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ABSTRACT

The transformation, effect on s§il pH and movement of nitrogen
from bénded nitrogen materials (urea,kammonium sulfate and ammonium
hydroxide) were studied in threé_Manitoba soils of different initial
. soil pH values. The greatest effect on soil pH took place near the
fertilizer zone, but the magﬁitude of the change varied greatly de-
pending on soil characteristics. Irrespective of the fertilizer ma-
terials, the oxidation of ammonium form of nitrogen was the slowest
with acid Keld soil (pH 5.4). Nitrification with neutral Wellwood
VII soil (pH 6.6) was rapid, with a high accumulation of nitrite
taking place, when band—applied with 800 kg N/hé of urea and NHAOH.
With alkaline Morton soil (pH 8.2), oxidation of the ammonium form .
of nitrogen to nitrate was rapid without any accumulation of nitrite.
The oxidation of band-applied (NH4)ZSO4>wa$ slow in these three soils.
The difference in nitrifying capacity among the three soils was re-
la;ed to the initial nitrifier numbers whose activities weré éffected
by the initial soil pH.

| The concentration of nitrite accumulated near the zone of urea
and NH40H apblication in the Wellwood II soil was high enough to be
phytotoxic. Further investigations indicated that temperature, soil
pH énd rate of nitrogen application affected the transformation of
band-applied nitrogen and thus resulted in nitrite accuﬁulation. Large
quantities of nitrite accumulated at temperatures of 10, 15 and 20C,
when band-applied with urea and NH40H. Aécumulation_of nitrite was

slow at 10C, but greater than 15% of the banded urea was present at

10C after 12 weeks incubation. Acidifying Wellwood II temporarily




decreased the rate of nitrogen transformation. Liming Keld soil did
not increase the rate of nitrification. WNitrite accumulation was
observed in limed Keld soil (pH 7.3) only when it was inoculated

with Nitrosomonas culture. This further showed that the initial

nitrifier numbers are very important if rapid nitrification is to
take place. Higher rates of nitrogen banded in the soil resulted in
a higher amount of nitrite being accumulated. At the rate of 100 kg
N/ha, the conversion of ammonium form of nitrogen to nitfate was quite
rapid without accumulation of nitrite in Wellwood II soil.
Nitrogen-15 tracer studies showed that incomplete recovery of
added nitrogen in the inorganic form wés due to immobilization and
volatilization. The amount of N loss depended on the type of
nitrogen materials. Substantial amounts of NZ and small amounts of
NO and NZO were evolved when nitrite was added to Wellwood I (pH 6.0).
The N2 gas formed was the reéult of Van Slyke type reaction of
nitrite with organic constituents containing nitrogen in the soils.
biffusion coefficients of ammonium in the soils were dependent
upon the types of soil, nitrogen material, femperature and rate of
application. Generally, the smaller diffﬁsion'coefficient restricted

movement of ammonium away from the zone of application and therefore

retarded the transformation to nitrite and nitrate.




INTRODUCTION

Successful crop production often requires the addition of
large quéntities of nitrogen since the amount of nitrogen mineralized
during the growing séason is not usually adequate to produce a high
yield of crops. Nitrogenous fertilizeré, ammonium sulfate, urea,
ammonium nitrate and anhydrous ammoﬁia, are widely used for this
purpose. Recovery of nitrogen in the crop is usually approximately
50% of that applied. Only a portion of the remainder is recovered
in the soil as mineral and organic nitrogen.

The importance of nitrogen as a fertilizer and its relatively
low recovery has led to numerous studies to,dete;mine the most ef-
ficient source, rate and method of N application. In such studies,
urea has often been found to be less effective than other ammonium
sourcés.particularly when gpplied with the seed. Field studies con-
ducted in Manitpba showed that urea, when applied in excess of 20
ibs N/acre, reduced seedling emergence and yield of barley (Todws;
1971). This was found to be the result of ammonia toxicity within
.the seed (Carefoot, 1971). He also showed that ammonium sulfate,
‘and ammonium nitrate have a toxic effect on seedling emergence and
yield when applied at high rates. Other effects might also have been
involved. Nitrite accumulation had been observed in Manitoba soils
when urea was applied at a high rate (Jones and Hedlin, 1970a).
Nitrite is toxic to crops.

The importance of nitrogen fertilizers has led to studies of
the nitrification of ammonium and ammonium-yielding fertilizers in

soils. Most of these studies have been conducted in the laboratory




using a system in which the nitrogén is mixed uniformly with the soil.
Hence the concentration of nitrogen has usually been quite low as com-
pared to that which commonly occurs when the same amount of nitrogen
is applied in the field. - Under field conditions, nitrogen fertilizer
is very éeldom uniformly distributed throughout the surface soil since
fertilizers are generally broadcast, placed in band or drilled in
with the seed. —

A nitrogenous fertilizer applied at the rate of 50 1bs N per
acre in the field results‘in_an average concentration of about 25 ppm:
in the Ap layer based on the assumption that a 6-inch acre contains
two miilion pounds of soil. Since the»fertiliéer is not uniformly
mixed, there are locations near the fertilizer pellets and granules
where the concentration of nitrogeﬁ is far in excess of 25 ppm.

This is particularly true of band applications or those drilled in
with the seedp Because of this high concentration of nitrogen, many
processes such as the transport phenomena, transformation of nitrogen
and local interaction of ions‘during the transport may take place.

As a result, non-uniformly applied nitrogen fertilizer results in a
different environment for nitrogen transformation as compared to that
of uniformly applied nitrogen. Besides, the high concentration of
nitrogen may have adverse effects on plant growth. It is known,
however, that these effects vary considerably depending upon the
nitrogen fertilizer used and the properties of the soil to which it
is applied.

With this in mind, laboratory expériments were conducted to
study the effects of temperature, pH and rate of application of

nitrogen on the transformation of band-applied urea, ammonium hydro-




xide and ammonium sulfate with time and distance from the fertilizer

zone. The recovery of banded nitrogen was also studied. Subsequently
v ‘ |

a series of experiments using nitrogen-15 tracer to allow for detailed

study of N-loss, whether by immobilization and/or volatilization, were '

conducted. . R




LITERATURE REVIEW

FORMS OF NITROGEN IN SOIL

Organic nitrogen

Oﬁer 90% of the total nitrogen in the surface horizon of most
soils is organically combined. However, in certain subsoils about
30-40% of the total nitrogen may be present as fixed ammonium
(Bremner,1965). The nature of the organically combined nitrogen oc-
curring in éoils is not well understood. Information concerning these
compounds is based largely on studies involving identification and
estimation of the forms of nitrogen released by treatments with hot
acids (Kojima,1947; Bremner,1965; Stevenson,1957; Cheng and Kurtz,1963).
The organic forms isolated generally include amino acids, amino sugars
(hexosamines), purine and pyrimidine derivatives, urea and many others
(Bremner,1965). About 20-40% of the total soil nitrogen in most
surface soils is represented by amino acid-N (Kojima,1947; Bremmer,
1949; Stevenson,1954; Keeney and Bremner,1964), and about 5-10% of
surface soil nitrogén is in the form of hexosamines (Bremner and Shaw,
1954). |

The soil organic nitrogen is highly resistant to microbial
attack and is converted to_iﬁorganic forms very slowly. The stability
of the organic nitrogen may be related to its chemical, physical and
physicochemical nature. One theory, which has been discussed by
SwaBy and Ladd (1962) states that polyphenols, amino acids and other
nitrogenous substances are condensed into large molecules which re-
sist decomposition by confining the actions of enzymes only to the

outer surface of the thrée dimensional organic structure. Other




workers (Ensminger and Gieseking,lé&Z; Lynch and Contndir,1956; Pinck
and Allison,1951) postulated that clay minerals are. involved in stab-
lizing the nitrbgen by either adsorbing the enzymes or adsorbing pro-
teins in a way that makes them inaccessible to enzymatic>attack. They
found that the degree of inhibition varied directly with the base ex-
change capacity of cléy. Aﬁother group of investigators (Harmsen and
van Schreven,1953; Bartholomew and Clark,1950) theofized that a lbw
microbial population leads to stability of organic nitrogen. They
reported that cropped land with its dense microbial population around
the roots exhibits a more rapid breakdown of stable humus than un-
cropped soil.

‘ Probably there is no single theory that adaquately. accounts
for the sfability of organic nitrogen in soil, and the stability is

the result of a combination of several factors acting simultaneously.

Inorganic nitrogen

Only a small fraction of the.total nitrogen. in soil appears
as inorganic forms. It is represented chiefly by ammonium (exchange-
able ammonium and ammonium in solution), nitrite and nitréte. The
amount of nitrite is generally negligible in normal soils. . Condi-
tions under which nitrite accumulates will be discussed later. Am-

monium and nitrate are the immediate sources of nitrogen for plants.
7

Nitrite can be utilized by crops. However, relatively low concen-

trations, for example, greater than 15 ppm NO, -N may result in

2

phytotoxic effects (Paul and Polle,1965).

SOURCES OF SOIL INORGANIC NITROGEN

Inorganic forms of nitrogen are mainly derived from,




1) mineralization‘of organic nitrogen

2) nitrification of ammonium and ammbnium containing compounds

3) addition of nitrogen fertilizers

4) additioh of minute quantity of ammonium and/or ammonia and nitrate

from rainwater.

1) Mineralization

The mineralization process results in the transformation of
organic nitrogen to inorganic nitrogen, ammonium and/or ammonia, By
non-specific heterotrophs as they decompose the organic matter. The
organic carbon supplies the major‘energyvsource for the heterotrophs
and nitrogen is assimilated as protein, nucleic acid and other nitro-
geneous constituents in the microbial tissues as a function of the
growth.of the organisms. The excess nitrogen is thus released as
ammonia and/or ammonium into the soil. The amount of inorganic
nitrogen released and in turn metabolised by the microorganisms
depends on the C:N ratio of the organic material and the metabol-
izing microorganisms (Barthélomew,1965).‘ Plant residues have a gross
C:N ratio of approximately 30:1 as compared with 6:1 characteristic
of protein or 5:1 characteristic of most microbial populations
»(Campbell and Lees,1967). Net nitrogen mineralization generally
results from the microbial degradation of residues with C:N ratio
of less than 20:1. Between C:N ratio of 20:1 and 30:1, nitrogen
~minera._zation may or may not occur depending on the environmental
conditionévand type of substrate. Residues with C:N ratio greater
than 30:1 af; generally considered to induqe immobilization of
nitrogen (Harmsen and van Schreven,1955; Alexander,1965; Bartholomew,

1965; Clark,1966). Ferguson and Gorby (1964) showed that incorporation




of straw into Southern Manitoba soils did not generally induce a
nitrogen deficiency in the succeeding crops. However, there was
marked reduction in mineralization wheﬁ soil samples with straw was
incubated in laboratory. The reason why there was no nitrogen de-
ficiency in the succeeding crop when straw was applied was explained
by the authors (Ferguson and Gorby,1964) that a low microbial
activity was induced by cold temperature and lack of moisfure in
fall and spring thereby reduéing the jimmobilization of native

inorganic nitrogen.

2) Nitrification

The inorganic nitrogen resulting from net mineralization or
from applied ammonium fertilizers undergoes'nitrification. Nitri-
fication is a biological process in which ammonium is oxidized to
nitrate. The oxidation process consists of two steps and is carried
out most commonly by two spegific obligate aerobic autotrophs. The

ammonium is first oxidized to nitrite by Nitrosomonas spp., then

nitrite is subsequentlY’oxidized to nitrate by Nitrobacter spp.. The

two steps of nitrification are exothermic reactioné. Several -

other forms of,ihdrganic-nitrogen such aé hydrqulamine (NHZOH),

hyponitrous acid (ﬁON=NOH), and nitroxyl (HN=0) may occur as inter-

mediates of autotrophic nitrification, but“these com?ounds are

chemically unstable and therefore are not easily detected (Alexandér,
- 1965). Five other genera‘of_autotrophic nitrifiers have been re-

cognized. These are the ammonium~oxidizing Nitrosococcus, Nitro-

sospira, Nitrosogloea and Nitrosocystis, and the nitrite oxidizer,

Nitrocystis (Breed et al.,1957). These autotrophs are less common

than Nitrosomonas spp. and Nitrobacter spp.. These autotrophic




nitrifiers do not ﬁetabolize organic compounds, but derive all their
energy from the oxidation of inorganic nitrogenous compounds and
utilize 002 as the main source of carbon.

Nitrite accumulation is generally negligible but it may ac-
cumulate in neutral and alkgline soils fertilized with a hiéh rate
of aqua or anhydrous aﬁmonia or an ammonium—yielding compound, such
as urea. Nitrite aécumulati;n can also occur in acid soils Qhose '
pH has risen as result of the addition of ammonium aﬁd ammoniumf
yielding compounds (Chapman4and Liebig,1952; Colliver and Welch,1970;
Stojanovic and Alexander,1958; Broadbent et al.,1958; StephenAand :
Waid,1963; Jones and Hedlin,1970a) when soil and fertilizer are
uniformly mixed. Nitrite accumulation was observed near fertilizer
granules (Hauck and Stephenson,1965; Bezdicek et al.,1971) and
band-applied fertiiizer (Isensee and Walsh,1971; ‘Wetselaar et al.,
1972; Passioura and Wetselaar,1972). Accumulation of nitrite and
the loss of nitrogen due probably to denitrification or volatili-
zation was found to be related (Clark et él.,l960; Hauck and
Stephenson,1965; Meek and MacKenzie,1965).

Under favorable conditions, nitrite is readily oxidized to
nitrate, 'Nitrate, an end product of nitrification, is the forﬁ of
nitrogen most readily utilized byAplants and microorganisms. On the
other hand, nitrate, being very mobile, is subject to loss by
leaching. It is also subject to gaseous loss by denitrification when
aeration is limited.

Heterotrophs, including bacteria, actinomycetes and fungi,
are able to oxidize mineral nitrogen. The intermediate products of

the nitrification and the biochemical processes due to the above




microbes differ from those of the autotrophs (Alexander,1965). The
heterotrophs need organic carbon compounds for both energy and carbon
supply. They oxidize not only inorganic nitrogenous compounds but
also a variety of organic nitrogenous substances including

amides, amines, oximes, ﬁydroxamates, and nitrocompounds. Although
heterotrophic nitrification éccurs, the contribution to inoréanic nitro-
gen economy in soil is of doubtful significance. A list of the
heterotrophic nitrifiers and their possible intermediates and products

has been summarized by Alexander (1965).

FATE OF INORGANIC SOIL NITROGEN

The available soil nitrogen can become unavailable to plants,
at least for a period of time, through the following processes:
1) immobilization
2) ammonium fixation
3) ammonia volatilization
4) denitrification by biological or chemical processes

5) leaching.

1) Tmmobilization

Inorganic soil nitrogen and fertilizer.nitrogen may be im-
mobilized during the decoﬁposition of carbonaceous residues with a
wide C:N ratio. This has been reported by numerous workers who in;
cubated soil with a&ded organic matter, such as straw (Allison and
Klein,1962; Broadbent and Tyler,1§64), sawdust (Bollen and Lu,
1957; Allison.énd Cover,1960) and other readily available energy
sources, such as sucrose (Windsor and Pollard,1956; Agarwal et él.,

1972) . The immobilization of inorganic nitrogen proceéds very rapidly




during the early stages of incubation and is related to the C:N ratio
of material added. The rate of nitrogen immobilization is directly
proportional to the rate of carbon dioxide evolution. Jansson et al.
(1955) demonstrated that immobilization of NHZ—N is greater than N0;—N
at the same nitrogen concentration. This was gonfirmed by Winsor and
~ Pollard (1956a). Agarwal et al. (1972) showed that the addition of
sucrose increases immobilization of added nitrogen. However, in
absence of added sucrose the immobilization of added N was related
to the C:N ratio. These data showed thaf the rate of decomposition
of a carbonaceous material is important in determining the maximum
iﬁmobilization and also the rate at which it occurs. 1If only a
portion of the added material is readily attacked by microorganisms,
for example,:straw and sawdust, thé immobilization of nitrogen is
much less than where a readily available carbon source, for example,
sucrose has been added. Tﬁe microflora is also a factor in N
immobilization since fungi, Which are more tolerant of acidity than
are bacteria, usually contain less nitrogen and liberate a smaller
percentage of the added carbon as carbon dioxide.

Allison and Klein (1962) reported that maximum immobilization
of N occurs in 20 days and avyeraged 1,7%Z of the original weight of
stray, while Winsor and Pollard (1956abc) showed that sucrose addition
brought gbout an immobilization of approximately 3.77% of nitrogen
based on the weight of added sugar in the presence of abundant
mineral nitrogen. Other than the carbon source and C:N ratio, soil
environment is also an important factor. Agarwal et al. (1972) showed
that N immobilization varies with different soils,'being the fastest

in alkaline soil in presence of sucrose. The alkaline soil pH favors

10
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the increase of microbiél activity which in turn induces N immobil-
ization in soil. Irrespective of fhe soil, nitrogen immobilization
occurs more rapidly with addition of sucrose than finely ground
sugar cane bagassé.

The inorganic nitrogen which becomes immobilized is temporarily
unavailable to plants. After the microorganisms die, decomposition
and mineralization of the organic sﬁbstance takes place providing
inorganic nitrogen (Winsor and Pollard,1956c; Allison and Klein,1962;
Agarwal et al.,1972). 1In general, immobilization is alﬁays accompanied

by mineralization, and vice versa.

2) Ammonium fixation

Nommik (1965) reported that fixation of ammonium by clay
minerals and fixation of ammonia by organic matter is quite extensive.
The ammonium and/or ammonia fixed is only very slowly available to

plants and other organisms,

Fixation of ammonium by soils

There is an equilibrium between the different forms of

ammonium in soils:

+
(NH4)soluble

AN

- . +
e

(NH)) %

47 fixed

xchangeable

According to this equation, a change in one form of ammonium will

affect the other forms. When the concentration of soluble NHZ is

increased, for example; after addition of NHZ;containing fertilizers,
the equilibrium is disturbed and fixation of some of the added NHZ;N

+ .
results. However, the fixed NH4 will be released at an extremely




slow rate when exchangeable ammonium is removed.
Nommik (1957), Walsh and Murdock (1960) and Hinman (1966)

showed that addition of KCl to soil increases the exchangeable K*

and decreases the amount of NH4+ being fixed. The decrease in am-
monium fixing capacity is proportional to the amount of KC1 added,
indicating that K+ inhibited fixation of NH4+. Potassium and am—
monium ions have approximately the same ionic size which can be fixed
snugly into the latticeholes of 2:1 type minerals, especially that of
micaeous type, and thus become non-exchangeable with other cations

(Nommik,1965).

Fixation of NH3by organic matter

Fixed ammonia was defined as that fraction of added ammonia
which is retained by soiliorganic matter after intemnsive leaching
with acid (Broadbent et al.,1961; Nommik and Nilsson,1963) and
neutral salt solution (Nommik and Nilsson,1963). The organic matter
reacts with ammonia and binds it in a difficultly hydrolyzable form

which is only very slowly available to plants and soil microflora.

12

There are two different explanations concerning ammonia fixation

by soil organic matter. One theory assumes that the uncharged
ammonia is boﬁnd by the organic matter while the other feels that
charged ammonium ion is bound to soil organic matter.

Since the formation of uncharged ammonia is controlled by soil
acidity, it is evident that the pH of the soil may significantly
affect ammonia fixation. This effect has been studied by Broadbent
et al. (1961) and Nommik and Nilsson (1963). Their investigations

demonstrated that ammonia fixation occurs to a large extent only
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above neutrality. In addition, Broadbent et al. (1961) showed thaf
there is a linear relationship between pH and ammonia fixation above
pH 7.0.

On the other hand Sohn and Peech (1958) demonstrated that the
greatest ammonia fixing capacity in soils occurs in acid soils con-
taining a large amount of organic matter. The higher the carbon
content or organic matter, the more ammonia fixed by the spil (Sohn
and Peech,1958; Burge and Broadbent,1961; Nommik and Nilsson,1963).
Sohn and Peech (1958) and Mortland (1963) showed that ammonia fixing
capacity of soils is reduced to approximately one half when organic
matter is oxidized by hydrogen peroxide. In contrast to the above
findings, Hinman (1966) demonstrated that destruction of organic
matter increases the fixing capacity of soil, and the increase was
greater when the organic métter content of the sample was highef.

He suggested that the organic matter had either blocked the entry
of NHZ to the clay minerals. He speculated that although organic
matter itself may have fixed some ammonium, its dominant effect was

to prevent fixafion of ammonium by clay.

3) Ammonia volatilization

Ammonia can be volatilized from surface—aﬁplied urea, ammonium
~ salts and aqua and anhydrous ammonia, especially if the soil is
neutral or alkaline in reaction (Volk,1959; Volk,1961; Simpson and
Melsted,1962; Gasser,1964). The loss of N by ammonia volatilization
is due to the reéction:

NE' + OHC T/ NH, + H,0

4 3 2

Ammonia volatilization usually does not occur when pH is below




14

neutrality (Martin and Chapman,1951). The quantity of ammonia
volatilized is reduced when fertilizer is incorporated into the soil
(Ernst and Massey,1960; Volk,1961). Volatilization loss as ammonia
also occurs in slightly acidic soils, especially after application |
of high rate of urea (Ernst and Massey,1960; Wahhab et al.,1960).
Hydrolysis of urea to ammonium carbonate results in an increase of
soil pH near or above neutrality, a condition which favourskammonia
volatilization. On the other hand, application of acidic ammonium
salts to acid soils is less prone to induce ammonia volatilization
(Martin and Chapman,1951; Volk,1961) since there is no increase in
soil pH upon their addition. Therefore, soil pH, type §f fértilizer
and methods of fertilizer application have a great effect on the
amount and rate of ammonia volatilization from soil.

Other factors, for exampie, higﬁ teﬁperature and drying of
soil also promote aﬁmonia vélatilization (Vélk,1959; Chin‘and Kroontje,
1963). High clay content and a correséonding high cafion exchange
capacity favor the sorpfion of ammonium and a decrease in ammonia
volatilization. Gasser (1964) reported that over 207 of the nitrogen
was lost as ammonia from a soil with a cation exchange capacity of
less than 10 meq. per 100g soil when 100 poﬁnd (NHZ)ZCO_N per acre
was broadcast on the soil surface. Ammonia volatilization losses
amounted to about 10% from soils with cation exchange capacities

greater than 20 meq/100g.

4) Denitrification

Gaseous loss of nitrogen may come about as a result of deni-
trification as well as ammonia volatilization. The term denitrifi-

cation is commonly used to refer to the biological reduction of




nitrate or nitrite to volatile gases, usually nitrous oxide (NZO)
and/or molecular nitrogen. There is also evidence that nitrite
formed during nitrification or added fo soll may decompose or react
with soil organic matter to yield gaseous nitrogen. These reactions
are called chemodenitrification because they are not biological

reactions.

Biological denitrification

The general equation of biological denitrification may be

described by the following equation: |

CeHy0p + 4NO, ————= 2N, + 6H,0 + 6C0, + 4e
An anaerobic or partially aerobic soil atmosphere, a readily avail-
able energy source and the presence of nitrate or nitrite will lead
to biological denitrification by non-specific anaerobic and facultative
anaerobic héterotrophs.. The denitrifier population is very abundant
in most soils. 1In thé absence of oxygen, but in the presence of
nitrate, the denitrifiers use nitrate as an electron acceptor for
the respiration process. Nitrate is reduced to nitrite and then

simultaneously converted to gaseous products, N_O and/or N2 (Wijler

2
and Delwiche,1954; Nommik,;1956; Schwarzbeck et al.,1961; Bollag et al.,
1973). Gaseous loss via denitrification appears to be pronounced in
neutral and alkaline soils,vand in soils in which nitriﬁe has been
observed to accumulate following the addition of émmonia and ammonium-
yielding materials,

Denitrification has been reported to occur in apparently well
aerated soils (Allison et al.,1960; Broadbent and Stojanovic,1952;

Carter anﬁ.Allison,l960; Cady and Bartholomew, 1960.1961; Myers and

McGarity,1972).

15
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Two hypotheses are commonly given:

(a) Slow diffusion of oxygen into the center of large aggregates, re-
sulting a certain degree of anaerobioéis even though the soil is
evidently aerated.

(b) In presence of easily decomposable organic materials, there is a
rapid uptake of oxygen. If the réte of oxygen demand is greater than
oxygen supply, a demand fo;‘an alternative electron acceptor to oxygen

occurs.,

Chemodenitrificatioﬁ

There is strong evidence that a significant loss of fertilizer

nitrogen can occur through chemical de;omposition of nitrite formed
by nitrification of ammonium and ammonium-yielding fertilizers in
soil (Broadbent and Ciark,1965; Allison,1966). ~ Numerous investigators
(Smith and-C1ark,1960; Tyler and Broadbent,1960; Reuss and Smith,
1965; Jones and Hedlin,1970b; Nelson and Bremner,1970; Boilag et al.,
.1973) have demonstrated ;hat chemodenitrification occurs in nitrite
supplemented soils of acidic or.slightly acidic nature.

| A review by Broadbent and Clark g1965) summarized the possible
channels for qhemical denitrification to occur:

(a) The chemical decomposition of nitrous acid at pH values below pH 5

3HNO 280 + HNO, + H,0

2 3 2

20 + O

2 2N02
Some of the nitrogen dioxide (NOZ) may react with water to form nitrous

acid and nitric acid. Recent work by Nelson and Bremner (1969) sug-

gested that self decomposition of nitrous acid is better represented

by
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2" NO + NO2 + HZO

2HNO

2 2N02.

The nitrogen dioxide (NOZ) produced in the process can be converted

2N0O + O

to nitrate. In absence of oxygen, nitric oxide (NO) and N02 are the

gaseous products:of chemodenitrification, They suggested the failure

of some investigators to detect NO, can be attributed to the sorption

2

of NO, by moist soil and conversion of NO

2 to nitrate within closed

2
experimental systems.

(b) Reactions of nitrous acid with o -amino acids at pH5 or lower

(a van Slyke reaction).

R—NH2 + HNO2 —= R-OH + H20 + N2

(c) Reaction of nitrous acid with ammonia

NH3 + HNOZ-——-~= N2 + 2H20 or

4 + HNOZ-——~—= NH4N02 —_— N2 + 2H20

(d) Reactions of nitrous acid with other soil constituents such as
oréanic matter, organic reducing compounds and even soil minerals.
Recent work by Nelson and Bremner (1969, 1970ab) demonstrated the -
loss in nitrite-treated soil is related to organic mattér, and the
role of soil minerals in nitrite decomposiéion was not significant.
They reported that phenolic substances react readily with nitrite
under soil conditions to form nitrosophenols that are decomposed by

nitrous acid with formation of N2 and NZO. Stevenson et al., (1970)

showed that molecular nitrogen, N, 0 and NO are identified in gases

2

formed by reacting NaNO, with soils, humic and fulvic acids, lignins,

2

lignin-building units and polyphenols in aqueous buffer solutioﬁS“Of‘

pH 6 and 7 in the absence of oxygen.
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Bollag et al. (1973), working with sterile and non-sterile
soil with pH adjusted to values ranging from pH 5 to 8.3, found that

the gaseous products of biological denitrification are N,0 and/or

2
N2’ and that the products of'chemodenitrification are NO and/or N02.
‘After 4 days incubation at 30C, Bollag et al. (1973) showed that
approximately SOZ of 250ppm NOE—N added was lost from non-sterile
soil and aﬁproximately 70% frbm sterile soil. The losseé resulted

from chemical denitrification and at pH 5 occurred under either

aerobic or anaerobic conditions.

5) Leaching
The most reduced form of nitrogen,~NHZ; is relatively immobile

in soil. As mentioned previously, it can either bg fixed by clay
minerals and bound in organic matter or exchange with cations on the
soil colloids. On the other hand, the most oxidized form, No;, is
very mobile., Nitrite, an intermediate benitrification, ié also
very mobile, but it is very unstable. Nitrite can be converted to
nifrate very quickly under aerobic conditions, but under anaerobic
conditioms it is quickly reduced to gaseqﬁs products and lost to: the
étmosphere. |

| When rainfall is sufficient to cause water to percolate through
the soil profile, any nitrate present is gradually diluted out of
the top soil -but is not completely.disélaced (Wefselaar,196l, 1962).
Iﬁ a fertilized field, the intensity of leaching losses depends on
the cation exchange capacity of the soil and‘type of fertilizers. 1In
a 1a$oratory experiment, McGill (1971) obse;ved that when feftiiizer
nitrogen was surface applied on two soils and tﬁen leached with ten

 inches of water, the greatest amount of nitrogen leached occurred with




KNO,, followed by NH4N03, (NHZ)ZCO and (NH4)ZSO In both soils, most

3’ 4°
of fhe nitrogen was recovered as ammonium and 1i£tle as nitrate.

| Nitrate loss is much less f?om cropped land than fallow land
because nitrate is assimilated by the crop and also the high evapo-
transpiration reduces the amount of water in the soil preventing
accumulation and downward movement of nitrate (Wetselaar,1961).
Michalyna and Hedlin (1961) have shown that large amount of nitrate

- may be located below the rooging zone when summerfallow is included
in crop rotations. Hedlin (1971) also reﬁorted toxic concentrations
of nitrate in water in shallow wells located in farmsteads. The
nitrate presumébly resulfed from miner#lization and nitrification oév
urea and other animal aﬁd human wastes.

In order to reduce loss of nitrogen through leaching, nitri-
fication iﬁhibitors and slow-release nitrogen fertilizers have been
developed (Gasser,1970;vPrasad et al.,1971). Perhaps the best ex~
ample of a nitrification inhibitor is 2-chloro-6(trichloromethyl)
pyridine, N-serve, which was found to retard the nitrification pro-
cess (Goring,1962ab; Zowakowski and Gasser,1967; Campbell and Aleem,
1965ab; Spratt and Gasser,1970). N-serve has been used commercially
with nitrogen fertilizers for this purpose.

‘The foregoing paragraphs summarize some of fhe features of
nitrogen gains and losses in soil. The complete scheme for nitrogen
turnover in soil can be summarized diagrammetically as shown in

(
figure 1.

P

FACTORS AFFECTING NITRIFICATION

The above mentioned processes ofbgains and losses of soil

nitrogen, except ammonium fixation, ammonia volatilization, chemo-
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denitrification and leaching, are of biological origin. Therefore
factors such as pH, temperaﬁure, moisture and aeration which affect
the growth of microorganisms also affecf ﬁitrogen transformations
in soils, The factors which affect the nitrifiéatidn df nitrogen
in soil will be reviewed in detail in the following sectioms.
ég

Autotrophic nitrifiers are very semsitive to acidity. Suc-
cessful isolation and maintainenge of theée microorganisms in the
laboratory involves use of buffered, miidly alkaline media containing
carbonate or bicarbonate (Alexander and Clark,1965). In the field,
oxidation of ammonium and nitrite occur over a wide range of soil
pH values of from 5-10 (Alexander,1965). Generally nitrification is
favored by neutral and slightly alkaline pH. The capability of a
soil to nitrify mineral nitrogen is also relatéd to the nitrifier
population. Morrill and Dawson (1962).demonstrated that the popu-
lation of ammonium oxidizing microorganisms is greater in neutral
and alkaline soils than in acid soils. They also showed that the

most favorable pH for growth of Nitrobacter spp. is 6.2-7.0 while

that for Nitrosomonas spp. is above pH 7.6. Later, Morrill and

Dawson (1967) observed four general nitrification patterns of 116

soils as related to the measured soil pH, the number of Nitrosomonas .

~—

spp. and Nitrobacter spp. and the rate of ammonium oxidation after
percoiating soils with ammonium sulféte solutions. These patterns
are as foliows: I. pH greater than 7.3 —-- ammonium was rapidly
oxidized to ;itrite which accumulated over a long period of time
‘before being oxidized to nitrate. The accumulation of large amounts

of nitrite was related to the high initial activity of Nitrosomonas




it was limed to contain a free phase of CaCO

o R R

spp. accompanied by a long lag period in proliferation of Nitrobacter
spp.s II. pH 6-7.3 --- ammonium and the accumulated nitrite were

raplidly oxidized to nitrate. The lower Nitrosomonas spp. activity

and the very short lag period for Nitrobacter spp. was responsible

for the very small quantity of nitrite beihg accumulated; III., pH
5.5f5.9 --- ammonium was oxidized to(nitrate without any detectable
nitrite being produced; IV. pﬁ less than 5.4 =-- ammonium oxidation
was not detectable by either nitrite and nitrate formation. Sub-
sequent nitrifer count failed to find significant numbers of

Nitrosomonas spp. and Nitrobacter spp. These workers found that a

type III pattern is converted to type II nitrification pattern after
3° This conversion is
due to the increase in the number of nitrifying organisms in the

limed soil. The results of Morril and Dawson (1967) are in agreement

with those of other workers in that nitrite seldom accumulates in

~acid soils (Cornfield,1952; Broadbent et al.,1958) although it tends

to accumulate in neutral or alkaline soils (Chapman and Liebig,1952;
Stojanovic and Alexander,1958; Court et al.,1964ab; Hauck and Ste-

phenson,1965). This suggests that Nitrobacter spp. is more active

in acid soils while Nitrosomonas spp. is more active in alkaline

soils. Dancer et al. (1973) observed a significaﬁt increase in nitri-
fication of applied ammonium sulfate with soils whose pH ranged from
5.7-6.6 as a result of applications of lime over a period of years.
They suggested that soil pH appears to-be an excellent indicator of
soil nitrification capabilities. Ishaque and Cornfield (1972) found
that one of their experimental soils with iﬁitial soil pH 4.2 ac-

cunulated NHZ when limed with CaCO, to pH greater thamn 5. They

3
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attributed this to the iﬁcapability of fungi, a heterotrophic nitri-
fier, to nitrify applied nitrogen at higher pH values. |
A combination of high pH and high ammoﬁium concentration in-
hibit nitrite oxidation and an accumulation of nitrite results
(Stojanovic and Alexander,1958; Aleem and Alexander,1960; Paul and
‘Polle,1965; Morril and Dawson;l967; Jones and Hedlin,1970a). Aleem
and Alexander (1960) suggested that non—ioniéed ammonia is the causa-
tive agent which interferes with the respiratory process of Nitro-

bacter agilis at the alkaline pH. They believed that the ammonium

ion does not inhibit the nitrite oxidizing enzyme itself because ex—

tracts of Nitrobacter agilis oxidizes nitrite in the presence of

ammonium ion. Activity of Nitrosomonas spp. is also reduced by a

high concentration of ammonium, but these organisms are much less
sensitive than Nitrobacter spp.. Recent studies by Nako and Wolcott
(1972) with liquid culture in a statioﬁary condition buffered‘at

pH 8-8.3 suggested nitrite accumulation in the presence of high am~.

monium concentrations is due to an imbalance in numbers of Nitrosomonas

spp. relative to Nitrobacter spp.. This indicates a bacteriostatic

effect of ammonium or free ammonia on growth of Nitrobacter spp.

rather than an inhibitory effect on the oxidation as suggested by
\Aleem and Alexander (1960). In fact, nitrite did not accumulate in
their experimental system with ammonium levels ranging up to 750 ppm
NHZ—N.

Nitfite accumulation is considered to be neglegible under field
conditions, but is frequently observed with application of anhydrous

and aqua ammonia, and in soils of high pH or in soils which have be-

come alkaline as the result of added nitrogen fertilizer. Under
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alkaline conditions, the ammonia-ammonium equilibrium shifts towards

ammonia which'ié believed to have an inhibitory effect on the activities

\

of Nitrobacter spp. (Aleem and Alexander,1960; Nako and Wolcott,1972;

Larsen,1970). This results in nitrite accumulation.

Temperature
An ordinary chemical reaction is temperature dependent and the
rate constant (K) of the reaction follows closely the Arrhenius equa-

tion, K=Ae-E/RT

, which expresses the functional relationship between
a rate constant (K), temperature in degree Kelvin (T) and the acti-
vation energy of the reaction (E)_(Bull,l951). The notations A and
R are constants. However, in biological processes, this relationship
applies over a very limited temperature‘range since the enzymes in-
volved in biologicai reactions are advefsely affected by high tem-
peratures. The‘rate of a biological reaction doubles or sometimes
more than doubles for a 10C rise in temperature. This variation due
to 10Crise in temperature is known as Qlo‘ﬁhich is defined as the
rétio of the sﬁeed of reaction at one tempefature to that at a tem-
perafure 10C lower. In the case of nitrogen transformations, the
rate constant, K, is different for each step.

Nitrification in the field and laboratory occurs over the
temperéture range 2-40C:!(Frederick,1956; Sabey et al.,1959; Parker and
Larson,1962§ Justice and Smith,1962; Anderson et al., 1971; Thia-
galingam and Kanehiro, 1973). They indicated that the rate of am-
monium and nétrite oxidation increéses with increased température
when other conditions are favor;ble. Tyler et al. (1959) and Justice
and Smith (1962) reported that nitrite tends to accumlate at lower |

temperatures. This suggests that Nitrobacter spp. are more sensitive -
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to low temperature than Nitrosomonas spp.. The optimum temperature

for nitrification in soil varies but is usually between 25-4nd .35C.
Frederick (1957) attributed the differences betweén soils in regard

to the temperature range over which nitrification occurs to differénces
in the initial population of nitrifiers. Recent work by Anderson

et al. (1971) confirmed the findings of Frederick (1957). By ino-
culation of sterilized synthetic soil with a fertile acid soil,
Anderson et al. (1971) obtained similar nitrification rates for all
soils. These workers used a synthetic soil to eliminate toxic

factors that might contribute to slow nitrification in some acid

soils (Theron,l951;‘Brar and Giddens,1969).

‘The above studies were carried out under a constant temperature
regime. Frederick (1956), Campbell et al. (1971) and Campbell and
Biederbeck (1972) studied ihe ihflueﬁce of_fiuctuating temperatures
on the rate of nitrification. Early work by Frederick (1956)
showed an increased rate of nitrification when tﬁe fluctuation of
temperatures involved a combination of temperatures below 15C as
comparéd to soil incubated at constant temperature of 15C. At temp-
eratures above 15C, the nitrificatiop rate at a constant temperature
was usually as high or higher than the rate with fluctuating teﬁp—
eratures in the (NH4)2804 amended soil. Campbell et al. (1971) re-
ported there was no difference in nitrification when frozen (NH4)2804—
amended soil was reincubated at fluctuating tempexature (12 hours
at 14C and 12 hours at 3C) and at constant temperature (8.5C).

At low temperatures, soils usually have lower microbial
.activities and thus biological processes such as ammonium and nitrite

oxidation are hindered. Temperature range at which nitrification by




autotrophs is optimum is also optimal for other biological processes

such as mineralization, immobilization, nitrogen fixation and biolo-

gical denitrification.

Moisture

Biological processes including nitrification are essentiaily

- non-existent when the soil is air dry. The microorganisms in soil

are dormant when soil is dry, but their activities recover gradually
when soil is remoistened. Justice and Smith (1963) reported that
when soil was incubated at 10 bar tension at ldC there was a delay

of the initiation of the nitrification while nitrification was com-
pletely inhibited at 415 and 115 bar moisture‘tensions. At a higher
temperature, 25C, the rate of nitrification increased with decreasing‘

moisture tension from 15 bar to 1 bar. Justice and Smith (1963) also

demonstrated that at 15 bar tension half of the added ammonium sulfate

(150 ppmN) was oxidized to NOE-N in 28 days while at 10, 7, and 1 bars
nitrification was completed in 28, 20 and 12 days, respectively.
They further concluded that temperature (both high and low) and
lowered moisture content had greater inhibiting effect on nitrite
oxidizers than ammonium oxidzers. Reichman et al. (1966) demonstrated
that nitrification of soil inorganic nitrogen is almost directly pro-
poftiohal to soil water content at suctions between 0.2 and 15 bars.
ﬁigh moisture content in soil is also known to retard the

nitrification process. Parker and Larson (1962) showed that nitrate

production was retarded at soil moisture tension below 50cm of water

(=0.05 bar). At a higher moisture levels, considerable mineral nitro-

gen was lost from soil, The high moisture content inhibits respir-

ation of autotrophic nitrifiers which require oxygen to carry out

26
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the nitrification process. On the other hand, this condition
promotes the proliferation of non-specific heterotrophic denitrifiers

resulting in loss of mineral nitrogen by denitrification.

Aeration
A s0il matrix is made up of. three phases, solid, liquid and
'gaseoué. Since solid space cannot be taken over by liquid and gases,

the gaseous space and liquid'space have an’ inverse relatiOnships.
Since nitrification of mineral nifrogen in soil is mainly

cafried out by obligate aerobic autotrophs, oxygen is essential

for the process. In an oxygen deficient soil,Aammonium tends to

accumulate (Waring and Bremner,l964; Patrick and Wyatt,1964) and nit-

rate, if present in soil, will be reduced to nitrite by non-specific

heterotrophs and then to one or more of the gaséous nitrogen

NO, N

compounds, N 0 and N02 (Wijler and Delwiche,1954; Cady and

2? 2
Bartholomew, 1960; Patrick and Wyatt,1964; Schwarzbeck et al.,196l;

Bailey and Beauchamp,1973; Bollag et‘al.,1973). The oxygen demand

for the Nitrosomonas spp. and Nitrobacter spp. is quite high.

Nitrosomonas spp. requires approximately 1.5 mole oxygen for the

oxidation of one mole of NH4+ (the energy substrate), while

Nitrobacter spp. requires 0.5 mole oxygen for the oxidation of

nitrite (Alexander,1965). The optimum percentage of oxygen for

rapid nitrate production is similar to that found in air.

NITROGEN FERTILIZER

Methods of nitrogen fertilizer application'
Nitrogen fertilizers are generally applied broadcast, with

the seed, uniformly incorporated into the soil or as a band appli-
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cation. In order to reduce the loss of ammonium and ammonium-yielding
fertilizers through ammonia volatilization, incorporation of these
fertilizers in’ soiis is preferred over the broadcast method where

the fertilizer is left on the surface (Ernst and Massey,l960; Vold,
1961; Stephen and Waid,1964). When ammonium and ammonium-yielding
fertilizers are applied with the seed, there may be phytotoxic effects.
This may result simply from a high osmotic pressure or from ammonia
and/or nitrite accumulation (Brage et al.,1960; Stephen and Waid, 1964;
Paul and Polle,1965; Bennett and Adams,1970; Carefool,1971).

During fertilizer application, the rate of 50 1bsN/acre, for
example, which results in 25 ppm N if uniformly mixed with top 6 inches
of soil, can never be attained in the field. Thus, the concentration
of nitrogen near the fertilizer pellets and granules is frequently

several hundred ppm.

Chemistry of nitrogen fertilizers

Most nitrogen fertilizers are water soluble. Upon contact
with moist soil, the nitrogen fertilizer dissolves and immediately
forms a local environment which is éither acid, neutral or alkaline
in reaétion depending on the form. and amount of nitrogen fertilizer
employed.

Ammonium sulfate, ammonium nitréte and ammonium chloride
produce an acid environment in the immediate vicinity of the fertilizer
zone when dissqlved in tﬁe soil solution. On the other hand,
ammonium carbonate and diammonium phosphate produce a locally alkaline
environment. Urea prodqces a similér effect since it hydrolyzes

rapidly to form ammonium carbonate which is an alkaline salt. However .



potassium nitrate, sodium nitrate and calcium nitrate aré%essentially
neutral (Fuller,1963; Alexander,1965); The effect of fertilizer
additions on the soil reaction near the fertilizer zome is usually
temporary. This is particularly true where an ammonium sélt, which

is subject to nitrification, has been applied.

Nitrification near the fertilizer =zone

A nitrogen concentration gradiént usually exists at the prox-
imity of the fertilizer pellets and granules. When anhydrous and
aqua ammonia is injected to soil, both ammonia and ammonium are ad-
sorbed readily by soil materials. The distribution of these ions
near thé fertilizer zone depends on the rate of application, clay and
organic matter content and moisture (Jackson and Chaﬁg,1947; Parr
and Papendick,1966; Papendick and Parr,1966; Parr,1969). The high
local concentration éf ammonium and ammonia has a partial sterilizing
effect (Eno and Blue,1954,1957; Parr,1969). The sterilizing effect
on fungi is the greatest. However, bacteria and actinomycetes de-
crease in numbers initially but increase in'numbers as the local
ammonium and/or ammonia ébncentration and soil pH begin to decrease.
Subsequently, oxidation of reduced nitrogen proceeds at the periphery
. of the ammonia and/or ammonium retention zone where the nitrifiers
are more active, |

Tﬁe above processes that occur with aqua and anhydrous ammonia
may also be applicable when granule or pelleted solid fertilizers
are placed as bands in the 'soil drilled Qith the seed or are concen-~
trated in ldéalized areas after broa&cast application.

There have been relatively few studies on the transformation

of band-applied nitrogenous.fertilizers. Hauck and Stephenson (1965)
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have éhown that nitrogen granules can either stimulate or retard
nitrification depending on the granule size, pH of the granules site
"and the ammonium concentration. They reportéd that large granules,
high rates of nitrégen application, low soil buffer capacity, as well
as an alkaline pH of the immediate granule environhent, may lead to
nitrite accumulation even in acid soils. Similar observations were
obtained by Isensee and Walsh (1971). They also observed the pH and
ionic composition within and near a fertilizer zone are totally dif—
ferent from that of the surrounding soil. The availability of certain
elements; K, Ca and Mg, and the microbial population are altered at
and neaf the fertilizer zone (Isensee and Walsh,1971,1972). Nitrite
accumulation was observe& in alkaline soil (pH 7.1) with various
band-applied fertilizer combinations of monocalcium phosphate,
potassium chloride, ammonium nitrate, diammonium phosphate and urea.
However, high to toxic levels of nitrite only accumulated near the
fertilizer band when urea was present. Bezdicek et al. (1971),

using an alkaline soil (pH 8.2) and three nitrogen carriers, di-
ammonium phosphate, ammonium sufate and ﬁrea, found that the geometry
of the fertilizer granule spacing in the soil influences the rate of
+

NHZ«N disappearance and appearance of NOE—N.’ They showed that NI-I4

from diammonium'phosphate wvas confined largely to the granule site

while diffusion of NHZ from (NH4)ZSO4 and urea was more intense.

Although NOZ accumulated with the three carriers, urea applicatioﬁ
resulted in the greatest amount of nitrite and free ammonia which was
correlated with the highest éqil pH (Bezdicek et al.,1971). Wetselaar
et al. (1972) investigated the distribution of NHZ, NOE and NOE at

yarious times within a soil column (pH 7.8) when ammonium sulfate and
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urea were band-applied. Their results indicated that the nitrogen-
containing ionic species produced and their distribution varied with
tiﬁe and also depended on soil properties and the nitrogen carrier
used. A large quantity of nitrite was accumulated following urea
‘application while only a very small quantity was produced from am-~
monium sulfate. They attributed this to the effect of urea on soil
pH. In é later study, Passioura and Wetselaar (1972) presented data
on pH changes near the fertilizer band during incubation.

+

A mathematical analysis of the NH NO_ and NO, distribution

4° 2 3

within a soil during constant addition of NHZ to the soil surface
under convective sjstems was presented by Cho (1971). His analysis
indicates that the distribution of various forms of nitrogen éom—
pounds within a soil aré functions of many vafiables such as nitri-

fying activities, cation'exchange_capacity'of the soil, diffusion

coefficient and solution velocity.
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MATERIALS AND METHODS

Soil samples

Four soils, acid Kéld, acid Wellwood (1), neutral Wellwood
(II) and alkaline Morton, were Eollected.in early fall, 1971 from
0-15 cm depths of cultivated fields.. Immediately after collection,
the soils were air-dried, ground t§ pass a 2 mm sieve and stored at
5C. The locations of the soils and some of their physical and

chemical properties are shown in Table 1.

Incubation column for band-applied fertilizers .

An incubation column was constructed using plexiglass sections
with an internal diameter of 3.85 cm and a length of l1-cm. These
l-cm sections were fastened by taping with black adhesive tape to
form a column of 12-cm in length (Fig. 2). One end of the column was
closed with an acrylic disc.

Experiment I. Transformation and movement of band-applied urea,
ammonium hydroxide and ammonium sulfate in soils

The incubation column described in the previous section was
packed loosely to a depth of 6 cm with soil moistened to field capacity.
The desired quantity of fertilizer was applied uniformly on the soil
surface where urea and ammonium sulfate were used, and 6 cm of
moistened soil was packed on top of the fertilizer. In experiments
involving ammonium hydroxide, the solution was injected through two
small opeﬁings (0.10 mm diam.) in the mid-section of the 12-cm column
after the column was filled with soil. Ammonium hydroxidé was used
to represent anhydrous ammonia. The nitrogen application was equi-

valent to 800 kg N/ha on area basis and corresponded to 92 mg N per




TABLE 1. SUBGROUP DESIGNATION, LEGAL

OF THE SOILS

Soil Name

Subgrquﬁ

| Legal Location
Texture

pH _
C.E.C.A(meq./lOO g)
Conductivity (mmho)
%Z Organic Matter

% CaCo

3
% H20 (1/3 atm.)

Keld

Gleyed Black

NE4-25-20W
SiCl
5.4

37.0
0.8

8.7

42.0

Wellwood I
Chernozemic Black

NE19-12-14W

CL

6.0

~.20.0

0.7

6'5

32.0

Wellwood IT
Chernozemic Black

NE19-12-14W

CL

.6.6
27.0

0.3

7.1

32.0

LOCATION, AND SOME PHYSICAL AND CHEMICAL PROPERTIES

Morton

Orthic Grey Wooded

SW26-16-2E

VFSL

8.2
13.0

0.3

2.6

- 17.6

17.0

€€
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FIG. 2. INCUBATION COLUMN

34




35

column. The quantities of individual compounds used were 0.2 g

(NHZ)ZCO’ 0.44 ml of 14.8N NH,OH and 0.44 g of (NH4)ZSO4 per column.

4
The weights of the dry soil required to fill a column were 95 g, 110 g
and 140 g for Keld, Wellwood II and Morton soils, respectively. The
rate of 800 kg/ha banded in thié experiment stimulates the fertilizer
band obtained when approximately 50 1bs of N per acre is plaéed in
a band 1" ﬁide and fertilizer bands are spaced 16" apart.

The columns were placed &ertiéally in a large desiccator
having a small opening ( 0.1 cm diam.) to allow air exchange.
‘Water was placed at the bottom of the desiccator to maintain a high
relative humidity so that the soil samples ﬁould not lose moisture
during incubation. Control soils without added ﬁitrogeﬁous fertili-
zers were incubated simultaneously in order to estimate the amount
of NHZ-, NOE— and NO;—N,ﬁerived from soils. The séil columns were
incubated at 20C for'periods of 2, 4, 6 and 8 weeks.

After incubation the columns were segmented into l-cm sections.
The soil in each section was analyzed for NH+—, NOE— and Nong. The
soil pH and moisture were also determined (details of the analyses
are described in a 1atér sectioh).

Experiment II. Effect of rate of nitrogen application on transformation
of band-applied fertilizers in neutral Wellwood II soil

Only neutral Wellﬁood IT soil was chosen for this‘experiment
because the results obtained from Experiment I indicated that this
soil differed from the other soils in nitrifying properties and
further investigations seemed desirable.

Three rates of nitrogen, 860, 200 and 100 kg/ha on an area

basis, were used which corresponded to 92, 23 and 11.5 mg N per column
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of Wellwood II soil (pH 6.6), respectively. The three fertilizérs,

(NHZ)ZCO’ NH,OH and (NH 50,, were applied in a band. The soils were

4 4)2
incubated at 20C for 2, 4, 6 and 8 weeks, and samples of the soil were’
analyzed as described in Experiment I.

Experiment III. Effect of temperature on transformation and movement

of band-applied nitrogenous fertilizers in neutral
Wellwood II soil

After band-application of 0.2g of (NH,),CO, 0.44ml of 14:8N NH,OH

2)2
in Wellwood soil (pH 6.6), the soil columns

4

and 0.44g of (NH4)ZSO4

were incubated at 10, 15 and 20C for 2, 4, 6 and 8 weeks. After

incubation, soil in each section was analyzed for NHZ

- NO;— and

NO3

N. Soil pH and moisture were also determined.

Experiment<IV. Effect of pH on transformation of band-applied urea
in Keld and Wellwood II soils

Wellwood II‘(pH 6.6) and Keld (pH 5.4) soils were used-for
this investigation in order to ascertain whether differences in the
nitrifying capacity of these soils couid be explained on the basis
of pH. Wellwood II soil was acidified to pH 5.4 wifh 20ml of 0.1N
HZSO4 per 100g dry soil., This was équiyélent to 2 meq H2304/100g
soil. The Keld soil was limed with 0.5g and 1.0g Ca(OH)Zper 100g of .
dry soil to increase the pH to 6.5 and 7.3, respectively. These
amounts were equivalent to 13.5 and 27.0 meq of Ca(OH)Z/IOOg soil.
The soils were preincubated for 1 week at 20C before 0.2g of (NHZ)ZCO,
equivalent to 92mg N, was applied in band as previously described.
The célumns were then incubated for 2, 4, 6 and 8 weeks at 20C.

3

Soil pH, moisture, NHZ—, NO;— and NO,-N were determined in the samples

after each incubation period.
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Experiment V. The recovery of banded KNO3 and KNO2 in presence of
added urea with Wellwood I soil

An acidic Wellwood (I) of pH 6.0 was used in this investigation
in order to simulate the soil acidity near the fertilizer zone of urea-
band-applied Wellwood II as observed in Experiment I. The Wellwood I

(pH 6.0) in this investigation was treated with KNO (NHZ)ZCQ + KNO

3’
in a band and incubated at 20C for 1 and 2

3’

KNO, and (NHZ)ZCO + KNO

2 2

weeks as described in-previous experiments. The samples were then

analyzed for NHZ—, NOE— and NOE—N. The fertilizer N treatments are

shown in Table 2.

TABLE 2. NITROGEN TREATMENTS IN ACID WELLWOOD I SOIL

Kg N/ha
Treatments (on area basisg)
1 11.5 mg KNO3 -N 100
2 11.5mg KNO, -N + 11.5mg (NH,),CO -N 200
3 11.5mg KNO, N | 100
4 _ 11.5mg KNO2 -N + 11l.5mg (NHZ)ZCO—N 200

Experiment VI. A mass spectrometric investigation on denitrification
from nitrite-treated soil

Twenty-gram samples of acidic Wellwood soil (pH 6.0) were

treated with 0.0985g of 15N—labelled and non-labelled NaNOz. The soil

and NaNO2 were carefully mixed resulting in a uniform concentration

of 1,000 ppm of NOE—N. The samples were incubated for 1 week in a

closed container (Fig.3), gas collected from the vessel containing

the soil was analyzed mass-spectrometrically by scanning for mass to




\ §10/18 $10/18 Y

A Soil incubation vessel (150 ml)
B Gas collecting vessel (20 ml)
C Inner adaptor $10/18

FIG. 3. INCUBATION APPARATUS FOR MASS-SPECTROMATRIC ANALYSIS OF

GASEOUS PRODUCTS DUE TO DENITRIFICATION.
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charge ratio (m/e) of 28 through 48. An air sample was also analyzed
in order to estimate the m/e of 28 to 48 present in atmosphere. It

was necessary to run the air sample simultaneously with the gas samples
since some nitrogen combined with oxygen to form oxides within the
analytical tube of the mass spectrometer.

During fhe assembling of the incubation apparatus (Fig. 3),
the gas collecting vessels were evacuated under high vacuum. After
the incubatioﬁ flask was in position, the stopcocks on the gas col-
lecting vessels were opened. fhis resulted in an atmospheric pres-
sure within the incubation apparatus of approximately 68 cm Hg. This
step was taken in order to avoid an atmosphere greater than 76 cm of
Hg within the incubation apparatus in the event that gases were pro-

duced during incubation.

Experiment VII. Recovery of band-applied (15NH2)2C0, 15NH40H and

from Wellwood II soil by 15N tracer

L15
( NH4)2304
technique

Five hundredth (0.05) gram of (15NH2)2CO (29.7 atom % 15N

excess), 0.11 ml of 14.6N 15NH4OH (52.2 atom % lSN excess) and 0.11 g
of (15NH4)ZSO4 (52.2 atom % 15N excess) was banded at the mid-section

¢ s

of a 12-cm neutral Wellwood II soil (pH 6.6) column as described pre-
viously and incubated at 20C for = 1 and 4 weeks. Nitrogen-15
labelled urea and ammonium sulfate were obtained commercially from
Germany. Nitrogen-15 labelled ammonium hydroxide was not available

15

commercially and thus NH4OH was prepared from (}SNH 50, as de-

42250
scribed in next sectionm.
After incubation the soil was mixed uniformly. Two 5-g samples

of moist soil were weighed out for total nitrogen and lSN -abundance

determinations. Two 10-g samples of moist soil were weighed out and




40

extracted with 100 ml 2N KCl for total inorganic nitrogen and 15N

determination.

Preparation of 14.8N 15NH OH (52.2 atom % 15N)

4

. Two grams of NaOH was dissolved in 3 ml of distilled water in
a 25 ml Erlenmyer flask with the>attachm¢nt’as shown in Figure 4.
Three grams of (15NH4)ZSO4 (52.2 atom % 15N) was added to the flask.
Then it was closed immediately with'-a rubber stopper to avoid a large
loss of ammonia in the initial reaction.v The test tube (10 ml) was
immeréed in liquid nitrogen in order to freeze the volatilized ammonia
onto the test tube. When the reaction in the Erlenmyer flask stopped,‘
another portion of NaOH (2 g) was added to the flask. More NaOH was
added until no reaction occurred upon addition of NaOH. Three mill-
ilitres of distilled water was pipetted into the test tube containing
ammonia.  The test tube was then sealed tightly and removed:from' the
flask containing liquid nitrogen. The ammonium hydroxide concentration
wvas determined by titrafion of 1 ml of the prepared solution with
iN HZSO4’ and the 15N abundance was determined mass spectrometrically.

15

The "“NH,OH was then stored in the refrigerator.

4

Experiment VIII. Nitrification of urea in soil suspension and
the nitrifier population

An incubation vessel described by Pang (1970) (Fig. 5) was
used for this investigation. Half a gram (0.5 g) of acidic Keld,
neutral Wellwood IL and alkaline Morton soils was shaken in 25 ml
of 0, 25, 50, 75 and 100 ppm N of urea solution in the incubation

vessel (Fig. 5) for 1, 2, 3 and 4 weeks at 20C on a rocking apparatus.




A Dewar flask containing liquid nitrogen
B 10 ml test tube to collect ammonia gas
| C 25 ml Erlenmyer flask containing (NH4)2804, NaOH and
» distilled water
D Glass tubing, 0.25 cm I.D. diam.
E Rubber stoppers _
F Rubber stoppers

FIG. 4. APPARATUS FOR PREPARATION OF 15NH4OH (52.20 atom % 15N)

L
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A Size {#3 rubber stopper
B Size #1 rubber stopper
c 0.5 g soil + 25 ml urea solution

42

FIG. 5. INCUBATION VESSEL FOR THE STUDY OF NITRIFICATION IN SOIL

SUSPENSION.
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The stopper (size #3) on the incubation vessel was removed daily for

5 to 10 minutes to allow air exchange. After incubation, the pH of
the soll suspension was measured before extraction of the inorganic
nitrogen. The nitrogen was extracted by adding 3.75 g KC1l to provide

2N KC1 solution and the solution filtered.

Estimation of nitrifier numbers

Enumeration of Nitrosomonas spp. and Nitrobacter spp. in soils

was obtained by the most-probable-number (MPN) method described by
Alexander and Clark (1965).

Ten grams of mdistvsoil at field cépacity was transferred to
a water blank containing 95 ml of sterile distilled water. The tightly
capped botfle was shaken vigorously by hand for 5 minutes. A 10-‘2
dilution was established by transferring a 10-ml aliquot from the soil
suspension to a 90-ml water Blank. Transférring 10 ml quantities to
further sterile water blanks of 90 ml provided dilution series through
10“5 for Keld soil aﬁd 10._7 for Wellwood II soil and Morton soils,

From the highest dilution and the four next lower and consecutive

serial dilutions prepared, 1 ml aliquots were transferred to each of

5 tubes containing ammonium-calcium carbonate medium for Nitrosomonas
and 5 tubes containing nitrité—calcium carbonate for Nifrobacter.
The inoculated tubes were incubated for 3 weeks at 28C. After in-
cubation a qualitative test for the presence of nitrite was made
using the Griess-Ilosvoy reagent and for nitrate using the Zn—Cu—MnO

2
mixture as described by Alexander and Clark (1965).

Chemical Anaiysis

b

Théusoil pH was measured with a digital pH meter equipped with
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glass and calomel electrodes (Model 801, Ionalyzer Orion Research)
using a 1l:4 ratio of soil and water. Samples were shaken for 30

minutes before the soil pH was determined.

-

Exchangeable potassium

Two and a half grams of soil was shaken for 1 hour with 50 ml

IN NH,OAc. The potassium in the soil extract was determined by flame:

'photometer via a Technicon autoanalyzer.

Available phosphorous (NaHCO, extractable)

3

Two and a half grams of soil was shaken with 50 ml of 0.5M

3 solution for 1 hour. The NaHCO3 extractable phosphorous was

determined colorimetrically using a Technicon autoanalyzer.

NaHCO

Calcium: carbonate

The CaCO, content was determined manometrically by the method

3
described by Skinner et al. (1959).

Organic matter

The potassium dichromate-conc. H2504 oxidation method described

by Peech et al. (1947) was employed to determine the soil organic
matter. Samples of 0.5 g were used and after oxidation the excess
chromic acid iﬁ the solution was back titrated with 0.5N FeSO4using

an automatic titrator.

. Electrical conductivity

The conductivity was measured on a soil-water (1:4 ratio)
suspension with a Radiometer direct reading conductivity meter (Type

CDM 2, Bach-Simpson Ltd.).




Cation exchange capacity"

The cation exchange capacity was determined by the ammonium
saturation method of Chaphan (1965) in which a 25-g soil sample was
4OAC (pH 7.0). Afte; filtering the excess
NHAOAc was washed from the soil with 200 ml of 95% ethyl alcohol.

shaken with 250 m1 1IN NH

Then the soil was leached with 250 ml 1N NaCl solution to remove
ammonium from the exchange sites. The leachate was distilled into
50 ml boric acid (4%) solution. The ammonium in the distillate was

‘determined by titration with 0.1N HZSO4.

Total nitrogen

Total nitrbgen including ﬁitrite and nitrate, was determined
as described by Bremnef (1965). The method involved a pretfeatment
of 5-g of.moist soil with 5% potassium permaganaté to oxidize nitrite
to nitrate. This ﬁas followed by reduction of nitrate to ammonium
by iron powder in a slightly'acid solution. The pretreatment usually
required 15-20 minutes afper addition of the finely ground iron
powder. It was followed by the conversion of organic nitrogen to
" ammonium by digesting for 3 hours in a pixture of 25 ml cone. HZSO4 :

and a catalyst (Kel-pak) containing 0.3 g CuSO, and 10 g KZSO4' The

4

ammonium in solution was converted to ammonia with 60 ml conc. NaOH

by distillation. The ammonia was collected in 25 ml 0.1N H2804 con-

taining methyl red indicator. The total nitrogen was calculated from

the titration of the distillate in 0.1N H2804 with 0.1IN NaOH.

When 15N analysis was required, the titrated solution was made
acid with 1 drop of conc. H2804. Then the acidified solution was
reduced to a volumne of 10 ml by evaporation, and stored in test

tubes. This condensed solution was then converted to'nitrogen gas -

45
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in vacuum by NaOBr. The nitrogen gas was analyzed for mass to charge
ratio (m/e) 28 and 29 mass spectrometrically as described by Pahg

(1970).

Total inorganic nitrogen by the distillation method

Ten grams of wet soil was shaken for 1 hour in 100 ml 2N KC1l
solution to extract the nitrogen.  Eighty millilitres-gfsoil éxtract'
was pipetted'into an 800 ml Kjeldahi flask, and 100 ml distilled _
water was édded,making a total volume of 180 ml. Then 50 ml conc.
NaOH was added sldwly, and it was followed by addition of 1.5 g
of Devarda's alloy (British Drug House, England). The ammonia re-
leased was distilled into 30 ml Q.Olﬁ H2504 containing methyl red
indicator. The distillate was back titrated with 0.0lN NaOH. Tﬁe

15 s ' . ; .
abundance of "N was determined as described in previous section.

Ammonium nitrogen

The inorganic nitrogen was extracted by shaking 5-g of moist
soil in 50 ml.of 2N KC1 solution for 1 hour. The suspension was
fi1£ered through Whatman No. 42 filter paper. The ammonium was de-
termined colorimetrically by Nessierizétion as described by Jackson
(1958).

-Five millilitre of extract was pipetted into a 50 ml volu-
metric flask, followed by 2 ml of 107 sodium tartrate and a pinch of
gum acacia., Approximately 30 ml of distilled water was added and
the solution was mixed thoroughtly. Then 2.5 ml Nessler reagent was
added and the solution diluted té 50 ml with distilled water. The
intensity of the:yellow color developed was measured spectrophoto-

metrically using the wavelength of 410 nm. A standard curve was
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\

construcﬁed everytime a new set of samples was analyzed. The standard
solutions COnsisted of»OaS,-1.0,>1.S, 2.0, 3.0, 4.0 and 7.0 ppm N of

NH4C1.

Nitrite and nitrate nitrogen

The nitrite and nitrate nitrogen were determined using the
same soil extract prepared fof the ammonium determination.  From the
same aliquot of soil extract, nitrite and the sum of nitrate and
nitrite were determined colorimetrically using a Technicon autoanalyzer
as outlined by Kamphake et al. (1967). The nitrate content was es-

timated by difference.

Soil 15N analysis

The determination of 15N abundance in soil involved three
steps:

1. Kjeldhal digestion of soil as described in the section for.
total nitrogen determination. |

2. Conversion of ammonia to molecular nitrogen by sodium hypo-
bromide (NaOBr) in a vacuum system as outlined by Pang (1970).

3. The nitrogen gas was analyzed mass spectrometrically for

m/e 28 and 29. The abundance of 15N was expressed as atom percent
15

N excess which was calculated using the.following equation:
o 15 _ 100 _
Atom Z TN excess = (i 2 .0.367

in which R is the ratio of the relative peak height of mass to charge
(m/é).of 28 and 29 and the value of 0.367 is the atom percent,lSN in

the atmosphere.




RESULTS AND DISCUSSIONS

Experiment I. Transformation and movement of band-applied urea,
ammonium sulfate, and ammonium hydroxide during
incubation in three soils

This investigation was undertaken to determine the distri-
bution and persistence of ammonium from three different fertilizer

materials, their transformation, and their effects on local pH in

three soils incubated at 20C for various times. The nitrogenous

materials were band-applied at the rate of 92mg N of (NHZ)ZCO’

| NH, OH and (NH4)28047 This amount of nitrogen is equivalent to 800

kg N/ha on an area basis. The soils wéré‘Selected on the basis of

pH: one being acid, one near neutral, and one alkaline.

Effects of nitrogen fertilizer on soil pH

In the Keld soil (pH 5.4), application of both urea ahd am-

monium hydroxide resulted in a marked increase in pH (Fig. 6A) near

the point of application after 2 weeks incubation. ‘There was re-
latively little change in pH between the 2 and 8 weeks incubation
pgriods, although there wasusome reduction in pH aBout 3.5 cm above
and bélow the point of fertilizer application, particularly where:
urea was applied. Ammonium sulfate resulted in a slight decrease in
pH in fhe Keld soil with the pH remaining quite constant throughout
thg incubation period.

In the Wellwood II soil (pH 6.6), the pH (Fig. 6B) had in-

creased markedly near the point of application after 2 weeks incu-

bation when urea or ammonium hydroxide were applied. In both instances

the pH had decreased after 4 weeks incubation and by the time the soil

had been incubated 8 weeks soil columns to which these carriers had
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been added were below pH 6 throughoﬁt, with pH slightly higher near
the point of fertilizer applicatibn and at each end. Application of
ammonium sﬁlféte resulted in a sharp decrease in the pH of the
Wellwood II soil., This was most pronounced near the point of ferti-
lizer application, particularly after 2 weeks incuﬁation. There was
a substantial lowering of soil pH tﬁroughout the column after 8 weeks
incubation.

Changes in pH in the calcareous Morton soil (pH 8.2) (Fig. 6C)
were relatively minor. This was because it was too alkaline for urea
or ammonium hydroxide to increase its PH and contained sufficient
calcium carbonate to resist a pH drop due to acid products of nitri-

fication reactions.

Distribution of various forms of nitrogen in acid Keld soil (pH 5.4)

There was virtually no NO2 or NO3_in the Keld soil af;er 2
weeks incubation (Figs. 7, 8, 9) irrespective of the fertilizer material
applied. The shape of the distribution curve of ammonium form was
very similar to that of a normal distribution curve. With increasing
time of incubation, the peak height of ammonium form decreased and
spread outward. A noticeable production of No; was observed that
amounted to about 15-20% of the fertilizer nitrogen applied aftgr
3
about 3,5 cm above and below the middle of the column. These positions

8 weeks. The positions of maximum NO ‘concentration were located

: +
correspond to the point where the greatest amount of H was produced

3

come from outside sections by diffusion because conditions were un-

(Fig. 6A). The NO, found in the middle of the column might have

favorable for nitrification in the middle with respect to pH and con-

centration of ammonium nitrogen (Bartholomew and Clark,1965;
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Passioura and Wetselaa£19725;..Tﬁe majority of the applied nitrogen
from all carriers was still in the form of ammonium even after 8 weeks
incubation at 206 as indicated by the comparison of the ammonium and
total mineral nitrogen curves (Fig. 7, 8, 9).

Distribution of vafious forms of nitrogen in the neutral Wellwood II
soil (pH 6.6)

After 2 weeks inéubation, the majority of applied nitrogen was
in the form of ammonium (Fig. 10, 11, 12). Unlike the Keld soil,
however, some transformation of ammonium to oxidized forms took place
in the first 2 weeks. With urea and NH, OH the formation of both
nitrité énd nitrate was evidenced (Figs. 10; 11) whereas only the
formation of nitrate was observed from (NH4)ZSO4 (Fig. 12). Both

nitrite and nitrate distribution curves are symmetrical with two

points of maximum concentration. The position of maximum NO2 concen-

tration was found near +1.5 cm where the ammonium concentration was

3

was found about +3.5 cm away on both urea and NH40H—banded Wellwood

ITI soil at 2 weeks. The position of maximum concentration of NO

above 1,000 ppm whereas the position of maximum NO, concentration

3
on (NH,),S0,-banded Wellwood II soil at 2 weeks was around +2.5 cm

from the zone of application. The pH near this position was approxi-
mately 6.0.

With increasing time of incﬁbation:the ammonium form decreased
and the oxidized form increased. The NOE concentration in both urea

and NHAOHfbanded Wellwood II soil at 4 weeks increased as compared

with the 2 week period (Figs. 10, 11). Also, the presence of two

2

merged into one. The presence of a single maximum concentration of

maximum zones of concentration of NO, disappeared, having apparently
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NOZ, the position that corresponds to that of the maximum concentration
of the ammonium form and,the minimum concentration of No; indicates
the interference of NOE oxidation to‘Nog by either a high ammonium or

a high NOE concentration. With (NH ) SO4 -banded Wellwood II soil at

4 weeks there was no detectable NO2 as in the 2 week period (Fig. 12).
However, the presence of‘two maximud points of NOE concentration ob-
served at the 2 week period had disappeared at the 4 week period and |
the amount of Nog_greatlybinereased. |

The ammonium form decreased greatly and NO, became the major

; 3
;form of nitrogen for urea and NH4OH—banded Wellwood II after 8 weeks
incubation (Figs. 10, 11). Nitrite had almoet disappeared and only.‘
a small concentration (approximately 1% of the initially added nitro-
gen) could be detected, although an appreciable amount of ammonium
(approximately 20% of the initially added nitrogen) was present.v The
concentration of NOE throughout the column was more or less uniform
whereas the ammonium form still‘exhibited a high concentration at the -

middle. In the (NH4)280 -banded Wellwood II soil the major form of

4
nitrogen after 8 weeks incubation was still the ammonium form (Fig. 12)
even though an appreciabie transformation of the ammonium form to

No; had taken place. The presence of a minimum concentration of

NOS in the middle of the column 1nd1cates some inhibition of nitri-

fication. This was probably due to a high concentration of the am-

monium form or the low pH.

Distribution of various forms of nitrogen in the alkaline Morton
soil (pH 8.2) :

After 2 weeks incubation there were small amounts of NOE and

NO3 produced in urea and (NH -banded Morton soil (Figs. 13, 15).

40250,
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However, nitrification of NH40H was negligible (Fig. 14). The shape

of the ammonium distribution curves at the 2 week‘period varied with

the different fertilizer materials. ' This will be discussed later in
conjunction with the calculated diffusion coefficient.

With increasing time of incubation the transformation of am—
monium to'nitrate took place very rapidly. The distribution curves
obtained from urea and (NH4)2804 applications at the 4 and 8 week
periods were almost identical (Figs. 13, 15). - There were two points

of maximum NO3 concentration about 3-3.5 cm from the middle of the

column at the 4 week period. There was a small accumulation of NO

2

iﬁvthe middle of thé column due to urea banding but this was not
noticeable with the (NH4)2804»treatment. The shape of the distribution
curve obtained from the NH40H treatment at the 4 week-pefiod was
distinctly different from that obtained by other treatments (Fig. 14).
It is not known why the difference was obtained, although it is pos-
sible that thié column had a moisture contentvin excess of the 1/3
atm tension so that downward movement of water and nitrogen took place.
After 8 weeks incubatioﬁ, the majdrity of nitrogen was ob-
served as NOS in urea and (NH4)2504 treatments (Figs. 13, 15). Only
a small quantity of ammonium was still remaining near the zone of
\application. With the NH4OH treatment, nitrificatién was less rapid

(Fig. 14), so a greater amount of ammonium remained after 8 weeks -

than with the other carriers.

Recovery -of> inorganic forms of nitrogen

The total inorganic nitrogen in Figures 7-15 represent the
3.

figures to present the distribution of all inorganic forms. The sum

sum of ammonium, NOE, and NO The curves were included in these
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of these inorganic forms was calculated as a percentage of the nitro-
gen added. The recovery ranged from a high of 115% to a low of 66%
(Table 3). The recovery of the original nitrogen as inorganic forms
was relatively constant for both the acidic Keld and alkaline Morton
during the period from 2 to 8 weeks incubation, irrespective of the
fertilizer materials. On the other hand, the recovery‘from the neutrali
Wellwood II soil decreased with increasing time of incubation. Com-
parison of the fertilizer materials, irrespective of the duration of
incubation, indicates that the recovery was alwayé lower with NH4OH
than with urea or (NH4)2804. Effects of soil characteristics upon
recovery are difficuit ta explain because of the chanéing nature of
recovery with time. However, up to 2 weeks incubation, the lowest
recovery was obtained from alkaline Morton soil irrespective of the
fertilizar material. There is, at present, no further explanation
for these variations other than that they are functions of soil
characteristics, fime qf incubation and the fertilizer materials.
Disappearance of nitrogen could have been due to volatil-
ization of ammonia, ammonia fixation, denitrification or nitrogen
immobilization. Immobilization and amﬁania volatilization are means
of disappearance that would most likely occur early in the incub-
ation period. Because some disappearance took place between the &
and 8 week incubation periods it seems probable that some denitri-

fication took place.

Diffusion coefficients of ammonium in three soils

Diffusion coefficients of ammonium in the experimental soils
were determined by employing the distribution curves of ammonium at

" the 2 week period. A method of plotting the normal distribution curve




TABLE 3. PERCENT RECOVERY OF ADDED FERTILIZER N AS TOTAL INORGANIC
" INCUBATED AT 20C FOR VARIOUS TIMES

NITROGEN FROM SOILS"

(NHZ)ZCO (NH4)ZSO4 NH4OH
Soil 2 wk -4 wk 8 wk 2wk . 4wk 8 wk 2 wk 4 wk 8 wk
Keld . 109 106 102 109 105 99 89 87 99
Wellwood [ 115 91 85 100 98 88 91 -84 66
Morton 93 93 94 95 95 94 81 82 83

%9
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into a probability plot (Kreyszig,1968) to obtain standard deviation
was employed. D was calculated from the relation,.ah =¥2Dt, where
o 1s the standard deviation, t is the time, and D is the diffusion
coefficient of ammonium in porous media. In every instance the pro-
bability plot showed”a 1inear relation.

The reéults (Table 4) indicate thatlthe diffusion coefficient
is a function of fertilizer material and soil characteristics.

TABLE 4., CALCULATED DIFFUSION COEFFICIENT OF NH+ FROM THREE
NITROGEN CARRIERS IN THREE SOILS AT 206

Diffusion coefficient (cmZ/sec X 106)

Soil | (M) ,CO (NH,) ,50, NH,, OH
Keld ' 0.64 0.82 0.70
Wellwood II 1.52 0.73 . 1.93
Morton o 1.89 o 1.24 3.73

With the Keld soil, the highest value of D was obtained with
(NH4)ZSO4, whereas with the other two soils the lowest value was
4)2804 and the highest value with NH40H. That the

lowest value was obtained with (NH4)2804 on neutral and alkaline soils

obtained with (NH

was understandable because the fraction of nitrogen in the NH+ form

4

increases with decreasing pH and the diffusion coefficient of NHZ is

smaller than, say, NH,OH due to ion-exchange reaction. The increased

4
value of D of ammonium from (NH4)ZSO4—banded Keld is a little more

difficult to explain, However, if one assumes that the majority of

the negative charge in the acid Keld soil is contributed by organicmatter.




whose isolectric point is near pH 5, then the addition of (NH4)ZSO4
might increase the value of D. >If this assumption is correct, the
increased value of D of ammonium from (NH4)ZSO4 is due to a reduction
in the cation exchange capacity of the acid soil caused by H+ pro-
duced from‘(NH4)2804. The values of D of ammonium obtained using
urea and NH40H indicate that the value increased with increasing
soil pH. It is not known whether pH waé the only factor that affected
the increase in the value of D by modifying the ratio of NH4+ to
NH4OH. Unfortunately, the soils chosen for this study had decreasing
cation excﬁange capacity with increasing‘soil pPH.

The higher value of D obtained for NH4OH as compared with that
for urea is difficult to explain. One probaﬁlg cause may lie in
the fact_that urea was solid and NH4OH was liquid, thereby modifying
the moisture fransport near the banded zone during the diffusion pré—
cess, |

The importance of the value of D lies in the fact that it de-
termines the degree of spread of banded ammonium. The standard de-
viation, whose relationship with D was presented earlier, not only
determinés the spreaﬁ but also the maximum concentration at the zone
of application, Becéuse the nitrification is inhibited by a high
osmotic concentration and unfavorable pH (Bartholomew and Clark,1965;
Morrilland Dawson}l§67), the diffusion coefficients of ammoniuﬁ,
hydrogen, and hydroxide all play'an:important role in controlling
nitrification near the point of application of fertilizer, and hence,

the persistence of the ammonium form of nitrogen in the soil following

fertilizer application.
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Summary
Banding of fertilizer materials greatly modified the local pH,

the magnitude of which was dependent upon the soil characteristics
and the kind of fertilizer. Ammonium sulfate lowered the local pH
whereas urea and NH40H faised the local soil pH ini;ially, although
as nitrification proceeded there was a decrease in pH throughout
the soil column.

The maximum rate of ammonium oxidation took place not at the
middle of the fertilizer band but near the edges of the diffuse zone.
The progress of the oxidation was characterized by the decrease in
. pH at the zone where this process takes place. Thé oxidation of
ammonium was slow in the acidic Keld soil but relatively fast in
neutral Wellwood II and alkaline Morton soils. Soil pH was not the
only factor that‘slowed down the transformation since (NH4)ZSO4—banded
Wellwood II soil produced more of the oxidized form of nitrogen than
either urea or NH40H—bgnded Keld soil, even though they had similar
pH values near the edgeskof the zone of ammonium accumulation. Nitrite
was observed during the incubation périod in a relative high concen-
tration With urea and NH40H—banded Weliwood IT soil. A comparison of-
this zone with the pH distribution curve indicated that the pH was
near 7 where nitrite was produced. ’

| Recovery of inorganic forms of nitrogén varied a great deal.
Relatively constant recoveries, even though they are not necessarily
100%, were obtained with acidic Kéld and alkaline Morton soils. With
the neutral Wellwood II soil, however, the percentage recovery |
decreased with time irrespective of the fertilizer materials.

Diffusion coefficients of ammonium in the soils were calculated.




They varied depending upon the types of soil or the fertilizer
materials. Generally, restricted movement of ammonium away from

the zone of application eventually retarded the transformation.
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Experiment'II. Effect of rate of nitrogen application on trans--
formation of band-applied fertilizers in neutral
Wellwood II soil

In the previous experiment, it was observed that Wellwood II
(pH 6.6) soil accumulated the largest quantity of NOE#N during in-

cubation when band-applied with 92 mg N of (NHZ)ZCO and NH,OH. It

4
was postulated that this could have been due to the effect of a high
concentration of ammonium nitrogen and possibly a pH effect near the
fertilizer zone. This investigation Waé undertaken to ascertain the

rate of N under which NOE—N accumulation would occur in Wellwood II

soil.

Band application of 11,5 mg N (100 kg N/ha on an area basis)

This concentration of fertilizer seldom occurs in the field
when fertilizer is broadcast, although concentrations equal to or
greater than this may occur if fertilizer is drilled with the seed
at 20 1bs N/acre or more in a 6" row spacing. When fertilizer is
banded at wider row spacings mugh greater concentrations can readily
occur. ”

Whénlll.S mg N of (NHZ)ZCO, NH4OH and (NH4)ZSO4 Qas banded
in the ﬁeutrél Wellwood II soil, nitrate was the only end product
(Fig. 16, 17, 18) after 3 days_fo 2 weeks incubation, and it amounted

to 36%, 27% and 24% of the band-applied (NHZ)ZCO’ NH,OH and (NH4)250

4 4°

' respectively.

This concentration did not result.in a 1arée change in the
soil pH at the fértilizer-zone and the area affected by the fertilizer
zone was small. Figure lé shows that the area within which the pH was
affected by the banded fertilizers was approximately 1-1.5 cm below .

and above the fertilizer zone. During the incubation period of 3 days
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to 2 weeks, the pH within the entire column was near or above pH

6.0 irrespective of the nitrogen carriers.

Band application of 23 mg N (200 kg N/ha on an area basis)

The course of oxidation of the ammonia form at this rate was
quife different from that which occurred at the lower rate (11.5 mg
N). Five to ten percent of the banded nitrogen, irrespective of the
carriers, was oxidized to nitrite and’nitrate after 1 week incubation
(Figs. 20, 21, 22); Nitrite'amounting to 1-2% of the banded (NHZ)ZCO
Jénd NHAOH.was detected at this period. The zone of maximum of nitrite
accumulation coincides with that of maximum ammonium concentration. -.

This observation indicated that NOE-N was formed at the fe:tilizer

zone, and diffused outward from the zone of fertilizer application

in response to a concentration gradient. In Experiment I the zone

of maximum nitrite éccumulation during 2 weeks incubation was not
located at the fertilizer zone but at a»distance from.the fertilizer
zone where the ammonium concentration was lower and the soil pH

wés more favorable : T for ammonium oxidation. This suggesté that -
the combination of NHZmN and the soil pH was toxic to the Nitrobacter
spp. but the degree of toxicity was less fhan when 92 mg N of
(NH2)200 and NHAOH was banded in tﬁe Wellwood . II soil. After 2 weeks
incubation, nitrite accumulation was at its maxiﬁum, approximately
10% and 6% of the banded (NH2)2C0 and NH,OH, respectively. With
increasing time of incubation up to 4 weeks only a detectable amount
- of nitrite, ?? for (NH2>2CO and only a trace (0.1%) for NH4OH was
observed.

There were two zones of maximum nitrate concentration at

approximately 2.5 cm from the zone of fertilizer application after
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one week of incubation. The nitrate peaks  merged into one after 2

weeks incubation with (NHZ)ZCO and after 4 weeks with NH,OH-banded

4
soil. By the end of the incubation period of 4 weeks the majority

 of the total inorganic nitrogen was present as nitrate, approximately

67% and 57% of banded (NH,),CO and NHAOH, respectively.

2)2

No nitrite was detected in (NH So4~banded soil after 1 and

82
2 weeks incubation (Fig. 22), but a trace (0.7%) of the banded

(NH4)2804 was detected as nitrite after 4 weeks incubation. The:
- .

rate of oxidation of the banded (NH4)ZSO4 was comparable to that of

(),

age of (NH4)ZSO4recovered as nitrate after 1, 2 and 4 weeks incubation

CO and NH4OH although nitrite did not accumulate. The percent-

~was 9%, 307 and 67% resﬁectively.

Band application of 92 mg N (800 kg N/ha on an area basis)

With a ééili higher nitrogen concentratiqn, 92 mg N, at tﬁe
fertilizer zone the distribution of the various ionic species of
nitrogen was different than with concentrations.of 11,5 and 23 mg N.
Since the distribution of nitrogen ionic speciés of the three nitrogen
carriers were discussed in the Experimgnt I, mention will be made
“here only of thévtiﬁéé'reqﬁired for the same percentage oxidation to
occuf in different cbncentrations of nitrogen. With (NHZ)ZCO 657
oxidation to nitrate took place in 8 weeks where 92 mg N wés added
apd approximately the same amount in 4 weeks where 23 mg N was added.

With nitrogen in thée form of NH,OH 507 oxidation was achieved in 8and 4

4
weeks with 92 and 23 mg N éoncentrations, respectively. Thirty per-
cent oxidation of the nitrogen in (NH4)2504 occurred in 6 weeks at

the 92 mg N level and in 2 weeks at the 23 mg N level., This shows

that the concentration of nitrogen in ammonium form at the localized
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area of soil had an effect on the rate of nitrification. It has been

shown by Parr (1959) that a high ammonia»concentratiou has a ster- \

i

ilizing effect on the nitrifier population and thus retards the rate

of nitrification.

Recoﬁery of inorganic form of nitrogen from three rates of N

Figure 23 shows that the recovery of added nitrogen fertilizer
as inorganic nitrogen décreased ﬁith time irrespective of the nitrogeﬁ
concentration and fertilizer source. Ibe rate of loss was éhe greatest
with (NH2)2C0 and NH4OH, and least withv(NH4)2804, ékcept where the
recovery of added nitrogen is greater than 100%. 1In this case most
of N loss may have been apparent rather than real. After the first
sampling period the récovery of (NHZ)ZCO and (NH4)ZSO4 with nitrogen
concentrations of 92 and 11.5 mg N, respectively were greater than
100%, this might have been the result of a higher rate of mineral-
ization in these samples as compared to the untreated soil. The re-
covery of NH4OH from the soil at the first sampling period, irrespec-
tive of thé concentration, was always lower than that of (NH2)200
and (NH4)ZSO4. This might have been the result of ammonia volatili-
zation during the transfer of NHAOH solution into the soil. This

will be discussed in Experiment VII.
\ .

Diffusion coefficient of nitrogen fertilizers as ammonium

The diffusion coefficient of the fertilizers as ammonium
banded at rates of 92 and 11.5 mg N pér s0il column was calculated

and is presented in Table 5.

g
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TABLE 5. CALCULATED DIFFUSION COEFFICIENT OF NH+ FROM THREE CARRIERS
' BANDED AT TWO RATES OF N IN THE NEUTRAL WELLWOOD II SOIL

AT 20C
Diffusion coefficient (D x 106 cmzﬂ/sec)
N-Carriers 92 mg N - 11.5 mg
(NHZ)ZCO 1.54 1.25
NH40H . 1.59 ) 1.36
(NH4)2804 ) 1.02 1.00

The diffusion coefficient (D) for 92 mg N is élightly different
_from that shown in Tableyh (ﬁxperiment I). The values listed in
Table 4 were based on the NHZ remaining after 2 weeks incubation
during which time oxidation of some of the ammonium nitrogen took
place. The values of D for 92 mg N shown here in Table 5 are for
samples treated with 100 ppm of N-serve (on soil weight basis) so
fhat nitrification was inhibited (see Fig. 24). ﬁ—serve was not used

for 11.5 mg N rate since nitrification had not taken place in the

soil banded with N carriers after 3 days incubation (Figs. 16, 17, 18).

'Table 5 shows that the order of the diffusion coefficients of three
carriers is the same with the 2 rates of N, 92 and 11.5 mg N. They
are in the order NH4OH 5’(NH2)ZCO >'(NH4)2504. ‘The approximated D
based on thé NHZ—N'at the first sampling period of 3 days and 2 weeks .
for 11.5 and 92 mg N, respectively, was smaller with_11.5 mg N rate
than that of 92 mg N rate. This was probably due to a smaller NHZ—N

concentration gradient with a smaller quantity of fertilizer.
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Summary

The oxidation of banded nitrogen fertilizer was fastest when
neutral Wellwood II (pH 6.6) was banded with 23 mg‘N per column,
slowest with 92 mg N and intermediate with 11.5 mg N, irrespective
of the N qarriers, during 2 weeks of incuEation. Theoretically the
rate of 11.5.mg N has the least effect on the activity of the nitri-
fiers and hence should be nitrified most rapidly. For some unknown
reason this was not the case. It may have been because the quantity
of nitrogen at the diffusion zone was not large enough to stimulate
microbial growth. On the other hand, band application of 92 mg N
was toxic to the nitrifiers and resulted in very slow oxidation of
the band-applied nitrogen.

Nitrite accumulation increased with increases in rate of
either (NH2)200 or NH40H nitrogen application. There was only a
trace of ﬁitrite detected with (NH4)2804, irrespective of the rate
of.N. However, the modified soil pH upon fertilizer addition should
not be overlooked. It may also play a role in nitrite accumulgtion
since the final soil pH ofba fertilized soil is related to the
quantity of N banded in the soil. The effect of soil pH on trans-
formation of band-applied fertilizers will be,studied : in a later
experiment.

The highest recovery of added fertilizers as total inorganic

2
banded with 11.5 mg N, irrespective of the N carriers. At this rate

" nitrogen (NHZ, NO, and NOS) occurred in neutral Wellwood IT soil
nitrite did not accumulate. The recovery of fertilizer N as total
inorganic N with the other 2 rates, 92 and 23 mg N, was almost equal
with (NH2)200 and NH4OH banded soil. This lower recovery of added

nitrogen was associated with nitrite accumulation.
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Experiment III. Effect of temperature on transformation and move-—
ment of band-applied nitrogenous fertilizers in
neutral Wellwood II soil

In order to study the effect of temperature on band-applied
N fertilizers, Wellwood II (pH 6.6) soil was banded with 800_kg
N/ha of urea and incubated at temperatures 10, 15 and 20C. 1In )
the area where the Wellwood II soil was collected during the growing
season the soil temperature at 0-15 cm depth ranges from 25-10C,
except at the iﬁmediate soil surface. Wellwood II sbil\was used in
this experiment because aﬁoné the three soils used in Expérimentll
it was the only one that produced significant amounts of nitrite.
One of the purposes of this experiment was to determine the effect
of temperature on the tendency to produce nitrite.

After 2 weeks incubation the greatest amouﬁt of nitrification
of banded urea took place at 20C (Fig. 10), and little or no nitri-
fication occurred at 10 and 15C (Figs. 25, 26). With increased time
of inpubation<mué£ more nitrite was accumulated at 10 and 15C than
at 20C. After 6 weeks incuﬁation at 10C, more than 1,900 ppm NHZ—N
was present at the zone of fertilizerﬂapplication vhile at 15 and
20C only about half of this amount reméined at the fertilizer zbne;
After 12 weeks incubation at 10C the distribution of the NH+—;

;— and NQ;

weeks incubation although the quantities of the different ionic

NO -N was almost the same as those at 15 and 20C after 6
species of nitrogen differ at each temperature. This shows that the
rate of nitrification is very slow at 10C as compared to that of 15
and 20C. A large quantity of NOE, equivalent to approgimately the
same quantity of NO£~N that accumulated at 20C after 4 weeks incu-

bation, was present at -10C after 12 weeks (3 months) incubation.
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This suggest that nitrite persists in soil for a long period when
.the soil temperature is low. Low temperature causes a slower dif-
fusion of fertilizer N from the zone of application resulting in an
accumulation of ammonium near the fertilizer zone. Low temperature
also restricted the activities of nitrifiers. Tyler and Broadbent
(1960) and Justice and Smith (1963) have shown that nitrite oxidizers
are very sensitive to low temperature conditions. Restricted Nitro-
_.bacter activity at 10C togethér with a high ammonium concentration
at the zone of application favors a gradual accumulation of nitrite
during ammonium oxidation. This can also account for the higher
accumulation of nitrite at 15C as compared.to 20C after the same
incubation period. The rate of change in soil pH within the soil
column as the fertilizer diffused from the zone of application‘was
related to»the rate of oxidation and the rate of-difquion of the
fertilizer material. The soil pH decreased 0.5 unit from 2-8 weeks
incubation at 20 and 15C (Fig. 27) where the oxidation of (NH2)2C0
was the‘greatest. However, the soilpr‘remained'quite constant
’throughout incubation period of 2-12 wéeks af 10C where the nitri-
fication process was relatively slow. 'Regardless of-the incubation
temperature, soil pH was highest at the fertilizer zone early in the
incubation period as a result of hydrolysis of urea to ammonium car-
bonate. With increase in incubation time, the soil pH decreased
g?aduallyias a.result of the lowering of NHZ—N from the fertilizer
zone by diffusion and nitrification of ammonium.

The diffusion coefficient of NHZ—

from 2 weeks data shows that the rate of fertilizer diffusion as

N from (NH2)200 calculated

NHZ—N decreased with decreasing soil temperature from 20 to 10C.

Table 6.
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TABLE 6. DIFFUSION COEFFICIENT OF NH+-N FROM THREE NITROGEN CARRIERS
'BANDED IN WELLWOOD II SOIL XT 10 AND 20C

Diffusion coefficient M x 106cm2;/sec)
10°C 20°C
(NHZ)ZCO . 1.06 - 1.54
NH40H , ' 1.38" 1.59
- (NH2)2504 0.80 1.02

A slow diffusion of banded ammonium or ammonium-yielding feftilizer
will cause a slower oxidation of the N fertilizer at the proximity
of the fe;filizer zone. .

Irrespective of the incubation temperature,bthe recovery of
band-applied urea nitrogen decreased with time (Table 7). The ex-
tent of N loss was greatést at 15C and least at 10C at which temper-
ature the nitrification of banded urea was the slowest.

When NHAOH was the nitrogen source, the rate of oxidation and
distribution of the reaction products were quite similar to those of
(NHZ)ZCO—banded soil (Figs. 11, 28, 29). 1In the case'of Eand—applied
(NH4)2804, the oxidation of the fertilizér was slow at.three temper—
atureé (Figs. 12, 30, 31). This was the result of reducéd local

soil pH (Fig. 32) which inhibits the nitrification process.

Summary

It was concluded that, irrespective of the nitrogen fertilizers,
nitrification was fastest at 20C, intermediéte at 15C and slowest at
10C. However, the difference between 15 and 20C d{minished after
2 weeks incubation. The extent of nitrite accumulation was related

to temperature and the fertilizer used. Maximum accumulation of
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TABLE 7.

PERCENT RECOVERY OF ADDED N AS TOTAL INORGANIC NITROGEN FROM WELLWOOD IT SOIL. IN~
CUBATED AT VARIOUS TIMES AND TEMPERATURES.

20¢ ‘, __1sc 10C
N Carrier 2wk 4wk 8wk 2wk 4wk 8wk 2wk 4wk - 8wk
(NH,) ,CO 115 91 85 97 88 79 101 93 ‘88
NH, OH 91 84 66 93 83 . 81 81 69 62
am,),80, 100 98 88 103 97 91 109 94

90
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nitrite near the fertilizer zone occurred after 8 weeks incubation
at 10C when urea and NH40H were band applied. waever, when the
incubation temperatures were 15 and 20C the maximum appearance of
nitrite occurred at 4 weeks. The formation of nitrite from (NH4)2304

was small and it was independent of temperature.
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Experiment IV. Effect of pH on the transformation of band-applied
urea in Keld and Wellwood II soils

Results of Experiment I showed that the nitrifying activities
of Keld (pH 5.4) and Wellwood Ii (pH 6.6) soils differed greatly.
Wellwood II soil was more active in nitrifying the band—aﬁplied urea
and produced a considerable amount of nitrite while Keld was the
least active. In order to ascertain whether the difference in be=
haviour of these two soils was due solely to a difference in pH, the
Keld soil was treated with Ca(OH)2 to increase its pH and the Well-
wood IT soil was acidified. These modified soils were then incubated

with urea and the transformation products were analyzed.

Effect of pH in Wellwood II soil.

" Nitrification in Wellwood II soil was inhibited during the first
two weeks- . of incubation by the lowering of pH to 5.5. The amounts

of oxidation products of NHZ in the natural Wellwood II were 987 mg

;—N and 700 ug NOE—N per 12 g of soil (Fig. 10).  However, the

amounts were 44 ug NO2

NO
' N and 76 ug No;-N per 12 g of acidified Well-
wood II soil (pH 5.5) at the end of 2 weeks incubation (Fig. 33).

After 4 weeks incubation, there weré similar amounts of
nitrite in the two treatments but at pH 5.5 there was 621 ug NOS—N/lZ g
soil as compared to 2153 ug No;—N/lz g of natural Wellwood II soil
(pH 6.6). Maximum nitrite accumulation occurred after 4 weeks incu-
bation at both soil pH values. After 8 weeks incubation, only detec-
table amounts of nitrite were present, and nitrate - accounted for
the majority of the mineral nitrogen although appreciable amounts of
w;

of soil pH affected both nitrosofication and nitrite oxidation.

-N was present in both soils. The results suggest that the lowering
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However, the degree of retardation on Nitrobacter spp. activity by

lowering the soil pH was greater than on Nitrosomonas spp..

When acidified Wellwood IT ('pH 5.5) and Keld (pH 5.4) sc}ils
of similar soil pH were compared, the acidified Wellwood II soil had
a different distribution pattern of the ionic species of nitrogen
'withih the soil column (Figs. 33, 7). There was very little oxidation
of banded urea with Keld soil (pH 5.4) in which majority of the
mineral nitrogen remained as_;he ammonium form after 6 weeks incub-
Ftion. This shows that.addition of 2 meq. of coﬁc. HZSO4'into Well-

wood II soil was not enough to reduce its natural oxidation capacity

to the same extent of a natural Keld soil of the same pH.

Effect of pH in Keld soil

When Keld soil (pH 5.4) was.limed with Ca(OH)2 to a soil pH
of 6.5, there was no increase in oxidation of the banded urea after
6 weeks incubation as compared to that of.the natural Keld soil
(Figs. 34, 7). This may have been due to low autotrophic nitrifier
population of the soil. No nitrite accumulated in either soil. The
nitrate produced at both soil pH values after 6—weeks incubation
may have been the result of heterotrophic oxidation by fungi at the
diffusing edges of the fertilizer band. The nitrate then diffused
towardé the cen;er of fertilizer zome from the diffusing edges in
respﬁnée to a nitrate concentration gradient.

When the distribution curves of the ionic species of nitrogen
in the liméd“Keld (pH 6.5) soil was compared to.natural Wellwood II
(pH 6.6) soii, it was observed that the oxidation of band-applied
urea in Wellwood II was almost complete, while it was far from com-

plete in limed Keld soil (Figs. 10, 34). This indicates that liming
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an acid soil did not stimulate a nitrifier population enough to

oxidize the urea.

pH 7.3

The Keld soil was further limed to a pH of 7.3. After 6 weeks
incubation, the nitrification of banded urea in limed soil (pH 7.3)
" was still very slow and nearly all the added fertilizer remained in
the ammonium form (Fig. 35). This further suggests that the initi;l
autotrophic nitrifier population was very low or non-existent. This
might have been due to the toxic effects that exist in the soil.

Inoculation of limed Keld (pH 7.3) with 1% natural Wellwood II
soil (pH 6.6) :

The limed Keld soil (pH 7.3) was inoculated with 1% natural
Wellwood soil (pH 6.6). A small quantity of Weilwood II soil was
used in order that the physical and chemical properties of the limed
Keld soil were not altered by inoculation. Inoculation of the limed
Keld soil did not increase ﬁitrification of banded urea during the
first 2 weeks incubation (Fig. 36). Howe&ef, after 6 weeks incubation
1158 ug NOS-N/lZ g soil was observed iﬁ inoculated limed Keld soil
as compared to 109 ug NOS-N per 12 g of uninoculated limed Keld soil.:
No nitrite was detected. The slow response to inoculation may have
beén because time was required for the nitrifiers of the Wellwood II

soil td become established in the limed Keld soil.

Inoculation of limed Keld soil (pH 7.3) with Nitrosomonas europaea*
Limed"Keld soil of pH 7.3 was inoculated with 1 ml of a Nitro-

*The Nitrosomonas europaea was kindly supplied by Dr. I. Suzuki, De-
partment of Microbiology, University of Manitoba, Winnipeg, Manitoba,
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somonas europaea culture and incubated for 2 and 6 weeks. The numbers

of Nitrosomonas in the culture was estimated to be 16 x 106 per ml.

The oxidation of banded urea to nitrite was greatly increased upon
inoculation, resulting 552 ug NOE—N/IZ g soil after 2 weeks incubation,
and 932 ug NO;—N/lZ g ;oil after 6 weeks incubation (Fig. 37). Al- '
though the soil was not inoculated wifh Nitrobacter spp., there was

a large increase in nitrate after 6 weeks incubation as compared to

that of the uninoculated soil. The increase in Nitrobacter spp. might

have been stimulated by the presence of its substrate, nitrite. The
soil was not inoculated ﬁith Nitrobacter spp. because no culture was
available. After 6 weeks incubation, a nitrite maximum occurred near
the fertilizer application zone while two maximum nitrate peaks were
present, approximately 3-4 cm above and below the fértilizer zone,
This indicates that Nitrobacter spp. is active where the concentration

of ammonium and/or ammonia is reasonably low.

Summary

From the above experimental observations, it was concludedf
1) Effect of a low soil pH on nitrificatjon of band-applied urea is
indirect. Soil acidity results in a small nitrifier population
which is inadequate to nitrify the banded fertilizer.
2) The nétural soil pH has the greatest effect on nitrification.
Liming acidic Keld soil to a pH of 6.5 and 7.3.did not increase
the oxidation of band-applied urea unless nitrifying organisms
were added. Acidifying neutral Wellwood II soil to‘pH5575 lowered
the oxidation rate initialiy but this effect seemed to be téﬁpafary.
3) Inoculation of a limed acidic soil with nitrifying organisms en-

hanced the nitrifying capacity of that soil.
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Experiment V. The recovery of banded KNO3 and KNO2 in presence of
added urea with Wellwood I soil

Previous investigations with Wellwood II soil (Experiment 1)
indicated that whenever NOE—N accumulated there was a low recovery of
the adde§ nitrogen as inorganic nitrogen (NHZ, NOE— and NO;—N). This
investigatioﬁ was undertaken to study the recovery of band—épplied
KNO3 and KNO2 hitrogen in the presence of‘band~applied urea. In order
to simulate the conditions existing in Wellwood II soil at the time
of maximum nitrite accumulation, Wellwood I (pH 6.0) soil was used.

The physical and chemical characteristics of Wellwood I and Wellwood

II soils are similar except for the soil pH (see Table 1).

Recovery of 11.5 mg (100 kg N/ha) KNO
(i), CO-N

3—N in the presence of 11.5 mg

The revovery of fertilizer in soil banded with NOE-N alone
was almost complete (98%) after 1 week incubation (Table 8), but the
recovery decreased slightly (82%) after 2 weeks incubation. A loss

of 17% of the added KNOB—N might be due to assimilation of NOE—N by

microbes for cell synthesis, and/or dissimilatory reduction of NOS—N

through biological denitrification. These two processes can occur

simultaneously during incubation.  However, in the presence of urea,
the recovery of added nitrogen,,KNO, + (NH2)2C0 was complete (102%)
after 2 weeks incubation (Table 8). With both band-applications,

nitrite was not detected during incubation.

Recovery of 11.5 mg (100 kg N/ha) KNO

-N in the presence of 11.5 mg
(NHZ)ZCO—N

2

The recovery of fertilizer in soil banded with KNOZ—N was very
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TABLE 8. CONCENTRATION OF IONIC SPECIES OF NITROGEN AND PERCENT RECOVERY AS TOTAL INORGANIC
NITROGEN IN WELLWOOD I SOIL OF BAND-APPLIED KNO3, KNO2 IN THE PRESENCE OF (NHZ)ZCO

(Mg N/110 g soil) Time N conc. (ug N/12 g soil)

Treatments (wks) . NH4 ’ NO2 NOB' - 1 Total Inorg. N - % Rec,

11.5 mg KNO3-N 1 87 0 1156 1243 97.8
2 0 0 1037. 1037 81.6

11.5 mg KNO,-N +

3 |
11.5 mg (NH,),CO-N 1 1257 0 1168 2425 95.4
2 931 | o0 1659 2590 . 102.0
11.5 mg KNO,-N 1 ~ 555 57.6 -298 - 314 24,7
756 0 -374 382 30.0
11.5 mg KNOZ-N + o
11.5 mg ‘(NH,),,CO-N 1 | 1720 144 ~212 1653 65.0 | 1

2 1952 4.6 -286 1670 : 65.7

-L0T
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low after 1 and 2 weeks incubation (Table 8), amounting to 25 and
30%, respectively. In the pfesenée of urea, the recovery of
(KNO2 + (NHZ)ZCO)—N as total inorganic nitrogen (NHZ-, NOE— and
NOS-N) was also far from complete (65%) after the same incubation
periods (Table 8). However if one assumes complete reco#ery‘of urea
’ the loss of nitrogen from KNO2 aéplied with urea was the same as
where it was applied alone. This indicates that the presence of (NH2)200
did not affect the recovery of nitrite.. Where KNO2 was applied,
there was an increase in NHZ—N as compared to the untreated soil.
However the increase in NHZ-N did not correspoﬁd quantitatively with
the decrease in NOE-N. This together with the fact there was a

reduction in total mineral N indicates that there was a loss of

nitrite by denitrification. If the decréase in»Nog and NO2 was caused
by microbiological activity, the addition of urea could have prevented
this due to its effect on osmotic pressure an& NHZ concentration. If,
however, the decrease was chemical, the addition of urea should‘have
no effect as long as urea did not participate in the reaction.
Therefore it seems likely that NOE-N was decreased by a biological
process, such as assimilation, since the addition of urea prevented
this decrease. However, the disappearance of NOE—N seems to be caused

by a chemical reaction since the presence of urea did not alter the

fate of applied nitrite.

Summary

From the above experimental investigation, it was concluded
that
1) There was loss of inorganic nitrogen when nitrite was present al-

though its mechanism was not known.
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2) The disappearance of nitrite from the soil was not enhanced by the

presence of urea and its probable prodict, NHZ.

that nitrite did not combine with urea or its product, NHZ, a re-

This suggests

action commonly known as "Van Slyke type", to form eélemental nitro-
gen. (Mechanism of nitrite disappearance will be investigated in
Experiment VI).

3) Addition of a large quaﬁtity of KNO2 to the soil induced the ac-

cumulation of the ammonium form of nitrogen. The source of NHZ is

not fully understood.
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Experiment VI. A mass-spectrometric investigation on denitrification
from nitrite-treated soil

Previous experiments.indicatéd that recovery of mineral nitro-|
gen was incémplete. This disappearance could have been due to im-
mobilization or denitrification. An experiment was conducted using
gitrogen-lS as a tracer to determine whether nitrogen unaccounted
for could be recovered as N containing gaseé.

An example of mass-spectrometric scanning charts for air and
for gas samples from NalsNO

2

Peak heights were measured to represent the qualitative values of

labelled soil are shown in Figure 38.

the different mass to charge ratios (m/e). The m/e of the possible

denitrification products and some natural gases are shown in Table 9.

TABLE 9. MASS TO CHARGE RATIO (m/e) OF SOME GASES

Gases m/e
N2 28, 29, 30
N,0 44, 45, 46
NO 30, 31
NO, 46, 47
A 40
co, 44
02 32

The gas sample analyzed by the mass spectrometer is a mixture of the
original atmosphere and the probable products of chemical or bio-
logical processes taking place in the soil. In order to deduce the

relative magnitude of the products in the mixture the following cal-
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culations were carried oﬁt. The peak height of m/e 28 of an air
sample was considered to be 100 and all the other measured peak heights‘
of air were converted to this séale. Since argon (A) in air is known
to be neither assimilated nor produced, the measured peak heights
from: all the samples were recalculated based oﬁ an argon peak height
identical to that of the air sample in which the peak height of‘m/e
28 was chosen to be 100. 1In these calculations the values of argon
(40) peak were choéen to 1.963 for nitrogen-15 and its air sémple,
and 1.944 for non—labélled nitrogen and its air sample. The difference
in the value of the argon peak height of the two aif samples when m/e 28
was chosen to be 100 may have been due to a slight shift in the oper-
ational conditions of the maés spectrometer at different dates of
measurement. The results shown in Tables 10 and 11 are the average
of four replicates. The method of caléulating N2 and other nitro-
genous compounds produced from denitrification utilizing argon (A)
as a standard in an aerobic system has not been used by other workers
" studying the denitrification products using nitrogen-15.

The relative quantitieé of the various components, either
produced or consumed during incubation, are calculated by subtracting
the quantities found in the air sample from those found in thé gas
sample from incﬁbation (4th column of Tables 10, 11). The mass to
charge ratib (m/e) 28 in the gas sample obtained after incubation
from tﬁe soil which received unlabelled N was higher than that of the

air sample. The increase in 14N14N duriﬁg incubation was due to the

production of 14N14N from soil and/or applied N fertilizer (this will

be discussed later). The quantity of 14N14N produced in the nitrogen-15 -
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TABLE 10. POSSIBLE GASEOUS PRODUCTS HAVING m/e 28 THROUGH 48
OBTAINED DURING INCUBATION OF WELLWOOD I SOIL TO WHICH
NITROGEN-15 LABELLED Na15N02 WAS APPLIED -

Normalized peak heights ‘ Probable Symbols

m/e Na15N02 Air Difference* components
28 103.68 100 3.68 Laylay (29),,
29 3.707 0.739 2.968  iyly (29),
30 0.176 0.0165 - 0.159 15415y, Layo (30),,
31 0.117 - 0.117 Byo 31,
32 11.839 19.399 -7.560 02
40 1.963 1.963 - A"
44 6,206 0.347 5.857 co,, o
45 0.332 - 0.332 14Dy 45),,
46 0.160 - 0.160 Pyro, o, w6,
47 - - - -
48  0.0425 0.0811  -0.0386 0,(?)

*Difference = NalSNO2 treated sample - air sample




TABLE 11.

POSSIBLE GASEOUS PRODUCTS HAVING m/e 28 THROUGH 48

OBTAINED DURING INCUBATION OF WELLWOOD I .SOIL TO WHICH
NON-LABELLED NaNO, WAS APPLIED

2
Normalized peak heights Probably - Symbols
m/e NaNo,, Air Difference* component
28 105.05 100 5.05 14N14N (28)N
29 0.783 0.745 0.038 14N15N (29)N
30 0.248 0.0188 0.229 Yo, PPy 30y
(trace)
31 - - - -
32 10.927 19.184 -8.256 O2
40 1.944 1.944 - A
b 6.531 0.382 6.149 co,,, o
45 0.0754 0.0062 0.0692 14N15N0 (45)N
46 0.0263 0.0032 0.0231 Yvo,, N N0  (46)
(trace)
47 - - - -
48 0.0334 0.0543 -0.0209

*Difference = NaNO

9 treated soil sample -

air sample,

114



115

labelled sample was lower than that of'non—labelled. However, only

a portion of the N2 produced from the nitrogen-15 labelled sample was
of 14N14N (m/e 28), and ﬁhe rémaind;r was of 14leN (29) and 15NlSN
(30). The m/e 29 produced from the labelled sample was excessively
high as compared to that of air sample and the sample from non-labelled
soil, Data in Tables 10 and 11 also showed that the microbial

activity was quite high in the soil since approximately 40% of the
original 02 (32) was consumeq_during 1 week incubation. The increase

in m/e 44 from the soil samples indicates that CO, was produced.

2

:Some, but not necessarily all, of the increase was due to COA2 (44)
alone since NZO'(44) may also have beeﬁ produced. The m/e of 48 wa;'
observed in both air and gas samples. In the air sample which con-
sisted of a larger quantity of 02 (32), the peak height measurement
of m/e 48 was larger. Therefore m/e 48 was independent of the sample,
either air or soil gas samples, and was dependent on the oxygen level
in the sample. Mass to charge ratio of 48 was believed to be due to
ozone (O3 has m/e of 48) which was produced within the mass spectro-
meter during air and gas analysis.

The following calculations were carried out to ascertain the
kinds and relative amounts of the gases actually preseﬁt (refer to

Tables 10 and 11 for symbolsg):

1) Elemental nitrogen (N2)

Firstly the atom percent 15N in N2 gas produced from both non-

Alabelled and labelled NaNO, treated soil was calculated using the

2

equilibrium éssumption. According to this assumption, the equation

Atom ZlSN = 100

2R + 1
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where R= 28/29. The calculations show that

5

Atom %1 N of non-labelled sample = 0.374 .

Atom %15N of labelled sample = 28.73:

The value of 0.374 for the non-labelled sample is amazingly close to
0.367, the atom ZlSN in natural air, even though a number of calculations
were involved in obtaining the small quantities of N2 produced from

the NaNO2 treated soil in the presence of a large quantity of at-
mospheric NZ' With the 15N labelled sample, the calculated atom %15N

is 28.730 which is very much smaller than the atom %15N of the NalSNO2
added to the soil (50 atom %15N). A part of the N2 present in the v

gaseous product resulted from sources other than 15NOE— .

atom %15N based on m/e 28 and 29 was 28.73%, then m/e 30 due to
15N15

If the

N, (30)gy » should be

2
(30), = 2(atom 7158) (28 + 29) - 100 (29) = 0.5977
2 2(100 - atom %Z-°N)

However, the measured m/e 30 in the labelled sample had a value of
0.159. The measured value of 0.159 should include soﬁe nitric oxide
(NO). The presence of NO (30) gas in the labelled NaNO2 treated-
sample is evidenced by the appearance of ﬁ/e of 31 (Table 10). Thus
it is concluded that the mechanism ovaz gas formation in this exper-
iment was such that little or no 15N15N was formed. Instead it is
probable that one atom from the labelled source and another from the
natural sources combined to form an N2 molecule. A van Slyke re-
action, for example,

| R - NH, + HlSNOZ-—-——" R - om + PN + H,0

is a reaction where one atom from each of two different nitrogen sources

combine to form a molecule of nitrogen gas. If the above reaction is
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the principal mechanism'for N, evolution, then the resultant atom

2
ZlSN in the Né gas should be _ \
Atom 715N = 100 (29)
y T 22.32%

2 [(28)T + (29)Tl

If N2 gas was only produqed by the van Slyke reaction, then one of

lSNO_ and the other N

lsN in 14N15N of

the N atoms in N2 was contributed by N from 2
atom was due to R - 14NH2, resulting in an atom %

has an atom %15

approximately 257 when the original NaléNO2 N of 50%.
The calculated atom %lsN of 22,327 seems to indicate that the N2 gas
produced was mainly derived by a reaction giving a 507 dilution of

the applied 15N. The soil pH was 6.4 throughout the incubation period,

a value higher than the accepted value of pH 5.0 above which the van

Slyke reaction does not occur (Broadbent and Clark,1965).

2) Nitric oxide (NO)

The presence of m/e 31 in 15N labelled gas sample indicates

that NO was produced. It also means that m/e 30 consists of both ‘

14NO and-lSleN. Since m/e 31 had a'value of 0.117, then m/e 30 due
to NO, (BO)TNO, should also be 0.117 if NO was derived from NalsNO2
of 50 atom,%lSN. If one assumes that m/e 30 in the labelled sample

~was mostly due to 14NO, the atom %lsN in NO becomes
|

Atom ZY5N in NO = (31), (100) = 42.39%

(30)T + (31)T

where (31)T = 0,117 and (30)T = 0.159.
This value of/atom %15N in NO is the minimum value and may be higher,
depehding upon the relative abundance of 15N15N in the measured m/e

30 in the labelled sample. The calculated value of 42.39% indicates
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that NO was produced mainly from NalSNO2 having atom Zl N of 50%.

3) Nitrous oxide (NZO) and nitrogen dioxide (N02)

The mass to charge ratio of 44 contained both CO2 and 14NlaNO,
therefore it could not be used for calculation of atom %lsN of NZO'

Mass to charge ratios of 45 and 46 were used instead. 'If one assumes

that NO, was derived solely from NaNO, in non-labelled samples, m/e

2 2

46 due to NO, in the labelled samples, (46) , should be (46)_/2.
2 TNO2 N
If this assumption is correct, then m/e 46 in the labelled sample

due to N,0, (46)

9 , should be

TNZO

(46)T - (46)N/2 = 0.148

Since m/e 45 was present in the non-labelled sample, it might contain

an unknown which should be deducted from m/e 45 in the non-labelled

sample in order to calculate’ the atom %lSN by the following equation:

Atom ZlSN of N,0 = 200 ‘ = 53.046%
i B 1 |
TN..O N, 0'
2 2
where (W o (45). - (45). = 0.262 and (*ON)
2 T N ' TN20 = 0,148

' 415 ) 15 15

The calculated atom % "N of NZO almost equals the atom 7" "N of Na NO2

uniformly mixed in the soil. This also suggests that N

20 is probably

derived solely from the applied NalSNOZ.

Summary
From the above observation, it was concluded that incomplete

recovery of fertilizer N during incubation may be due to denitrifi-

cation. It was observed that Nz, NO and NZO were produced when 1,000

ppm NéNOZ—N was mixed uniformly with Wellwood I soil (pH 6.0). Nitrogen
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dioxide (NOZ)’ if produced, was present in very small amounts. ‘Most

of the N2 produced was generated from soil organic matter through the

reaction of nitrite with an amino compound, a van Slyke type reaction,

although the soil.pH was above pH 5. The majority of the NO and NZO

was derived directly from NaNo,, .
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Experiment VII. Recovery of band-applied (;SNHZ)ZCO, 15NH OH and

4
(15NH4)ZSO4 from Wellwood II soil as measured by
the nitrogen-15 tracer technique

In earlier experiments it was found that some of the applied
3.

is not known whether this N was converted to gaseous forms or as-

nitrogen was not recovered as inorganic forms, NHZ, NOE and NO It
similated by microorganisms. To ascertain the causes of this de-
crease in inorganic nitrogen, nitrogen-15 labelled substances were
used,

Total nitrogen contents and the atom %15N of the Wellwood II
' CO, NH

soil to which 23 mg N (200 kg N/ha ) as (NH OH and (NH4)

22 4 250,
had been added were determined at zero time and after 1 and 4 weeks
incubation. The data obtained were used to calculate the recovery

of added nitrogen (Table 12).

The calculations were as follows:

ZlSN = 100 where R = 28/29
2R + 1
Total 15N = [ (ZlSN) (Zny (110) 1] /104- (in grams)

Fertilizer N remaining = (100) (total 15N)/(%lSN of the added
fertilizer).

7 Recovery = (Fertilizer N remaining/Fertilizer N added) (100)
The recovery of added nitrogen from the total nitrogen fraction (total -
organic N + total inorganic N) decreased with increased incubation
time from 0 to 4 weeks. There was a loss of 6.0%, 7.7% and 3.8% of
added N from (NHZ)ZCO’ NH4OH and (NH4)ZSO4, respectively after 4 weeks
incubation. This was due to gaseous loss. The recovery of fertilizer
‘N from NH40H before ipcubation-was 72.6% indicating there was a loss
of N as NH, before and during injection of NH,OH into the soil column.

3 4

Total inorganic nitrogen contents were determined. From these
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TABLE 12. PERCENT RECOVERY OF TOTAL NITROGEN (INORGANIC + ORGANIC
FRACTIONS) FROM NITROGEN-15 LABELLED N-CARRIERS BANDED
IN WELLWOOD II SOIL (RATE = 200 kg N/ha)

Fertilizer N

‘Time 15 15 remaining Recovery
(Weeks) % "N % N Total "N (g) (g) (%)
(;SNHZ)ZCO (29.7 atom % 1)
0 1.624% 0.320 0.00572 0.0230 100
1 1.692  0.345 0.00642 0.0216 94
4 1.696  0.344  0.00642 0.0216 94
lsNHAOH (52.20 atom % 1°N)
0 2.541 0.312 0.00872 | 0.0167 72.6 -
1 ° 2.38 0.330 0.00866 | 0.0166 72.1
4 2.072  0.342 0.00779 0.0149 64.9
15 , 15
( NH4)ZSO4 (52.20 atom % "°N)
0 3.366 0.327 0.01211 0.0232 100.8
1 3.221 - 0.324  0.01480 0.0220 95.6
4 3.024 0.350 0.01164 0.0223 97.0
*Atom % LON of (NH,) ,,CO used was 24.79% not 29.70%.
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data, the 15N percentage and the amount of applied nitrogen recovéred
at zero time and after 1 and 4 weeks incubation were calculated(Table
13), The recovery of N before incubation was incomplete with urea and
NHAOH. Explanation for the incomplete recovery of NHAOH was given

earlier. The recovery of (NH,),CO-N was only 55% of the added fer-

2)2
tilizer at zero tiﬁe, this was probably the result of the incomplete
hydrolysis of urea to NHZ. The recovery of fertilizer N from 3
carriers calculated from the total inorganic fraction was also in-
complete after an incubation period of 1 to 4 weeks. Nitrogen im-
mobilized during incubation was obtained by subtracting total in-
organic nitrogen from total nitrogen (organic plus inorganic).

Table 14 shows the percentage of-fertilizer N immobilized during

incubation. The recovery of NH,OH was corrected to 100% based on

4
the value of 72.6% at zero time. The greatest immobilization of N
occurred with band-applied (NHZ)ZCO' It amounted to 20% after 4

weeks incubation. Soil banded with NH40H immobilized the smallest

percentage of applied nitrogen.

Summary

From the nitrogen-15 study, it is concluded that the incomplete
recovery of N from urea was largely due to immobilization rather than
gaseous loss although a large quantity of nitrite was produced and
accumulated during the 4 weeks incubation.  With NHAOH band—apélied
soil, gaseous 1§ss was the main cause of low nitrogen recovery after
4 weeks incubation. More than 207 of the NHabH-N was lost as NH3
before and during injection. vamobilization and gaseous loss also
occurred with band-applied (NH4)2804 during incubation, but the mag-

nitude was smaller than with urea. The'order of N loss before and
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TABLE 13. PERCENT RECOVERY OF TOTAL INORGANIC NITROGEN FROM NITROGEN-

15 LABELLED N CARRIERS BANDED IN WELLWOOD II SOIL (RATE =
1200 kg N/ha).

Fertilizer N

4 32.154

0.0302 0.0107 0.0205

. Time 15 15 remaining Recovery
(Weeks) % ~°N %N Total 2 "N (g) (%
(Frm) ,c0 (29.7 atom 2 1°N)
0 17.112% 0.0168 0.00316 - 0.0127 55.2
1 .. 18,259 0.0294 0.00590 . 0.0199 86.4
4 17.469 0.0263  0.00505 0.0170 74.0
15NH4OH . (52.20 atom % 15N)
0 30.851 - 0.0236  0.00800 0.0153 66.7
1 29.023  0.0267 0.00852 ’ 0.0163 71.0
4 27.248 0.0252  0.00755 0.0145 62.9
15 - 15
(‘ NH4)2804 (52.20 atom Z ~°N)
0 36.639 0.0306 0.0123 0.0236 102.6
1 33.288 0.0324 0.0119 . 0.0227 98.8
89.0

*Atom 7 15N of urea used was 24.79% not 29.70%.
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TABLE 14, PERCENT N LOSS BY IMMOBILIZATION AND VOLATILIZATION FROM
THREE NITROGENOUS MATERIALS BANDED IN WELLWOOD II SOIL
(RATE = 200 kg N/ha).

Loss 7
Time Recovery (%) Total
(Weeks) Total N Inorganic N Immobilization%* Gaseous** Loss
(NH.)) ,CO
0 100 55.2 g
1 9% - 86.4 7.6 6.0 13.6
4 9%  74.0 £ 20.0 6.0 ' 26.0
NH, OH
0 100 100 0
1 99.3 100 0 0.7 0.7
4 - 89.4 88.6 0.8 10.6 11.4
(NH,) 580,
0 100.8 102.6 6
1 95,6 98.8 0 4.2 4.2

4 97.0 89.0 8.0 - 3.8 11.8

*7 Immobilized = (% Rec) Total N - (% Rec) Inorganic N.

*%7 Gaseous loss = (Total N)t-b - (Total N)t-l 4
. ._. o
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during incubation with the 3 nitrogen fertilizers was NH40H;>(NH2)ZCO>-

(NH4)2804 if NH3 volatilization at zero time was included as part

of N loss with NHAOH. The loss during‘incubation'was in the order

-(NH2)2CO>N'H4OH = (NH4)ZSO4.
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Experiment VIII. Nitrification of urea in soil suspensions and
the nitrifier populations

Experimental results previously obtained indicated that banded
fertilizer materials were transformed and transported from the zone
of application at different rates depending upon the soil charac-
teristics. There were also differences in the nitrifying capacity
of the soils. To obtain more information on.the nitrifying capacity
of the soils it was decided to study them under a homogeneously
mixed system.

The incubation of urea solution with acidic Keld soil re-
sulted in an increased suspensionva with time while the pH decreased
with time in the case of neutral Wellwood II soil (Table 15). The
pH of Weliwood*II soil decreased approximately 1-2.5 unit after 2
weeks incubation and remained constant thereafter. However, the mag-
nitude of the decrease of soil pH in the Morton soil suspension
during the incubation was very much smaller than that of the Wellwood
IT soil (Table 15). This was probably due to the high carbonate
. content in the Morton soil. |
With the Keld soil, urea was hydrolyzed slowly to (NH4)2CO3
which resulted in a steady increase in solution pH during the in-
cubation (Fig. 39). WNitrite was not detected and very little or no
nitrate was produced.. From the observation, it was believed that
urea hydrolysis was incomplete in four weeks with 75 and 100 ppm
(NHZ)ZCQ—N. 'This belief was substantiated by results on the recovery
of total inorganic nitrogen. The hydrolysis of 25 and 56 ppm urea-N
was almost complete since the NHZ concentration began to level off
at 4 weeks. Coupled with the fact that little oxidation had occurred,

it strongly indicated that only urea hydrolysis had taken place in

urea solutions contaiﬁing 0.5 g Keld soil. Urea content was not




TABLE 15. pH OF SOIL SUSPENSION TREATED WITH (NHZ) ZCO AFTER ONE TO FOUR WEEKS INCUBATION

(NH2)2C0 Keld : Wellwood II Morton

(ppm-N) 1 wk 2 wk 3 wk 4 wk 1 wk 2 wk 3 wk 4 wk 1 wk 2 wk 3wk 4wk

0 5.5 5.6 5.6 5.6 6.6 6.5 6.4 6.2 8.2 7.8 7.8 7.8 E
25 6.0 6.1 6.3 6.4 7.0 6.2 5.4 5.4 8.3 7.8 7.6 8.0 |
50 6.3 6.6 6.7 6.9 7.3 5.3 4.3 4,5 8.4 7.7 7.3 8.0

75 6.5 6.6 6.8 7.6 7.4 5.0 5.1 5.2 8.5 7.9 7.1 7.5

100 6.5 = 6.5 7.0 7.6 7.6 5.0 5.2 5.2 8.6 8.2 8.0 7.9

TXAY
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determined.
With the Wellwood II soil urea hydrolysis was completed in

. +
2 weeks irrespective of the urea concentration since NHA—N reached

its peak at 2 weeks (Fig. 40). There was a steady decline of‘NHZ—N

at 25 and 50 ppm N with a corresponding steady increase in NO-—N, at

3
'Which time nitrite was not detected. The NHZ—N content remained con-

stant after 2 weeks and 3 weeks at 100 and 75 ppm (NH,),CO-N, re-

2)2

spectively, Nitrite accumulated after 2 weeks incubation with 75
and 100 ppm N of urea and remained in the suspension throughout the

remainder of the incubation period. There was a decrease in NOS—N

at 4 weeks with 50, 75 and 100 ppm (NHZ)ZCO—N without any corres-
”"

indicates there was a loss of nitrogen from the soil-urea suspension.

ponding increase in NO,-N or a decrease in ammonium form. This
The loss could have resulted from the uptake of nitrate by micro- |
organisms other than bacteria, possibly by fungi, since nitrifiers
and most other bacteria are not very active at the suspension pH of
approximately 5. Chemical denitrification was not very probable

since no NO2 N accumulated vhere 50 ppm N of urea was added and there
was little or no decline in nitrite at 4 weeks as compared to that
of 3 weeks for 75 and 100 ppm N solutions.

With the Morton soil urea hydrolysis was cdm?leted in 3 weeks
since'NHZ—N reached its maximum at that period and total inorganic
nitrogen was close to 100% (Fig. 41). Nitrate was not detected until
three weeks at which time the ammonium form was completely oxidized.
This shows that there was approximately 2 weeks adaptative or lag
period for the nitrifiers, Nitrite accumulated with 75 and 100 ppm

(NH,).,CO~N after 2 weeks incubation. It reached its maximum accumulation

2)2
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after 3 weeks. Apparently almost all the nitrite accumulated at this
period was converted or oxidized to nitrate after 4 weeks incubation.
The recovery of the added urea nitrogen as inorganic nitrogen in
Morton soil was almost complete after 4 weeks incubation.

This and previous experiments showed that there is a difference
in nitrifying activity between the three soils, acidic Keld, neutral
Wellwood II and alkaline Morton. In order to establish the actual

nitrifier population, enumeration of the Nitrosomonas spp. and Nitro—-

bacter spp. was performed with the three soils by the most-probable-
number (MPN) method of Alexander and Clark (1965).

The number of Nitrosomonas spp. was approximately. three and a

half times that of the Nitrobacter spp. number irrespective of the
i

soil under investigation.(Table 16).

TABLE 16. NITRIFIER NUMBERS IN KELD, WELLWOOD ITI AND MORTON SOILS

Soils pH Counts/g dry soil

Nitrosomonas spp. Nitrobactor spp.
Keld 5.4 7 2
Wellwood II |6.6 1,075 313
Morton 8.2 936 . 272

The highest nitrifier population existed in soil of near neutral pH
and the lowest with the acid soil. The extremely low nitrifier count.
in the acidic Keld soil apparently accounted for the low oxidation

rate which occurred in the N-~banded soil and the urea-soil suspension.




The nitrifier populations in the Morton soil and the Wellwood II

soil were appfoximately the same. Hence the nitrifying capacity in

these two soils should be quite similar. The differences observed

may have been due to differences in physical and chemical chéracter-

istics of the two soils.

Summary

1)

2)

3)

4)

The following conclusion were drawn from the investigation:
The hydrolysis of urea in neutral Wellwood II and alkaline Mor ton
soils was rapid and independent of urea concentration. In the
acid Keld.soil the hydrolysis was found to be concentration de-
pendent and was very slow.
Nitrite accumulation was extensive in neutral Wellwood II and
alkaline Morton soils. Nitrite accumulation was also found to
be concentration dependent, for example, accumulation occurred
only when nitrogen concentration was at 75 and 100 ppm N of urea.
No nitrite accumulated in the acid Keld soil.
The oxidation of urea nitrogen wa; dependent on soil pH. The
nitrification process in Wellwood II'soil was almost completely
stopped when the solution dropped to pH 5.0. However, the Morton
soil, in which soil pH was above neutral throughout incubation,
completely oxidized ammonium nitrogen to nitrite and/or nitrate
in 3 weeks.
Loss of nitrogen from Wellwood II soil might have been the result
of assimilation of nitrate by microorganisms other than bacteria

since NHZ— and NO

9

constant after 2 weeks incubation while NOE—N decreased gradually

N at 75 and 100 ppm N of urea remained fairly

133



134

with increase in the incubation period,
5) The rate of the nitrification aepends on the nitrifier number
which is related to the natural soil pH. The nitrifier number
and the'nitrifying capacity of the soils investigated are in the

order Wellwood II >Morton >Keld.
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- SUMMARY AND CONCLUSION

Three nitrogen compounds, (NH, CO, NH,OH and (NH4) SO0, were

2)2 ‘ 4 274
banded at the middle of 12-cm soil columns, After different time in-

tervals the amounts of NHZ, N02 and NO3 at varying distances from the

point of application were determined. This permitted an evaluation
of the effects of'témperétufe; pH, rate and form of N applied on thev
transformation products and. their distribution and on the recovery
of the nitrogen applied. |
| In general banding N materials greatly modified the local pH,
the magnitude of which waé dependent'upﬁn soil characteristics and |
the kind and amount of fertilizer applied. Initially ammonium sulfate
lowered the local pH whereas NHAOH and urea raised it. As nitri-
fication proceeded there was a decrease in pH throughout the soil
column with all N compounds used. |

Initial stu&ies with acidic Keld, neutral Wellwood II and
alkaline Morton soils banded with a high rate of nitrogen 800 kg
N/ha on an area basis showed that the nitrifying capacity of these
soils was related to their pH. They were in the order Wellwood II>
Morton>Keld. Their relative rate of oxidation of urea in soil sus-
pensions was in the same order. Theirlnitrifying éépacities were
correlated with the nitrifier numbers. The acidic Keld had the

fewest organisms of Nitrosomonas spp. and Nitrobacter spp. and neutral

Wellwood II soil had the largest nitrifier numbers of these organisms.
The Wellwood II soil accumulated the greatest amount of nitrite among
the three soils investigated during incubation when it was band-applied

with 800 kg N/ha of urea and NH4OH. Further studies were conducted
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with the Wellwood II soil to ascertain the conditions under which
nitrite accumulation occurs.

Nitrite accumulation was found to be related to ammonium con-
centration, soil temperature and the final soil pH upon addition of
nitrogen. When acidic Keld soil was 1iméd'to a 'soil pH which is
vfavorable for ammonium oxidation, there was'no accumulation of
nitrite or nitrate since the nitrifief ﬁumbers were not large enough
to carry out the process. Nitrite accumulated in the highly limed

Keld soil (pH 7.3) only when it was inoculdted with a Nitrosomonas

culture. Nitrite accumulated in Wellwood II soil irrespective of

the initial soil pH since it originally had allarge number of nitrifiers.
When this soil was acidified to a pH of 5.5, nitrite accumulation

still occurred with a maximum after 4 weeks incubation. In this

respect it behaved the same as the natural Wellwood II soil. Aci-
difying this soil only delayed the oxidatién process temporarily.

The concentration of the nitrogen as the ammonium form also
had an effect on nitrite accumulation. When nglwood II soil was
banded with rates of N of 800, 200 and 100 kg N/ha on an area basis,
nitrite accumulated at the two high rates and no nitrite was accum-
ulated at the low rate. The lowest rate at which nitrite accumulated
(200 kg N/ha of N) corresﬁonded with an ammonium concentration near
the fertilizer band of 750 ppm after one week incubation and 400

ppm after two weeks incubation. At a rate of 100 kg N/ha of N on an
area basis where no nitrite accumulated the ammonium concentration
was 500 ppm and 250 ppm at one and two weeks, respectively.

Soil temperature also plays a role in nitrite accumulation.

Although the oxidation rate increased with an increase in temperature
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from 10C to 20C, the quantity of nitrite which accumulated increased
with a decrease in temperature. After 8 weeks incubation at 10C,

twenty percent of the banded (NH,),CO remained as nitrite in the Wellwood

2)2
II soil.  More than 15% of the N remainded in the nitrite form after 12
weeks incubation at this temperature. A maximum of approximately 20%

and 15% of the added nitrogen accumulated as nitrite after four

weeks incubation at 15 and 20C, respectively. This suggests that

Nitrobacter spp. are more sensitive to low temperature than the\§i££gfl
somonas SpP. .
Probably theré is no single factor that adequately accounts
for the accumulation of nitrite in soil, and its presence is the
result of a combination of several factors acting simultaneously.
irrespective of the nitrogenous materials used, temperature
of incubation, rate of banded N and the pH in Wellwood II'soil, the
percentage recoveryrof mineral N decreased with time, especially with
urea and NHAOH. Disappearance of nitrogeﬁ could have been'due to
volatilizafion of ammonia, ammonium and ammonia fixation, denitrification
or nitrogen immobilization. Subsequent studies with Wellwood II and
Wellwood I soils using nitrogen-15 tracer showed that some of the loss
at the early stage of incubation in urea banded soil ﬁas due to both
volatilization and immobilization; With increased time of incubation,
a greater portion of the N loss could be attributed to immobilizatiom.
| In a ﬁaNO2 treatéd soil, it was found that the nitrogen

gases produced during incubation were N2, NO and N20 in an aerobic

system. Most of the gaseous nitrogen loss was as N, which was pro-

2

bably the result of the interaction of the applied nitrite with soil
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organic constituents containing nitrogen. The other gaseous products,

NO and N20 were derived mainly from nitrite.

With NH OH, some N was lost by NH, volatilization during the

4 3

transfer of NH4OH into the incubation column. During incubation a

further N loss by volatilization eccurred. This might have been due

to the diffusion of NHAOH to the surface of the column. With (NH4)ZSO

the N loss was contributed more by immobilization than volatilization.

4’

The magnitude of this loss was much smaller than that of urea.
Diffusion coefficients ofknitrogen as ammonium in the soils
were calculated. They varied depending on theAtypes of soil and the
nitrogehdus materials, Investigation with the Wellwood II soil
also showed that the diffusion coefficient was dependent on the rate
of N and temperature. In general, the smaller the rate of N, the
smaller the diffusion coefficient at the same temperature. However;
the diffusion coefficient decreased with decreasing temperature of
incubation, irrespective of the N materials. Tﬁe importance of the
value of diffusion coefficient lies in the fact that it determines
the degree of spread of banded ammonium. Generally, the smaller
diffusion coefficient resulted in a slower transformation of banded.
N. The movement of applied N as ammonium was dependent on the nature
of the ammonium éources, soil type, rate of nitrification and ca£ion
exéhange capacity. Where inhibition of nitrification took place
in a N banded soil, it could be related to one or more of several
factors: 1) High pH vélues as the result of added nitrogen, for
example uréa-anvaHAOH; 2) Osmotic effect which was too high for
optimal activify of the nitrifying bacteria; 3) High concentration

of ammonium.
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The experimental technique of banaing the fertilizer in a
soll column has some advantages oﬁer incubation studies in which
nitrogen is mixed uniformly wiﬁh the soil. One of these advantages
is the separation of the various ionic species of nitrogen based |
on their different diffusion coefficients and the concentration
gradient of these ionic species fhat exist in the soil column during
incubation. This condition also simulates field conditions, parti-

'cﬁlarly those in which nitrogen is applied in a concentrated band.
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