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INTRODUCTION

The conversion of ammonia nitrogen to nitrite and nitrate forms of
nitrogen has aroused much attention in the past and continues to receive
much of the energy of the present day researcher.

It has b.een known for many years that the phenomenon of nitrifica-
tion is almost in its entirety a biological process, In 1362, Louis
Pasteur demonstrated the microbiological nature of the oxidation of
alcohol to aceﬁ.‘c acid. He suggested that the oxidation of ammonia
might be of similar nature. In 1877 this suggestion was verified by
Schloesing and Muntz, and for the next ten years the process received
mich attention, culminating in 1891 in the isolation of the responsible
or:anisms by Winogradsky.

The conversion of ammonia to nitrate is a two-step process which is
performed by two entirely different groups of nitrifying bacteria. The
oxidation of ammonia to nitrite is performed primarily by the bacteria
of the ;enus Nitrosomonas of which there are several species differing
in their physiolcgical makeup. The second step of the process is the
oxidation of nitrite nitrogen to nitrate nitrogen which is carried on
almost exclusively by a group of bacteria belonging to the gemus
Nitrobacter.

The mitrifying bacteria are autotropic; that is to say, they are
entirely dependent for energy on the oxidation reaction they carry on.
They differ from the ordinary hetrotroghic bacteria in that they cannot
use the breakdown of organic materials as a source of energy. Ihey are

aerobic, requiring oxyzen from the air to carry on the oxidation process



as opposed to the anaercbic and facultative bacterial forms, which
obtain their oxygen either from combined substances or from oxygen gas
or combined sources respectively. Another important aspect of the
nitrifying bacteria is their inability to obtain their necessary supply
of carbon for the building of their cell substances from any source
other than carbon dioxide. They seem to be able to grow faster in
darkness, can tolerate a fairly wide range of acidity and require cer-
tain inorganic mutrients such as calcium, copper, phosphorus and iron
to carry on the oxidation process. Certain organic substances, when
present in appreciable amounts, seem to be toxic to these bacterial
typese

The increased use of ammoniacal forms of nitrogen fertilizers in
the past several decades, and a better knowledge of the chemistry of
nitrogen in the soil and how it is used by plants has focused greater
attention on the nitrifying bacteria and the oxidation process which
they are uniquely able to carry on.

Most calcareous or moderately acid soils, under optimum conditions
of moisture and temperature, seem to have the capacity to support a
population of nitrifying organisms to convert any applied ammonium
fertilizer to the nitrate form in a comparatively short period of time.
Yet some soils, even with adequate moisture and favorable temperature,
do not have this ability. This 1s probably due to some adverse physical
or chemical condition of the particular soil which must be overcome
before the buildup of a sufficiently large nitrifyinz population can be
realized.

In many areas it is the practice to apply ammonia or armonia yield-

ing fertilizers in the fall. This is done with the supposition that the
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soil temperature will be low and, as a consequence, the activity of the
nitrifying organisms will be impaired and the oxidation to nitrate with
the possible attendant losses by leaching and by denitrification will be
negligible before the subsequent cropping season in the spring. The
success of this practice in sub-humld climates is based in part upon the
knowledge of the rate of nitrificstion in various soils and the influence
of environmental factors, chiefly temperature, in modifying the rate of
nitrification. More information must bte compiled on various soil types,
as to their relative ability to support ammonium oxidation under a
variety of environmental conditions. This infomation shm lead to a
more intelligent and economical use of ammonium fertilizers.

The experiments conducted were designed to determine the relative
ability of several selected soils to oxidize applied ammonium sulfate
fertilizer under carefully controlled conditions of temperature and
moisture. The study was divided into two general phases. In the first
study each soil was incubated for varying lengths of time at temperatures
that might be found in the field during summer (25 and 35° C) and at
field capacity (0.3 bar tension) and at the permanent wilting percentapge
(15 bars tension). In the second phase of the study the soils were in-
cubated at 2° C and 0.3 bar tension. *hese conditions approxim te

winter conditions where ammoniwn fertilizers might be applied.



REVIE® OF LITERATURE

It is well known that soils differ greatly in their ability to
support the nitrification process. Heasons for or agalnst this ability
have generally been attributed to one or a combination of the following
factors: (1) moisture content of the soil, (2) pi of the soil, (3)
soil temperature, (L) degree of aeration, and (5) initial population of
nitrifying bacteria present.

Soil lMoisture

Russel et al. (1925), in their study of some Nebraska soils, found
no nitrate production at the hygroscopic coefficient but observed that
nitrate production increased with an increase in moisture up to 1.25
times the moisture equivalent. Robinson (1957) found similar results in
the topsoil of the Kikuyu red loam coffee soil and reported that active
nitrification of the natural soil nitrogen stopped at a soil moisture
level just below the permanent wilting percentage. He found, however,
that ammonification of natural nitrogen in this soil did not cease at
this moisture level and ammonia nitrogen tended to accumulate but de-
creased substantially as the molsture value decreased to five-sixths and
three-sixths of the permansnt wilting percentage. Calder (1957)
reported that between the roupghly defined limits of air dryness and
waterlogging in Uganda soil, there was a broad range of soil-moisture
conditions under which large quantities of nitrate appeared in the soil,
He concluded that accumulation of nitrate in unenriched tropical soils

is not especially favored by any stable moisturz content between the
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1limits of 15 percent and waterlogzing. Change in moisture status during
drying was accompanied by the appearance of much more nitrate than under
steady moisture conditions. Bhaumik (1947) measured the amount of car-
bon dioxide evolved during 15 days for different soils and observed that
for all scils the peak rate of carbon dioxide production was at or near
to the moisture tension at the aeration porosity limit of that soil,
Care should be taken in interpreting these results on the basis of ni-
trification since heterotrophic as well as autotrophic bacteria liberate
carbon dioxide and their mumbers in the soll generally greatly out-
number the autotrophic forms. Fitts (1955) reported that nitrate pro-
duction took place over a fair]_.y wide range of soil moisture. Adjust-
ment of moisture by tension methods prove better than by addition of
constant quantities per sample. The optimum moisture tension for
nitrate production was about 100 cm of water which corresponds to a
moisture level slightly above field capacity.

Soil Reaction

The pH of a ziven soil has been found to be an extremely limiting
factor in the rate of nitrification of added ammonium fertili;ers. The
initial pH of the soil or how the i may be changed upon oxidation of
ammonium fertilizers has reportedly influenced nitrification. Various
ideal ranges of g values have been proposed by mimerous workers, yet
nono seem to be fully acceptable over a variety of soil conditions,
Meiklejohn (1953) reported that the optimum pH for Nitrosomonas activity
was 8.5 to 8.8 and for Nitrobacter a maximum from 8.3 to 9.3. She also
reported that Winogradsky and Winogradsky described 6 strains of Nitro-
somonas with different pH optima ranging from £.0 to 9.0 and 7 strains

of Nitrobacter, with a p! optima ranging from 6.3 to 9.« Engel (1958)
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reported from his work with Mitrosomonas europea that theres was no sharp

@& optimum for Pﬂﬁ oxidation, and the reaction proceeded optimally from
about pH 6.8 to 9.0 for this particular species. Frederick (1956)
observed that a marked decrease in the rate of nitrification occurred as
the pH dropped below neutraiity. He found in Clermont silt loam (H
5.0) that nitrification was influenced by changing the pll by addition of
lime. Increase of pH from 5.0 to 6.2 and 7.4 with CaCOj showed marked
increase in nitrate production and decrease of lag period in the Clermont
soil. Anderson and Purvis (1955) found with Nixon sandy loam (pH L.9)
that samples treated with m{hOH began to nitrify from 1 to 3 weeks
sooner than those samples treated with (mh)zsoh. They found that by
adjusting the soil pH to 6.8 with lime, nitrification began about 2
weeks earlier and there was no difference between the rate of nitrifi-
cation of MAOH and (H)),50, at 37, k2 and 47° F (2.8, 5.6 and 8.3° €).
An interesting study by Martin (1942) on alkaline desert soils indicated
that under the conditions of his experiment, a threshold pH value of
7.7 % 0,1 existed atove which the complete oxidation of ammonia to
nitrate would not occur and to which the pi! of such soils must first be
reduced before nitrates accumulated in appreciable amounts. He also
concluded that the activity of the bacteria which catalyze the oxidation
of ammonia nitrogen to nitrite is reduced by high alkalinity but they
are atle to function at a hisher p value than those oxidizing nitrite
to nitrate.
Temperature

Active nitrate production has been reported at soil temperatures
varying from as low as 2 to as high as 4O° C. Meiklejohn (1953) re-
ported that nitrification did not proceed at 40° C on tropical Uganda

soil. Sabey et al. (1959) reported that no nitrification occurred at
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0° C and that the maximum rates of nitrate production increased and the
delay periods decreased as temperatures were increased from O to 25° ¢,
Frederick (1956) found that the optimum temperature for nitrification of
ammonium nitrogen lies between 27 and 35° C with no sharp break until
the temperature goes below 20 or above 35° C. Similar results were
obtained by Waksman and Madhok (1936) who reported that between 27 and
37° C is the best temperature for nitrate production. Russel et al.
(1925) noted some nitrification at as low as 5° C with a maximum of
nitrates produced at 35° C. Anderson and Purvis (1955) found some ni-
trification at 37° F (2.8% C) at 6 weeks in all soils tested. Tyler et
al. (1959) found no minimum temperature for nitrification and observed
that the process contimed at a slow rate at 37° F (2.8° C). Inan
attempt to correlate data obtained in the laboratory under controlled
conditions with that which exists in the field, Sabey et al. (1956)
showed that field data agreed closely with laboratory data at tempera-
tures above 8° C.

Initial Population of Nitrifying Bacteria

Meiklejohn (1953), in her recent review of the nitrifying bacteria,
writes:

It has been claimed that the united activities of some organ-
isms account for the nitrification observed in soil, but
Nitrosomonas, or a related autotrophic organism, has been

ound in every soil where it has been seriously looked for,
and in which nitrification takes place; and it produces much
greater amounts of nitrite than any of the heterotrophs, so
the hypothesis seems unlikely, It remains true to say that
the only bacteria which have been adequately described, and
certainly known to produce nitrite in quantity from ammonia,
or to produce nitrate by oxidation are the autotrophic
species described by Warington and the Frandlands, and isolated

by Winogradsky.
The importance of initial population of nitrifying bacteria can readily

be realized and the limitations of some soils to nitrify ammonium can



be explained from this standpoint. Sabey et al. (1959) reported that
the influence of temperature and nitrifying population on delay periods
and maximum rates varied greatly among soils. They found that increas-
ing the initial population of nitrifiers in a soil which normally
supported slow nitrification decreased the delay period but did not
increase the maximum rate of nitrate production. Frederick (1957)
reported similar conclusions in his studies at low temperatures. Fe
found that a lag phase usually indicated a time during which an initial
inhibition is overcome or the population is built up. The results of
his experiment seem to indicate that differences in the population of
nitrifiers in the orizinal soils rather than that of an inactivation of
the nitrification process at low temperatures are responsible for the
paucity of nitrifyinz micro-organisms and a very slow rate of Idevelop-
ment. Anderson and Purvis (1955) report that differences in nitrifica-
tion between soils as related to initial population of nitrifying
bacteria cannot be correlated with the soil type, texture, organic
matter content, total N, and the exchange capacity or base saturation
other than through the influence of bases on soil reaction.

Degree of Aeration

Since the nitrifying bacteria are strictly aerobic, it is important
that sufficient amounts of oxygen be available to them at all times.
Amer and Bartholomew (1951) indicated that the optimum concentration of
oxygen for nitrification in soil is about that contained in ordinary
atmospheric air. Investigators have not found oxyzen concentration

below 1 percent except in lower horizons in soils.



EXPERTMENTAL PROCEDURE
Scils Used
Four soils varyinz in physical and chemical properties (table %)
were collected from various areas in the Western rezion; namely, Yolo
loam from Morthern California, Walla Walla silt loam from Eastern
Washington, Willamette silt loam from Jestern Oregon and Elfrida sandy
clay loam from Southern Arizona.

Incubation at 25 and 35° C

Preparation of soil

Upon receipt of the soils from the various areas, they were air
dried and ground to pass a 2 mm sieve. Moisture percentage of the soils
in the air dry state was calculated. lolsture percentages at 0.3 and
15 bars tenslon were determined by use of the pressure plate and pres=—
sure membrane apparatus.

Soil samples weighing 33.3 grams on an oven dry basis were weighed
into 250 ml Erlenmeyer flasks. Ammonium sulfate solution was added to
each sample to give a N level of 150 ppm. Distilled water was then
added to bring the sample up to the predetermined moisture level. The
soil was well mixed by hand to insure that the N fertilizer and soil
meisture were consistent throughout the sample.

Temperature control

To obtain the desired temperatures of 25 and 35° C at which 21l
soils were to be incubated, two large water baths as described previously
by Justice and Smith (1940) were used. A 500 watt heating element was

mounted in the center of each bauth, A bimetxllic thermoresulator was



Tsble 1. Some physical and chemical properties of soils used in the incubation study®

Soil oH 0.  0.C. N ¢/8  MNoisture  Tension EC x 103
paste F4 % 4 1/3 bar 15 bars millimhos
per cm.
Elfrida sandy clay loam T 9 1% 0.6 0,063 9.8 18,4 1.4 0.80
Falla Walla silt loam (P 2.8 1.7 0.122 13.6 23.1 7.8 0.29
Willamette silt loam Sa6 2.0 1.2 04105 1.1 25.5 11,7 0.1
Yolo loam 6.8 1.4 0.8 0,081 10.3 19.2 10.2 0.92

Apetermined at Utah State University
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mounted and connected to a supersensitive relay for accurate temperature
control. A water pump was mounted on one end of each tank to circulate
the water for uniform temperature throughout the bath.

Continuous aeration with moisture control

Maintenance of a desired moisture content during the course of
incubation had, heretofore, been accomplished generally by periodic
additions of water, the amount added in each case being determined by
weighing the samples and containers. Since the incubation vessels were
generally covered only with a glass plate or a cotton plug, aeration was
considered optimum. Another method used with varying success was an
incubation chamber which was humidified by setting pans of water in the
controlled temperature chamber to insure that loss of moisture from the
samples would be at a minimum. This method proved quite unsatisfactory
since the loss of moisture was so high. Fitts (1955) found that after
1 week in this type of humidifying chamber nitrate production was
seriously impaired and by the end of 3 weeks the loss of moisture was so
great that nitrification had essentially stopped. An improvement over
this method was tc insert the vessel containing the sample into a larger
gallon jar with a small amount of water in the bottom. The hole in the
sample vessel was made smaller and the size of the sample was made
larger to cut down on the amount of moisture lost by surface evaporation.
Although moisture control was adequate, the degree of aeration was
probably inadequate.

A more desirable method which insures both moisture control and
adequate seration is that of controlling the rate of flow and humidity
of an air stream passing continmuously over the samples (Bartholomew and

Broadbent, 1949). In the study conducted by Justice and Smith (1960)
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it was found that moisture could be quite adequately controlled by this
method over a broad range of soll moisture tensions.

Moisture and aeration of the soil samples of the present study were
controlled by passing an air stream of controlled relative humidity con-
timously over the soil samples. Lhe flom of air was controlled by the
use of capillary tubes enclosed in a protective casing and calibrated to
allow L cc of air to pass into the flask each minute under a constant
pressure of 15 cm of water. The relative humidity of the air was con-
trolled by this differential in pressure. Prior to passing over the
s0il samples, the air was bubbled through large bottles containing dis-
tilled water, then passed throu:h rubber tubing and into large cylindri-
cal plastic tubes which were held permanently below the surface of the
water, The tubes were half filled with distilled water and an atmosphere
of air saturated with water vapor was in equilibrium with the solution.
The air stream passed over this solution to insure complete saturation
at the given temperature. Since the air stream was held under a constant
pressure of 15 cm of water, the humidity of the air stream decreased to
a calculated 98.5 percent upon release to the atmospheric pressure of
the flasks. The air stream then passed over the soil sample and {rom
the flask through a glass tube extending above the surface of the water.

After the soil in each flask had been treated with the proper pro-
portions of nitrogen solution and distilled water to bring the moisture
up to the desired level, the flask was fitted with a rubber stopper with
dual air conduits for incoming and outgoing air and placed in the tank.
The flasks were secured to the bottorm of the tanks with rubber bands and
paper clips which fastened the vands to the wire mesh bottom of the tank.

Each s0il was incubated in this apparatus for a period of time
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depending upon the moisture level and the calculated time reguired for
the applied ammonium sulfate to be completely oxidized.

Incubation at 2° C

Preparation of soil

One hundred gram soil samples ground fine enough to pass a 2 mm
sieve were weighed into pint fruit jars. Ammonium sulfate solution was
added to each sample along with enough distilled water to bring the N
level up to 150 ppm N and the moisture level of each sample up to the
predetermined value to give 0.3 bar tensicn. The soil and moisture were
mixed immediately by hand with a spatula, A fine mist of water was
sprayed around the top of the container to provide a partially ssturated
atmosphere in the jar to prevent initial loss of moisture from the
samples. The jar was sealed with a 1id and the samples were then placed
irmediately in a controlled temperature room.

Aeration and moisture control

To insure an adeuate supply of air in the container, the lid of
each sample was removed twice weekly and the air completely exchanged
within the container by use of a squeeze bulb. Justice and Smith (1960)
in preliminary studies found that aeration twice weekly was sufficient
for the highest rate of microbial activity at this temperature in
#illville loam soil which has a nitrification capacity similar to or
exceeding that of the soils studied. Before the container was resealed
after aeration, another fine mist of moisture was sprayed around the
top of the jar to compensate for any moisture lost in the exchange of
the air. BEach of the soils was incubated for approxim:tely 5 months.

Chemical Analysis

Each week, in the case of the controlled temperature tanks, and
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every 2 weeks in the controlled temperature room, 3 replications of each
s0il were sampled and analyzed for ammonium nitrogen, nitrate nitrogen,
rnitrite nitrogen and moisture. Samples were weizhed out for moisture
determination immediately upon removal from the incubation treatrment.
The samples were then treated with toluene to stop any microbial
activity, sealed and placed in a refrigerator until the other analyses
could be made. A1l analyses were made on the same week that they were
sampled. Ammonium nitrogen determination was made on 2 neutral normal
potassium chloride extiract of the soils by the Nessler method, using
alkaline tartrate and gum acacia in a modification of the method given
by Jackson (1958). MNitrate was detemmined from a saturated calcium
hydroxide extract by the phenodisulfonic acid method, after first
destroying nitrites by use of ammonium sulfamate. Nitrite nitrogen was
determined from the same saturated calcium hydroxide extract using the
method given by Shinn (1941) which employs sulfanilamide and a coupling
reagent. Total inorganic nitrogen recovered was taken as the total of

the three previous determinations.
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RESULTS AND DISCUSSION
Moisture control

Control of moisture at a constant level has been established as a
critical component in nitrification studies, so it was important to
maintain the desired moisture level throughout the entire experiment
rezardless of length of incubation. Results of the determinations from
all stvdies are shown with variance and coefficient of variation in
table 2.

The best overall moisture control was observed in the Willamette
silt loam soil with the greatest variation occurring in the Walla Walla
silt loam. At the higher temperatures of 25 and 35° C the best control
tended to be at 0.3 bar moisture tension. There was no trend toward
loss of moisture with time, and samples incubated at 35° C maintained
the desired moisture level as well as those incubated at 25‘7 Ce The
major part of the variation observed within samples is probably due to
the method of adding the moisture and hand mixing of the samples., 'The
fact that the moisture values were more consistent at 0.3 bar than at
15 bars moisture tension can probably be explained as being due to the
relative humidity of the air stream. A constant pressure of 15 cm of
water was maintained on the air lines regardless of the soil moisture
or temperature at which the soil was being incubated. The humidity of
the released air stream was a calculated 98.5 percent using 910 cm of
water as the averaie barometric pressure for this area. This humidity
is probably more closely associated with moisture values approaching

field capacity than permanent wilting peint,



Table 2. A comparison of various mean moistures at all incubation temperatures

Soil Tem= Days Moisture

savative MW o 0N SR, Original Mean Variance cve
oc bars % 4 %
Elfrida sandy clay loam 35 16 043 18,37 18.31 0,31 3,10
35 56 15.0 1.36 11.04 0.33 £.16
25 16 043 18,37 18.86 0.52 3.82
.25 56 15.0 11.36 1.51 0.73 7.38
2 133 0.3 18,37 16.23 0.B0 .50
Yolo loam 35 L2 0.3 19.24 19.43 Ce90 ly.B8
35 56 15,0 0.2k 10.52 0,37 0.8
25 L2 0.3 19.24 20.12 0.56 L.02
25 56 15.0 10.24 11.14 0437 S.u8
2 161 0.3 19.24 18,52 0.45 3.62
Willamette silt loam 35 L2 0.3 25.48 25.26 (V1L 24,66
35 56 1540 11.74 11.70 0.79 7.61
25 L2 0.3 25.48 25.77 0.53 2.79
25 56 15.0 11.74 12,61 0.51 5.63
2 161 0.3 25.18 25,37 0435 2632
Walla Walla silt loam 35 L2 0.3 23.05 22.76 0,42 2.83
35 56 1540 175 7489 59 9463
25 L2 0.3 23.05 23.13 0.L3 2.81
25 56 15.0 T.75 T.52 07 10436
2 233 0.3 23.33 20.33 0.66 1.98

8Coefficient of variation



17

It is worth noting that at the 2% ¢ incubation of Eifrida sandy
clay loam and #alla ¥alla silt lcam soils the actual moisture values
were not duplicated too closely. This was due to improper aeration
techniques at the beginning of the incubation period. #hen the lids of
the containers were removed for aeration during the first two weeks, no
attempt was made to compensate for the loss of moisture in the exchange
of air and a drop of moisture was noted in the soil samples. In all
later aeration of these samples as well as the subsequent soils, a fine
mist was sprayed around the mouth of the jar and on the 1id to compen-
sate for the moisture removed when the air was forced into the jar and
the mcisture levels remained constant.

As a whole, moisture control for both phases of the experiment was
considered to be very adequate and little or no variation is believed
to have evolved from moisture fluctuation.

Nitrate production of soils studied

In all soils used there was present initially various quantities
of nitrate and ammonia nitrogen as determined by the phenoldisulfonic
acid method and Nesslerization. The quantities in the air dry soil are
presented in table 3.

Table 3. Initial quantities of ammonium nitrogen, nitrite nitrogen and
nitrate nitrogen present in the soils on an air dry basis

Soil 4= }O,-N H05-N

ppm ppm PP

Flfrida sandy clay loam 11 - 2
Walla Walla silt loam ¥ U - L
Willamette silt loam 45 - Ll
Yolo loam 6 - 36
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Figures tabulated in the tables which follow represent an average
of the 3 replications sampled. They are the totals of the nitrogen
added to the soil plus that which was present initially. However, the
data presented in graphical form are given as nitrate produced and the
amount of nitrate given in the last column of table 3 has been sub=-
tracted from the averages obtained from the 3 samples analyzed.

Elfrida sandy clay loam

Results obtained from the Elfrida soil for the studies at all tem-
peratures and moisture tensions are presented in table 4. Nitrate pro-
duction is presented for the studies at all temperatures and moisture
tensions in figure 1. This was the first soil studied and accounts for
the short incubation period at the 0.3 bar moisture tension. It was
intended to incubate the soils only until the applied ammonium sulfate
had been completely oxidized. The 2 weeks alloted for incubation proved
satisfactory at the 35° C temperature, but was insufficient time for
complete oxidation of the applied ammonium sulfate at 25° C. Nitrate
production was so intense at 35° C and C.3 bar moisture that samples
were taken every li days so that a more accurate account of nitrate pro-
duction could be obtained. At this temperature and moisture, 16 days
was a sufficient amount of time to allow complate oxidation of the
applied nitrogen. When incubating at the same temperature and 15 bars
tension, it took L9 days for complete oxidation. Nitrates produced at
25° C amounted to approximately one-eighth of the amount produced at
35° C at both levels showing the effect of temperature on the nitrifying
population of the soil,

The 2° C temperature resulted in a definite inhibitory effect on

the nitrifying population and after an incubation period of 133 days



Table L.

Changes in ammonium nitrogen, nitrite nitrogen and nitrate nitrogen during incubation of 150

ppn nitrogen added as ammonium sulfate in Flfrida sandy clay loam soil at various moistures and

temperatures
25° ¢ 35° ¢ 2%¢
0.3 bar 15 bars 0.3 bar 15 bars 0.3 bar
Ni 3=N KO,-N NOy-N MNHy-N NO,-N NOy=N  Mi,=N NOj-N NO,=N M3l NO,-H NOy-N M gl NOo-N NO4=N
days ppm ppm ppm Ppm  ppm  ppm ppu  ppm  ppm Ppn  ppm  ppm days ppm  ppm  ppm
L 150 & L Ws 8 12 7 168 - 2
T sk - L 152 13 16 21 i - 1
8 139 12 12 W 25 L7 3% 1o . = 3
12 3 - -18 b R & Ly 153 3 L
U 150 - 10 130 - 3% 63 158 1 3
16 13 - 21 1. = 186 77 18 2 3
21 12 - 15 118 - 3 91 163 3 L
28 129 -~ 13 g - 73 105 158 5 L
35 199 = 17 62 - 82 119 154 8 L
L2 1l - 315 < IREINE SR & R 1 TR TR 5
L9 112 - 2k g - N
56 107 - Lo 2L U= ahy

6T



359 € 0.3 bar

35° € - 15 bars

aom N
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25° C - 15 bars

20 25° - 0.3 bar
2° C - 0.3 bar
0

" . . A %

7 14 21 28 35 42 49 56 126 133

days
Figure 1, A comparison of changes in nitrate nitrocen during incubation of ammonium sulfate added to

Elfrida sandy clay loam at the rate of 150 ppm nitrocen as influenced by moisture level
(0.3 and 15 bars) and temperature (2, 25 and 35° C)
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there was no appreciable increase of nitrates.

Elfrida sandy clay loam was the only soil studied which accumilated
any appreciable amounts of nitrites during the incubation period (table
k). Nitrites accumulated at all temperatures and moisture tensions
except at 25° C and 15 bars tension. Incubation at 35° C and at 0.3 and
15 bars moisture tension produced considerable amounts of nitrite during
the early stages of incubation but it had disappeared completely at the
1-day sampling. At 2° C nitrites began to appear after L9 days and
continued to increase slowly throughout the remasinder of the incubation.

Walla Walla silt loam

The data obtained from incubation of Walla Walla silt loam soil are
presented in table 5 and figure 2.

One of the most interesting aspects of this soil is the apparent
peak of nitrate production in the soils incubated at 15 bars tension and
25° ¢ which was reached at the lj2-day sampling with a subsequent loss or
decrease of nitrates the last 2 weeks of the incubation. Nitrate pro-
duction may have stopped with subsequent denitrification of that nitrate
produced. This would not be considered uncormon if some logical explana-
tion for the apparent inhibition of nitrification could be made,
Denitrification under apparent aerobic conditions does exist (Corbet and
Wooldridge, 1940; Marshall et al., 1953; Broadbent, 1951; Meikle john,
1940), but under the present conditions of continuous aeration during
incubation it is unlikely. A possible explanation for the abrupt halt
in‘ nitrate production could be that the critical moisture for nitrifica-
tion had been reached. Nitrification has been found to cease at mois-
ture levels slightly below the permanent wilting point (Justice and
Smith, 1960; Robinson, 1957) and perhaps this critical point had been

reached, Moisture data do not support this view, however, since close



Table 5. Changes in ammonium nitrogen, nitrite nitrogen and nitrate nitrogen during incubation of 150
ppm nitrogen added as ammonium sulfate in Walla Walla silt loam soil at various moistures and

temperatures
25° ¢ 35° ¢ °c
0.3 bar 15 bars 0,3 bar 15 bars 0.3 bar
PHB—N NOZ—N P103—N NHB-!I NOZ-H m3-u !!!B-N !lOz—N NOB-N NH3-N IKJZ-N N03-N N}!3—N NOo-N }103—1\!

days ppm ppm ppm  ppm  ppm  ppm ppm  ppm ppm  ppm  ppm  ppm days ppm ppm  ppm

7 - 20 186 - 13 - 18 10 - 12 7 168 - 9
! 10 - b 177 - 16 168 - 25 179 wi P 22 152 - 9
21 107 - 81 169 - 22 165 - 37 173 - 16 35 mr - 12
28 M - 119 151 - 23 152 = 47 17130 = B k9 152 - 23
35 L3 - 149 138 - L3 138 - 65 179 - 12 63 7 - 32
L2 by - 160 122 - 58 W3 - 69 U6 - 19 77 133 - L7
L9 136 - %0 196 - 17 91 100 = 81
56 152 = 31 215 - 18 105 88 - 98

119 B0 - 107
133 7% - 109




NO, =N

29 C - 0,3 bar

i A

126 133
days

Figure 2. A comparison of changes in nitrate nitrogen during incubation of ammonium sulfate added to
Walla Walla silt loam at the rate of 150 ppm nitrocen as influenced by moisture level
(0.3 and 15 bars) and temperature (2, 25 and 359 C). 57
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appraisal of the original data showed a slight increase in percent mois-
ture during the 56 days. At 25° C and 0.3 bar moisturs, strong nitrifi-
cation is noted and no peak of nitrate production was noticed during the
entire 42 days. The increase of ammonia which accompanied the nitrate
loss (table 5) can be logically explained as coming from ammonification
of the natural soil organic matter. This soil had the highest organic
matter content of any studied (table 1). This organic matter would be
necessary for denitrification, as postulated above, to occur.

It is interesting to note that at the W9-day sampling, nitrate pro-
duetion at 2° C and 0.3 bar moisture was greater than at 35° € and 15
bars moisture, demonstrating the inhibitory effect on the nitrifgl,'ing
population of the high temperature and low moisture. At 2° C, an ini-
tial lag of about 35 days was noticed tefore the buildup in the popula-
tlon of nitrifiers was high enough to produce appreciable amounts of
nitrate nitrogen. Once the initial inhibition of temperature had been
overcome, the production of nitrates proceeded at a rapid rate even at
this low temperature. the initial lag is probably caused by the low
temperature since at 25 and 35° ¢ and U.3 bar moisture no lag period can
be detected.

Willamette silt loam

This particular soil was taken from under timber growth in Western
Oregon which accounts for its relatively low i (5.6). This is appar-
ently a soil with very low initial population of nitrifiers which is
probatly due to the low g and the vegetation under which the soil has
formed. Information cn nitrification in the soil is given in table 6
and figure 3.

Very little nitrification was measured during the course of incu-

bation at any of the 3 temperatures or either of the 2 moisture tensions



Table 6.

Changes in ammonium nitrogen, nitrite nitrogen and nitrate nitrogen during incubation of 150

ppn nitrogen added as ammorium sulfate in Willamette silt loam scil at various moistures and

temperatures
25010 35° ¢ 298
0«3 bar 15 bars 043 bar 15 bars 0.3 bar
NHgell NOp= NOy= MHy=ll HOp=N NO3-N MH3-N NOp=If NO3-li Mi3=N NOp=i HO-N M 3=l MO, NOg-N
days ppm ppm ppm  ppm  ppm  ppm ppm  ppm  ppm  ppm  ppm  ppm  days ppm ppm  ppm
7 - 39 209 - k3 - 39 216 - Lk 7 216 - k2
1 201 - L6 213 - L6 248 - L2 211 - L3 21 217 - 38
21 211 - L8 22l - Lo 223 - 230 - U3 35 242 =39
28 212 - 51 2157 = 3 27 = U5 218 = L2 L9 203 - Lo
35 191 - 59 225 - L3 251 - L1 233 - Lo 63 211 - Lo
L2 108 - 67 218 - L5 25l - 38 222 - L1 77 209 - Lly
L9 g - L2 220 - L1 91 203 - 46
56 21y - Ll 221 - b2 105 220 - L3
119 213 - 40
133 211 - L9
L7 18 - 53
161 175 - 65

4



ppm NO4-N
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100

60

29 C = 0,3 bar
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7 14 21 28 35 42 49 56 154 161

days

Figure 3, A comparison of changes in nitrate nitrogen during incubation of ammonium sulfate added to
Willamette silt loam at the rate of 150 ppm nitrocen as influenced by moisture level
(043 and 15 bars) and temperature (2, 25 anc 35° C), Shows only those moisture tensions
and temperatures where nitrates accumilated,

9z
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useds An initial lag period of at least 3 weeks was noticed at all tem—
peratures and moisture tensions. No appreciable nitrification occurred
at either moisture level at 35° C, or at 15 btars tension at 25° C during
the entire course of incubation. Some nitrification was evident at 25°
C and 0.3 bar moisture after an initial lag phase of 21 days. Nitrate
production was also noticeable after 133 days at 2° C and 0.3 bar mois-
ture. OSlow nitrification in all cases with this soil is attributed to
the low i,

It should be noted that although the soil lacked the capability to
produce nitrates in any great quantity at any temperature initially,
the optimin temperature for this soil would have to be taken as 25° ¢
with a definite irhibition at 35° C at least for the length of the
incubation period used.

Yolo loam

Of the L soils studied, Yolo loam had the greatest capacity to pro-
duce nitrate nitrogen at a faster rate under the variety of conditions,
Of the temperatures used, 25° C was the optimum for nitrate production.
Appreciable nitrate production was observed at all temperatures and
moisture tensions. No lag was observed at any of the increased tempera-
tures and only a short initial lag period was noticed at 21 days at the
2° C temperature. Mitrate production at 2° C and 0.3 bar moisture was
greater after 35 days than at 35° C and 15 bars moisture tension.

At 2° C there seemed to be some indication of nitrite production in
the early stages of incubation (table 7) but after L9 days all traces
had disappeared and were not detectable throughout the remainder of the
incubation study. Results from the study of this soil are presented in

table 7 and fizure ).



Table 7., Changes in ammonium nitrogen, nitrite mitrogen and nitrate nitrogen during incubation of 150
ppm nitrogen added as ammonium sulfate in Yolo loam soil at various moistures and temperatures

25° ¢ 3% ¢ 2%

0.3 bar 15 bars 043 bar 15 bars 0.3 bar
NHq M0p-N NO3-Y 1H3-N NOp-N NO3-N  NH3-N NOp-Y NO3-N IH3-1l NOp-H NO3-N Mi3-1 MOp-N NO3-N
days ppm ppm ppm  ppm  ppm  ppm ppm  ppm  ppm  ppm ppm  ppm days ppm  ppm  ppm
7 128 - 65 125 = L6 Wy - 50 126 - 50 7T 13 1 L1
U 1né6 - 7% 113 - 55 109 - bl 108 - 60 2L 130 1 L6
21 105 - 86 115 - 65 w6 - 79 109 - 60 35 111 1 67
28 by - 3@ 32 - 69 P . = 92 108 - 61 Ly 9% - 8l
35 33 - i 2= 76 PR = DTS IO = 63 63 88 - 91
L2 9 - 19 93 - 8l 65 - 123 99 1 66 77 % = 86
L9 58 - 120 96 - Th 91 53 - 107
56 39 - 13 92 - 80 105 i3 - 126
119 36 - 141
133 25 - 158
7 25 - 16k
161 32 - 174

g2



160 ¢ 25° C - 0.3 har

120 ¢

100 25° C = 15 bars

»

ppm NOz=N

A A ~ 3 4 A 4 = b \ S =1
7 14 2% 28 35 42 49 56 154 161
days

Figure 4, A comparison of changes in nitrate nitrogen during incubation of ammonium sulfate added to
Yolo loam at the rate of 150 gpm nitrogen as influenced by moisture level (0.3 and 15 bars)
and temperature (2, 25 and 35° C)
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Comparison of soils studied

Incubation at 25 and 35° C and 0.3 bar.——Comparison of nitrate pro-

duction at 25 and 35° C and 0.3 bar moisture tension in fipures 5 and 6
is designed to show the maximum amount of nitrates produced under the
optimum condition of moisture used in the study. This is not to say
that 25 or 35° C is the optimum temperature for nitrate production of
that soil., Elfrida sandy clay loam produced a maximum of nitrates at
350 C while the other 3 soils used produced more nitrates at 25° C.

At 25° C Yolo loam and Walla Walla silt loam produced more nitrate
than either the Willamette silt loam or the Elfrida sandy clay loam
soils, A definite lag of approximately 21 days was noticed in the
Willamette soil while the lag period in Elfrida sandy clay loan soil
seemad to be only about L days. Yolo loam and Walla Walla silt loam
exhibited no lag and nitrate production proceeded at a high rate
throughout the nitrification period. At 25° C the Yolo and Walla Walla
solls exhibited comparable nitrification rates.

At 359 C the situation was almost entirely reversed, in which case
Elfrida sandy clay loam had a very high maximum rate of production.

The Elfrida soil exhibited the highest rate of nitrification in the
shortest period of time of any of the soils studied regardless of tem-
perature or moisture tension. Yolo loam and Walla Walla silt loam,
although they did not exhibit any lag period, did not compare with the
Elfrida soil at this higher temperature. Willamette silt loam produced
no nitrates during the S~week incubation period and 2 general decrecase
in total nitrates is noted.

Incubation at 25 and 35° C and 15 bars.--Figures 7 and 8 compare

all soils at 25 and 35° C and 15 bars moisturs tension as to their rela-

tive nitrate producing ability. Ulitrification, to some extent, occurred
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in all soils except Willamette silt loam. Organisms from Yolo loam were |
possibly better adapted, through genetic selsction, to this moisture
level and 25° C than were the organisms from the other 3 scils studied,
Elfrida sundy clay loam produced more nitrates at 35° C than it did at
2590 1t 58 interesting to note that at the final sampling at 25° C
the Elfrida secil contained higher amounts of nitrate than did the falla
¥alla soil which had better initial nitrate production (0 to L2 days).
There remains, however, the unexplained drop in nitrates in the jalla
falla soll after & weeks of incubation, Nitrate production of ¥alla
#alla silt loam at 35° C did not exhibit the pronounced drop in nitrates
that was noticed at 25° C, yet only a very small amount of nitrates were
produced over the 5&~day period. With the evidence available, no corre-
lation could be drawn between the 2 temperutures in relation to this
drop in nitrates in this soil,

Willamette silt loam did not compare favorably with any of the
other solls at this iemperature and no nitrates were produced during
the entire 56 days of incubation.

Low temperature and 0,3 bar.—In an attenpt to evaluate the nitrate

producing capacity of the soils at 27 C and .3 bar moisture, which is
assumed to approximate field conditions in the winter time in many
areas, the soils were incubated in a 2° C controlled temperature room
for an extended period of time. The soils were prepared for incubatlon
at 2 different times and accounts for the variation in the length of
time incubated. The first incubation at this temperature included the
Walla Walla silt loam and the Elfrida sandy clay loam soils and they
were incubated for 133 days. ‘hen the Yolo loam and Willamette silt

loam soils were preparsd for incubation in the controlled temperature
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room, additional samples were prepared and the study was conducted for a
total of 161 days. This turned out to be quite interesting as far as

the Willametts soil was concerned. At 133 days no appreciable nitrifi-
cation had occurred, yet at 161 days the nitrates produced had risen to
21 ppm. It can be concluded that tnis soil under the conditions of
incubation would produce nitrates from added ammonium sulfate, bul only
after an initial lag period of 133 days. By this time a sufficient
population of nitrifiers, which is hardy enough to withstand the environ-
ment imposed upon the soil, had developed.

Willamette silt loam and £1frida sandy clay loam experienced pro-
longed lag periods before any nitrification was detected, tut in the
case of the Elfrida soil, as has already been stated, some nitrites
began to appear at the Li9-day sampling and contimed to increase slightly
through the rest of the incubation period. This was probably a result of
the inability of the nitrite oxidizing organisms to tolerate the lowered
temperature as well as the ammonia oxidizing bacteria. Some nitrites
were also evident at the beginning of tne incubation period at this
temperature in Yolo loam soil but disappeared after 35 dayse

Yolo loam did very well at this temperature and no lag period was
noticed. litrate production proceeded at a high rate through the entire
incubation period and nearly all of the added ammonium sulfate was
oxidized at the end of 1€l days. Some lag was noted in the Walla Walla
silt loam soil., This can be seen in fijure 9.

From the data obtained, it can be concluded that fall application
of ammonium fertilizers would not be practical for soils similar to
Yolo loam and Walla Walla silt loam. This type of fertilization on a

80il similar to ¥illamette silt loam or Elfrida sandy clay loam would

be of possible economical importance. It should be observed, however,
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that the region from which Elfrida sandy clay loam soil was taken would
rarely encounter such a low temperature and then only for a short period
of time. For the Willamette silt loam it could be said that ammonium
fertilizers applied in the fall would not be oxidized to the nitrate
form in any appreciable amount by spring. At 25° C and 0.3 bar moisture,
which were the optimum conditions for nitrate production for this soil
(table 8), there was still a 21-day lag before any nitrates were pro-
duced., Therefore, no great quantity of nitrate would accumlate
regardless of moisture tension and temperature of the soil.

Mitrogen recovery

Total recoverable inorganic nitrozen in this study was taken as the
sum of the nitrate, nitrite and ammonia nitrogen. The totals obtained
from each week's sampling is presented in table 9.

Variation in total nitrogen recovered is probably due to variation
in the ammonia nitrogen determimation. It was found to be extremely
difficult to duplicate ammonia nitrogen results closely due to the
sensitivity of the method used. The results of nitrate and nitrite
nitrogen recovered were quite consistent.

Two facts seem to stand out from the results tabulated in table 9.
First, the total nitrogen tended to decrease with length of incubation
in the Elfrida sandy clay loam. This was most noticeable at 15 bars
moisture tension and at 25 and 35° C. There is no apparent loss of
nitrogen from the system at 0.3 bar and 2° C during the 133-day incu-
bation period. Loss of nitrogen is probably a result of volatilization
of nitrogen gases. The results obtained from the Elfrida soil are in
general agreement with the work done by Martin and Chapman (1951) who

found that from 1 to 27 percent of the nitrogen added as ammonium
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Maximum rate of nitrate nitrogen production under the various
conditions of temperature and moisture

Moisture tension, bars

Tempera= 043 15
ture e Time Maximum Time Maximum
interval rate interval rate
% days ppm/day  days  ppm/day
Elfrida sandy clay loam  L4-16 1.5 lie-56 1.8
Walla Walla silt loam 042 3.7 2042 2.6
" Willamette silt loam 1L-42 0.8 0 0
Yolo lcam 0-h2 3.9 256 3.7
Elfrida sandy clay loam 0-16 9.8 21-49 Lol
Walla Walla silt loam 0-ls2 1.3 0 0
- Willamette silt loam 0 0 0 0
Yolo loam 0-42 2el h2-56 15
Elfrida sandy clay loam 0 0
Walla Walla silt loam 63-119 1,2
‘ Willamette silt loam 119-161 0.6
Yolo loam 21-161 0.9




Table 9.

M¥ean total inorganic nitrogen recovered at each sampling from all soils studied at all tempera=

tures (2, 25 and 35° C) and zll moisture tensions (0.3 and 15 bars)

Tempera= Moisture Days
Soil
ture tension ) 7 80 AP Al 16 21 W28 38 L iy 88
¢ bars
0.3 158 163 152 156 .
Elfrida scl 15 163 160 167 140 139 129 136 1T
0.3 195 193 202 199 203 212
’ Walla Walla sil 3¢ 132 191 189 186 191 165 213 233
3
0.3 290 20y 302 292 292
Willamette sil 15 260 25} 273 260 273 263 261 263
Yolo 1 0.3 194 180 185 186 181 188
D 15 176 168 169 169 167 166 16L 172
D¢3 165 U6 U7 157
Elfrida scl 15 161 165 161 WL WL 173 152 A
0.3 187 186 188 197 192 205
Walla Walla il ¢ 169 193 191 17k 181 180 186 183
25
. ) 0.3 247 259 263 250 255
Willamette sil 15 252 259 26 258 268 263 259 258
0.3 193 192 191 173 180 207
Yolo 1 15 171 168 18 181 17@ 177 178 178

of



Table 9. Contimed

Tempera~ Soil Moisture Days
ture tension 7 22 35 L9 63 77 91 105 119 133 147 161
¢ bars

Elfrida scl 03 170 172 143 158 162 153 170 167 16 1&0

Walla Walla sil 0.3 177 161 159 175 179 180 181 186 187 185
Willamette sil 03 258 255 281 243 251 253 249 263 253 260 238 24O
Yolo 1 0e3 173 177 179 180 179 162 160 139 177 180 190 206

™m
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sulfate was lost, presumably through volatilization. The greatest
losses came from soils with a pHl higher than 7.2, The Elfrida soil has
a pH of 7.7, They also found that moisture content of the soils had
little effect except that evaporation of water was necessary for appre-
ciable volatilization of ammonia from the soil.

The second observation is that total inorganic nitrogen in the Walla
Walla silt loam increased at all temperatures and moisture tensions dur-
ing the incubation. This is probably due to the high organic content of
the soll and subsequent ammonification of this organic matter.

Fluctuation of total inorganic nitrogen in the Willamette soil was
8o great that no conclusions can be drawn as to whether there was 2 loss
or gain in total nitrogen. Generally, there seems to be no loss or gain
of nitrogen over the incubation period.

Yolo loam showed no nitrogen loss at 25 and 35° C but there was a
tendency for the total inorganic nitrogen to increase slightly at 2° C
during the incubation.
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SUMVARY AND CONCLUSIONS

Incubation studies designed to measure the nitrifying capacity of
several soils, differing in their physical and chemical properties,
were conducted under conditions of controlled temperature and moisture.
The soils used were collected from the Western region and included
Elfrida sandy clay loam, #alla Walla silt loam, Willamette silt loanm
and Yolo loam,

The first phase of the study was conducted at 25 and 35% C in con-
trolled temperature baths with contirmous aeration of the samples. In
this part of the experiment 33.3 grams of soil was incubated in 250 ml
Erlenmeyer flasks st 0.3 and 15 bars moisture tension. These moisture
tensions and temperatures were designed to approximate extremes in
field conditions during the summer months. The second phase of the
study was conducted in a controlled temperature room where 100 gram
samples of each soil were incubated at 2° C with intermittent aeration
for an Iextended period of time and was designed to approximate fiecld
conditions during the winter time. In both phases of the experiment,
150 ppm N as ammonium sulfate on a dry soil basis was added to the
samples along with adequate distilled water to bring the moisture up to
the desired level.

The followin_ observations and conclusions were noted:

1./ Different soils vary greatly in their ability to oxidize
applied ammonium sulfate at various temperatures and moisture tensions.

The difference is apparently due to genetic selection of the biological



population due to the environmental conditions under which it has
evolved.

2. At low temperatures, Elfrida sandy clay loam soil tended to
accumilate nitrites taroughout the entire incubation period. 4t 25° ¢
and 15 bars moisture ‘ension no nitrites accumilated but they were
noticed initially at U.3 bar and this temperature. Strong nitrite
aceunmulation was noticed for the first week in this soil at 35° C and
both moisture tensions used but had disappeared by the li—day sampling
in all cases. Strong inhibition of the nitrite oxidizing organisms is
therefore apparent at the 2° ¢ temperature.

3. Fall application of ammonium fertilizers would not be practical
in soils with nitrifying capacities comparable tc fialla %alla silt loam
and Yolo loam. More economical use could be made of this method of
fertilization in soils similar to Elfrida sandy clay loam and Willamette
2ilt loam if these soils existed in regions of low winter temperature.

L. Active nitrification occurred in the soils studied at moisture
tensions approximating the permanent wilting point except in Willamette
silt loam where the soil pif was the limiting factor.

S5« loss of total recoverable inorganic nitrogen was definitely
noticeable only in the Elfrida sandy clay loam with the greatest loss at
1S bars moisture tension and 35° C. Walla Walla silt loam soil showed
an increase in total inorganic nitrogen recovered at all moisture ten-
sions and temperatures studied. This was concluded to be a result of
the ammonification of natural soil organic matter.

6. To aid in future nitrification studies and fertilizer practices
dealing with ammoniacal fertilizers, more complete data must be compiled

on different soil types as to their relative ability to oxidize applied



ammonium fertilizers under a variety of moisture tensions and soil

temperatures,

L5
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