, tempera-
ture, applied ammonium nitrogen and their interactions on the trans-
formations of nitrogen were conducted using a calcareous soil, Millville
loam, under conditions of both constant and periodic aeration. The
variables investigated in these studies included moisture levels ranging
from 415 bars to 0.3 bar tension, temperatures from 2 to 35° C, and
added nitrogen levels from O to 450 ppm nitrogen added as ammonium
sulfate.

The studies consisted of two major experiments: one with 100 gram
soil samples contained in sealed pint jars and aerated pariodically, the
other with 33.3 grams of soil in 250 milliliter flasks with a humidified
air stream providing constant aeration. The first experiment was
designed primarily to investigate the combination of relatively high
moisture levels with low temperatures. In the second experiment the
design was primarily for the combination of low moisture levels with
relatively high temperatures.

The following observations and conclusions were noted:

l. Nitrification of applied ammonium nitrogen proceeded at a
moderate rate at a soil moisture level equal to the wilting point for
higher plants. There was evidence that nitrification was proceeding at
a slow rate at a moisture as low as 70 bars tension. The rate of nitri-
fication increased with an increase in soil moisture up to 1 bar mois-

ture tension. No increase in nitrification was found between 1 and 0.3
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bar moisture tension when other conditions were favorable. It is con-
cluded, therefore, from these studies that the amount of moisture
between the permanent wilting point and field capacity has less effect
on the nitrification process than is indicated in the literature.

2. Temperature, within the range of 2 to 35° C, exerted con-
siderably greater effect on nitrification than did moisture levels
between the wilting point and field capacity. Some nitrification of
applied ammomium sulfate was found as low as 2° C after a period of 70
days, following an extended period of nitrite accumulation. At both
10 and 35° C there was a prolonged period of nitrite accumulation along
with a very slow rate of nitrate formation, indicating a fairly strong
inhibition to nitrate formation by these conditions. No inhibitions
resulting in a delay of more than 7 days were noted at 22 or 25° Cs
therefore, the optimum temperature for nitrification of ammonia in this
soil must lie between 10 and 35° C and probably near 25° C.

3. In both experiments there was significant interaction between
moisture and temperature. Where different levels of applied ammonium
sulfate were used, there was also significant interaction between the
amount of fertilizer applied and moisture, as well as between fertilizer
and temperature.

Lo Under the conditions of high temperature (35° C) and/or low
moisture (115 and 415 bars tension) there was a considerable deficit in
the amount of inorganic nitrogen recovered. Since at these low moisture
levels no nitrification was shown, it is concluded that this loss was
due to the volatilization of ammonium nitrogen.

5. High levels of applied ammonium nitrogen (LS50 ppm ni trogen)

resulted in inhibition of nitrate formation along with nitrite
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accumlation. This inhibition resulted in a time delay in the nitrifi-
cation process which varied in length, depending upon the other condi-
tions for nitrification.

6. Significant nitrite accumulation persisting for long periods
(up to 56 days) were found at both low (2 and 10° C) and high (35° C)
temperatures, especially in the case of high (450 ppm mitrogen)
ammonium nitrogen application. Because of this nitrite accumlation,
it is concluded that the nitrite oxidizing organisms are more sensitive

to such adverse conditions than are the ammonium oxidizers.
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Table 15. Analysis of variance for changes in nitrate nitrogen in a
calcareous soil incubated at various moistures, temperatures,
and levels of nitrogen added as ammonium sulfate (table 2)

Source of variation Degrees of Sum of Mean
freedom squares square
Treatments 26
Moisture 2 72,206 36,603
Temperature 2 493,617 246,809
Fertilizer 2 280,478 140,239
Moisture x temperature L 45,82} 11,456
Moisture x fertilizer L 43,728 10,932
Temperature x fertilizer L 309,606 77,02
Temperature x fertilizer x
moisture 8 33,223 14,028
Experimental error (a) 27 1,612 60
Incubation periods 3 302,477 100,826
Treatments x incubation periods 78 755,672 9,688
Experimental error (b) ﬁl._ 2,777 36
Total 215 2,341,220

Table 16, Analysis of variance for changes in nitrite nitrogen in a
calcareous soil incubated at various moistures, temperatures,
and levels of nitrogen added as ammonium sulfate (table 7)

. Degrees of Sum of Mean
Source of variation Frendon squares square
Treatments 26 3 A | 835
Experimental error (a) 27 789 29
Time 3 1,177 392
Time x treatments 78 30,140 386
Experimental error (b) 81 2,278 30

Total 215 56,095
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Table 17. Analysis of variance for changes in ammonium nitrogen in a
calcareous soil incubated at various moistures, temperatures,
and levels of nitrogen added as ammonium sulfate (table 6)

wha'y Degrees of Sum of Mean
Source of variation Pracdon squares square
Treatments 26 5559L,7L3 215,182
Experimental error (a) 27 15,339 568
Time 3 375,28 125,083
Time x treatments 78 1,06l,163 13,643
Experimental error (b) 81 53,275 692
Total 215 7,102,768

Table 18, Analysis of variance for changes in nitrate nitrogen from the
incubation of ammonium sulfate in a calcareous soil at 2° C

(table 8)

Source of variation Degreea of i, of
freedom squares square
Treatments 3 17,772 55924
Experimental error (a) L 636 159
Time 3 208 69
Time x treatments 9 1,538 171
Exre rimental error (b) 12 729 61

Total 31 20,883
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Table 19. Analysis of variance for chan;,es in nitrite nitrogen from the
incubation of ammonium sulfate in a calcareous soil at 2° C

(table 8)

Source of variation Degrees nof iy of Nean
freedom squares square

Treatments 3 39,041 13,014
Experimental error (a) L 89 22
Incubation periods 3 1,345 L8
Treatments x incubation periods 9 1,870 623
Experimental error (b) 12 1,410 118

Total N 143,755

Table 20. Analysis of variance for changes in ammonium nitrogen from
the incubation of ammonium sulfate in a calcareous soil at

29 ¢ (table 8)

Source of variation Degrees of Sum of Mean

freedom squares Square
Treatments 3 60l,765 201,588
Experimental error (a) L 1,700 Lh2s
Incubation periods 3 1,093 36k
Treatments x incubation periods 9 2,052 228
Experimental error (b) 12 2,026 169

Total 2 611,636




Table 21. Analysis of variance for changes in ammonium nitrogen from
the incubation of 150 ppm ammonium sulfate in a calcareous

80il at various moistures and temperatures (table 10)

Source of variation Degrees of Sum of Mean
freedom squares square

Treatments ! 21,849 7,283
Experimental error (a) 8 162 20
Incubation periods 3 27,505 9,168
Treatments x incubation periods 9 4,850 539
Experimental error (b) 24 1,505 63

Total L7 55,871

Table 22, Analysis of variance for changes in nitrate nitrogen from the
incubation of 150 ppm ammonium sulfate in a calcareous soil
at various moistures and temperatures (table 10)

. Degrees of Sum of Mean
Source of variation freedom squares square
Treatments
Moisture 1 11,657 11,657
Temperature 1 26,508 26,508
Moisture x temperature 1 5,125 5,125
Expe rimental error (a) 8 809 101
Incubation periods 3 25,151 8,364
Treatments x incubation periods 9 10,567 1,174
Experimental error (b) 2l 1,416 59
Total L7 81,233
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Table 23. Analysis of variance for changes in nitrite nitrogen from the
incubation of 150 ppm ammonium sulfate in a calcareous soil
at various moistures and temperatures (table 10)

s Degrees of Sum of Mean

Source of variation Praiden Squares sqinre
Treatments 3 19,422 6,1
Experimental error (a) 8 8L0 105
Incubation periods 3 825 275
Treatments x incubation periods 9 3,959 Lko
Experimental error (b) 2l 1,801 75

Total L7 26,847

Table 2Lh. Analysis of variance for changes in nitrate nitrogen from the
incubation of 150 ppm ammonium sulfate in a calcareous soil

at 25° C and various moistures (table 11)

§ Degrees of Sum of Mean

Source of variation Presdom squares square
Treatments 2 40,773 20,387
Experimental error (a) 6 1,060 177
Incubation periods 1 346 3L6
Incubation periods x treatments 2 232 116
Experimental error (b) 6 507 85

Total 17 112,922
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Table 25. Analysis of variance for changes in ammorium nitrogen from
the incubation of 150 ppm ammonium sulfate in a calcareous
soil at 25° C and various moistures (table 11)

Degrees of Sum of lean

Source of variation Treedon squares square
Treatments 2 47,554 23,717
Experimental error (a) 6 Lo9 68
Incubation periods 1 92l 92l
Incubation periods x treatments 2 883 Lh2
Experimental error (b) 6 168 35

Total 17 49,938
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