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ABSTRACT

Nitrogen deficiency is widespread and is a major limitation to
grassland productivity in New Zecaland, indicating inadequate nitrogen
supply, losses from the nitrogen cycle, or a combination of both. The
intensive grassland farming system on which New Zealand agriculture is
based is largely dependent on symbiotic fixation of atmospheric nitrogen
by clovers, and many estimates indicate that the amount of nitrogen fixed
annually should be adequate to maintain a high level of pasture production.
It appears, ther=fore, that losses of nitrogen may be the more important
factor contributing to nitrogen deficiency in New Zealand pastures. One
transformation which will affect the conservation of nitrogen in soil,
and which has received little attention in New Zecalanrd, is nitrification.
I+ was the objective of this thesis to investigate some aspects of
nitrification in New Zcaland grassland soils.

A technique which has recently been applied to studies on nitrogen
transformations in soils invelves the use of variations in the natural
abundance of 15N. The possible use of this technigue for studying
nitrogen transformations in New Zealand soils was investigated.

A perfusion technique suitable for tiic measurement of inherent
oxidation activiiies of the indigencus nitrifying organisms in New
Zealand grassland soils was developed. Soils were perfused with 0.005M
(NH4)2SO4 at 25°C, and the rate of oxidation of ammonium to nitrate
measured over a sixteen hour period. Rates of nitrification measured
over the initial sixtecen hours of perfusion, referred to as the Initial

Nitrification Activity (INA), ranged from <0.02 ng N /9 soil/hour

oxidised

to 5.70 ug N /g soil/hour in sixty nine soils selected to provide

oxidised

a representative sample of agricultural soils [from the major soil groups
of New Zealand.

High rates of INA (>*2 Ug N /g soil/hour) were found in yellow-=

oxidised



iv
brown loams, some ra=d and brown loams, and soils with a pH above 7.0.
All other soils exhibited rates of nitrification <1 ug N . /g soil/
oxidised
hour.

Differences in INA were found to predict the rates of nitrification
occurring in the field in two soils using an in-situ incubation technique.
The mean rate of nett nitrification measured over a forty seven week
period in the 0 - 7.5 cm depth of Wharekohe silt loam (INA = 0.07 Ug

-2
/9 soil/hour), was 0.68 x 10 g N

oxidised/g soil/hour, and

N ..
oxidised

that in the 0 - 7.5 cm depth of Kiripaka silt loan (INA = 0.81 pg N, _. /
oxidised

. -2
g soil/hour) was 5.4 x 10 Hg N /9 soil/hour. This difference

oxidised

resulted in a different ratio of ammonium to nitrate betwecen the soils.
In Wharekohe, the mean values of ammcnium and nitrate nitrogen present
iy the 0 - 7.5 cm depth over the forty seven week cexperimental period
were 15.7 * 1.7 and 0.9 t 0.4 kg N/ha respectively. In Kiripaka, the
figures were 6.5 * 1.3 and 6.6 * 1.4 kg N/ha.

Rates of nett mineralisation of soil oryanic nitrogen were also
determined in Wharekohe silt loam and Kiripaka silt loam by an in-situ
incubation technique. 1In the former soil, the mcan ratc of nett
mineralisation over a forty seven week period was 0.99 * 0.08 kg N/ha
(0O - 7.5 cm)/day, and in the latter soil 0.74 kg N/ha (0 - 7.5 cm)/day.

When soils were perfused with 0.005M (NH4)2SO for up to twenty days,

1

four general patterns of nitrification were observed.

1) Ammonium was rapidly oxidised to nitrate, the rate of oxidation
being linear or near linear frcm the commencement of the. perfusion.

2) Ammonium was oxidised only slowly to nitrate.

3) Ammonium was oxidised slowly to nitrate at the ccmmencement of
perfusion, but increased logarithmically with time until a stecady

rate of nitrification was observed.

4) Type 3 nitrification with a temporary accumulation of nitrite



during the initial stages of perfusion.

Type 1 nitrification was observed only in soils having a high INA,
type 2 nitrification in soils of low pH (mean PH 5.5), and type 4
nitrification only in soils with a pH above 7.0, with the exception of
two podzolic soils. Type 3 nitrification was observed in the majority
of the soils studied.

Large populations of ammonium oxidisers (1.6 x 104 to 2.2 x 106/9

4 7
to 1.9 x 10 /g soil) were found

soil) and nitrite oxidisers (5.4 x 10
in the 0 - 7.5 cm depth in New Zealand soils under improved grassland.
In contrast to these high numbers, a low population of nitrifyinrg
organisms (555 ammonium oxidisers and 1434 nitritc oxidisers/g soil)
was found in a native forest soil. Populations cf nitrifying organisms
were largest close to the soil surface and, in gcneral, declined with
depth.

Generation times of ammonium oxidisers were estimated to be in the
order of three to five days and werc dependent <n pll. A variation in
the rate of ammonium oxidation per ammonium oxidising cell was found
between soils, therefore INA cculd not be considered as indicative of
the size of the nitrifying population.

Multiple linear regression analysis showed both pH and percent total
nitrogen to be significantly correlated with INA. A detailed study of
the effect of pH on nitrification showed that soils containing allophane,
an amorphous aluminium silicate, exhibited higher rates of nitrification
at a given pH than other soils. Nitrification was also able to proceed
at lower pH values in the former soils than in the latter. This difference
may be partly rationalised by theoretical differences in surface pH of
soil colloids.

A study was made of the fate of 15N enriched Ca(N03)2 and (NH4)280

4

applied to two soils, one of medium (Waimate North clay loam) and the
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other of low (Wharekohe silt loam) INA. Recovery of Ca(NO3)2 and
(NH4)2804 nitrogen in pasture herbage was 47.4 and 35.8 percent on the
former soil, and 20.3 and 42.5 percent on the latter respectively. After
soil nitrogen was taken into account there was still up to 66.3 percent

of the nitrogen applied not accounted for. It was concluded that leaching
was the major mechanism of loss, although some ecvidence of losses by
denitrification from the Whareckohe soil was found,

The differences in rates of nitrification measured in New Zealand
grassland soils are of agronomic significance since the rate of
nitrification determines the form of inorganic nitrogen available for
plant uptake. Ammonium, and not nitrate, is the mejor form of nitrogen
available for assimilation by plants in several vellow-brown earths, and
also in some podzolic soils, yellow-brown sands, rccent soils from
alluvium and yellow-brown pumice soils. Althougn differences in rates
of nitrification do not appear to affect pasture production, they will,
of necessity have to be considered if specialised crops which show a
preference for assimilation of either ammonium or nitrate arve grown on
these soils.

Soils having a high rate of nitrification are associated with high
concentrations of nitrate in groundwaters of the Waikato.

A low rate of nitrification in soils such as Wharekohe silt loam
appears to be an important mechanism for the consecvation of nitrogen.
Any agricultural practice which will incrzasc the rate of nitrification
should be carefully considered and the overall effect on the nitrogen
economy of the soil evaluated. If increasing the rate of nitrification
results in a lower nitrogen status, then increased inputs of nitrogen
either by symbictic nitrogen fixation or fertiliser application will be
required to maintain the same level of pasture production.

In general, it appears that the disadvantages of high rates of
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nitrification outweigh the advantages, and agricultural practices should
therefore be designed to minimise the rate of nitvification in soils.

The extent of nitrogen isotope discriminaticn in various reactions
occurring in New Zealand soil-pasture systems was determined. Symbiotic
fixation of atmospheric nitrogen by clover, assimilation of inorganic
nitrogen by Trifolium repens, the oxidation of ammonium to nitrate by
nitrifying organisms and the volatilisation of NH3 from urine spots all
showed discrimination in favour of 14N. A previously unmeasured
fractionation in animals was determined. 1In ca:ztle, urine was depletced
by about 2°/s0 and faeces enriched by about 2%o relative to the animal
feed.

615N values were mecasured in the 0 - 7.5 cm depth of sixty one New
Z~2aland grassland soils. Th2> mean dlSN value was 3.2%eo0 with a range of
-1.1 to 6.8%o - The GlSN values in two soil profilcs showed that 615N
values increased with depth reaching a maximum value at 20 cm in
Wharekohe silt loam and 50 cm in Waimate North clay loam. New Zealand
soils appear to be less enriched in [SN than many American soils, and it
is suggested that this reflects the large annual input oif symbiotically
fixed nitrogen which has a negative GlsN value, Aalthough the mechanism
of loss (i.e. via denitrification, leaching or volatilisation of NH3)
of nitrogen from different soils may be important.

615N values were also determined for nitrate nitrogen in groundwater
collected from a limestone cave under native forest in the Waitomo region,
and also for nitrate nitrogen in the groundwater of shallow aguifiers
in the Waikato.

The 615N values for two groundwater samples from the Waitomo area
were - 1.6 and 3.8%,, while nine samples coilected from the Waikato
were in the range of 5.2 to 10.0%.,0 . It is suggested that the isotopic

composition of groundwatcr nitrogen in the Waikato is a result of a
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major contribution of nitrogen derived from urine. This suggests that
the grazing animal is an important contributor to the high nitrate
concentration in groundwaters of the Waikato.

Because of the variability of GlSN values that were found in grazed
soil-pasture systems, and the complexity of fractionations which occur
in such systems, small variations in the natural abundance of 15N appear
to be only of limited use for even qualitative studies of nitrogen

transformations.
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CHAPTER 1

INTRODUCTION



The intensive arassland farming system on which New Zealand
agriculture is based. is largely dependent on symbiotic fixation of
atmospheric nitrogen by clovers for building and conserving the pool of
soil organic nitrogen, from which plant available nitrogen is obtained
through mineralisation. Such a system is possible largely because of
New Zealand's temperate climate and adequate rainfall which is normally
well dispersed throughout the year. However, in spite of estimates of
nitrogen fixation by clover ranging up to 670 kg N/ha/ycar (Sears et al.
1965; Weeda, 1970), nitrogen is a major limiting factor to pasture
production in many parts of New Zealand (O'Connor & Gregg, 1971; Stecle,
1976b).

It cannot be claimed that nitrogen is any more esscential than other
elements required fcr plant production, but it is taken up in larger
amounts than any other nutrient derived from soil or fertiliser (Viets,
1965). It can be calculated from data of McNaught (1969) that 106,000
kg of pasture herbage dry matter, consisting of sixty percent ryocgrass
and forty percent clover, will contain 388 kg nitrogen; 260 kg pctassium;
6.1 kg calcium; 3.8 kg phosphorus; 2.6 kg sodium; 2.4 kg magnesium;
118 g manganese and 18 g boron. Because of the continual requirement
for such large quantities of nitrogen to support intensive grassland
production, conservation of nitrogen in a soil-plant system is extremely
important. Any transformation of nitrogen occurring in soil which results
in either an increase or decrease in conservation of nitrogen, becomes
important to the overall economy of nitrogen cycling in a soil-plant
system. Nitrification, although only a small part of the total nitrogen
cycle in soils (figure 1.1), is one factor which may be expected to have
a large influence on conservation of nitrogen, but has received little
attention in New Zealand.

The term nitrification as officially approved by the Soil Science

Society of America (1962) is defined as: "The biological oxidation of
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ammonium salts to nitrites and the further oxidation of nitrites to
nitrates". This definition is inadequate, since, as it presupposes the
identity of the initial substrate, it excludes hcterotrophic oxidation

of nitrogen compounds such as amines (Schmidt, 1954, 1960). An alternate
definition was sugqested by Alexander et al. (1960), namely: "The
biological conversion of nitrogen in organic or inorganic compounds from
a reduced to a more oxidised state". Such a definition requires only an
increase in the oxidation state of nitrogen, hut is again limited to
biological oxidations, and therefore excludes chemical oxidation, a
process which has been demonstrated in soils (Allison and Doetsch, 1951).

A further confusion in terminology often occurs in aygronomic
literature where nitrification is used to describe processes resulting
in the formation of nitrates, thus combining ammonification and
nitrification.

Despite its limitations, the official definition will be adhered
to in this discussion, and any departure from this will be indicated.

The importance of nitrification in soils has been repeatedly
emphasised over the years, and often a good nitrifying soil was
considered as a productive and fertile soil. However, in more recent
literature, some doubt has been associated with the value of nitrification,
Alexander (1965) describing it as a "mixed blessing, and possibly, a
frequent evil”. The importance attached to nitrification is largely
a matter of the emphasis placed on each of several individual effects
of nitrification.

Agronomically, nitrification is considered of importance as it
largely determines the form of nitrogen which is available to plants.

It is commonly assumed or claimed that plants prefer or even require
nitrate nitrogen, thus placing a special emphasis on the role of
nitrification in soils. The experimental basis for this opinion is

questionable, recent data (e.g. Ross and McNeilly, 1975b) suggesting



that in some environments plants may utilise largely, if not entirely,
ammonium nitrogen.

Conversion of ammonium to nitrate changes a slowly leached cationic
form of nitrogen to a rapidly leached anionic form. Data on loss of
nitrogen by leachirg are difficult to obtain, and published data often
tends to be contradictory. However, it is gencrally considered that
loss of nitrogen through leaching from grass clover associations is
small (Allison, 1965; Whitehead, 1970), although recent data on nitrate
concentrations in ground waters of the Waikato, New Zealand, have
challanged this opinion (Baber, 1977). Conversion of a slowly mobile
ion to a highly mobile ion may also be expected to effect the transport
of nitrogen to the plant root.

The instability and reactivity of nitrates may lead to volatile losses
of nitrogen from soils (Fuhr and Bremner, 1964). Nitrification is also
an obligatory predecessor of denitrification (Hiltbold and Adams, 1960).
Although nitrification may promote gaseous loss of nitroyen via chemo-
denitrification or biological denitrification, reduction of nitrification
activity of a soil has been shown to promote gaseous loss c¢f urea
nitrogen as ammonia (Bundy and Bremner, 1974).

Since the oxidation of ammonium ions brings about the formation of
nitric acid, nitrification may increase soil acidity, especially if
nitrates are lost by leaching.

Nitrification also has important environmental and health implications.
Recently, Baber (1977) found that levels of nitrate in gound waters of
the Waikato frequenc.y exceeded 10 mg nitrogen/%, and reported levels
of nitrate up to 58 mg nitrogen/%. High nitrate levels in water are
undesirable, not only because of possible eutrophication of rivers and
lakes, (Harmeson et al. 1971) but also because, if used for human

consumption, may produce methaemoglobinaemia, a condition restricting



the transport of oxvgen in the blood which may be caused through excessive
intake of nitrate (Wesi et al. 1968). Also., nitrite which may be formed
during reduction of nitrate in the gut, can react with secondary amines
under acidic conditions to form N-nitrosamines, many of which are reported
as being carcinogenic, and possibly mutagenic and tetratogenic (Wolff and
Wasserman, 1972).

High nitrate levels in soil may induce high nitrate contents in
pasture (Nowakowski and Cunningham, 1966). High intake of nitrate by
animals has been shown to induce methaemoglobenacmia in cattle (Campbell
et al. 1954) and sheep (Holtenius, 1957); a decrease in thyroid function
in rats and sheep (Bloomfield et al. 1960); decreased lactation rates
in cows (Muhrer et al. 1956) and abortion in cattie (Simon et al. 1959).

There is no doubt that the rate of nitrification in a soil will
have important effects on nitrogen cycling in that soil, and possibly also
affect the health of humans and animals associated directly or indirectly
with the particular system. The question as to whether nitrification is
a "blessing or frequent evil" remains open, and is only likely to be
answered by applied research in which the soil-plant system is considered
as an integrated reaction system. The requirement for this type of
research is endorsed by the observation that nitrification activity in a
pure culture medium is often materially different from what takes place
in soil. Because of the complex organic-inorganic inter-relationships
which occur in soils, it may be expected that the kinetics, and possibly
even the mechanism of nitrification will differ from that which takes
place in pure culture mediums (Quastel and Scholefield, 1951).

A technique which has recently been applied to studies on nitrogen
transformations in soils involves the use of variations in the natural
abundance of 15N. It is well documented that the natural abundance of

N in total and mineralisable soil nitrogen varies between soils (Cheng
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et al. 1964: Bremner and Tabatabai, 1973; Feigin et al. 1974a,b), and
is also often significantly different from that of fertiliser nitrogen
(Kohl et al. 1971; Freyer and Aly, 1974; Edwards 1973; Shearer et al.
1974b; Rennie and Paul, 1975). This latter difference led Kohl et al.
(1971) to postulate that the contribution of fertiliser nitrogen to
nitrogen in surface water could be cestimated by measurement of its
isotopic composition. This approach has been severely criticised (Hauck
et al. 1972), and it is generally considered that, because of the small
difference in 15N abundance between soil and fertiliser nitrogen, and its
high variability, the use of natural variations in the abundancec of 15N
can at best be semi-quantitative (Bremner and Tabatabai, 19/3; Feigin
et al. 1974a,b). 1In field studies, even qualitative estimates may be of
doubtful validity (Black and Wwaring, 1977). There is, however, a complete
lack of 15N data available for New Zealand soils, and therefore no basis
for a valid evaluation of the possible use of such a technique under New
Zealand conditions.

It was the objective of the present thesis to:

1) Investigate nitrification activity in New Zealand soils in order
to gain an understanding of the implications of differences in the
rate of nitrification to New Zealand grassland farming.

2) Obtain some background data on variations in the natural abundance
of 15N in New Zealand agricultural systems, and to evaluate the
use of such data as an aid to studying nitrification specifically,
and nitrogen transformations in general.

Detailed cbjeciives may be found following literature reviews in

chapters 2 and 8.
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2.1.0 INTRODUCTION

In the present chapter it is not intended to present an exhaustive
review of the literature on nitrification, but to summarise the present
state of knowledge to gain an appreciation of the mechanisms of
nitrification, and factors which may be expected to affect nitrification
under field conditions. From this it is intended to define areas in which
knowledge is lacking, and thereby provide a valid basis for the research

reported in this thesis.

2.2.0 HISTORICAL ASPECTS OF NITRIFICATION

Utilisation of nitrifyiny organisms can be traced back to at least
the fourteenth century when saltpetre was collected for the production of
gunpowder, and also for the preservation of meat. Although the production
of nitrate was not known to be a biological prccess, saltpetre was known
to accumulate naturally in places associated with animal excreta (Boerhaave,
1753), graveyards, and burial mounds (Niklewski, 1910). Pasteur (1862)
suggested that the oxidation of ammonium may be of biological origin after
he demonstrated the biological oxidation of alcohol to acetic acid. This
suggestion was verified by Schloesing and Muntz (1877) who showed that the
oxidation of ammonium in sewage was biological. The following year,
Warrington (1878) showed that the oxidation of ammonium under soil conditions
was also probably biological.

During the following years many work:rs attempted to isolate the
nitrifying organisms from soil, and the first successful isolations of
nitrite oxidising bacteria were reported by Winogradsky (1890); Warrington
(1891) and Frankland and Frankland (1890). Winogradsky (1890, 1891) also
successfully isolated the nitrite forming bacteria. From these results
it was established that the oxidation of ammonium occurred in two stages,

namely:
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NHT > NOD + NO
4 2 3

and that autotrophic bacteria were largely responsible for the oxidation.
Isolation of the first heterotroph that could effect nitrification was
reported by Nelson (1929). Other mechanisms which have been suggested

are photochemical (Berthelot and Gaudechon, 1911) and chemical (Allison

and Doetsch, 1951) nitrification. It is intended to examine each mechanism

of nitrification separately.

2.3.0 AUTOTROPHIC NITRIFYING ORGANISMS

On the basis cf the dominant nitrifiers in enrichments, and the
frequency of isolation of specific bacteria in pure culture, it appears
that only two autotrophic genera are prominent in soil nitrification in
fertile soils, Nitrosomonas and Nitrobacter (Alexander, 1965). The
former genera are ammonium oxidisers and the latter nitrite oxidisers.
Nitrifying bacteria discussed here are gram-negative chemolithotrophic
bacteria classified in the family Nitrobacteracecae. With the exception of
Nitrobacter winogradskyi, all of the nitrifying bacteria are obligate

chemolithotrophs (Watson, 1974).

2.3.1 Classification and Morphology of Ammonium Oxidising Bacteria

Four genera of ammonium oxidising bacteria are recognised in

Bergey's manual of Determinate Bacteriology (Watson, 1974).

2.3.1(a) ~Nitrosomonas europaea (Winogradsky, 1892). Rods, 0.8 - 0.9
by 1.0 - 2.0 lm, occurring singly, rarely in chains. When motile, possess
one or two subpolar flagella 3 - 4 times the length of the rod. Cells
have cytomembranes which form flattened lamellae in the peripheral regions
of the cytoplasm. Optimum growth temperature, 25 - 30°C. Optimum growth

PH 7.5 - 8.0. Habitat: soils.
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2.3.1(b) DNitrosospira briensis (Winogradsky and Winogradsky, 1933).
Cells are tightly wound spirals with 3 - 20 turns. Width of spiral
filament, 0.3 - 0.4 um; amplitude of the spiral, 0.8 - 1.0 Hm. Motile
or non-motile; when motile, cells are propelled by one to six
peritrichous flagella 3 - 5 um in length. Optimum growth temperature

(¢} .
25 - 30 C. Optimum growth pH 7.5 - 8.0. Habitat: soils.

2.3.1(c) Nitrosococcus nitrosus (Buchanan, 1925). Large spheres, 1.5 -
1.7 um in diameter, with thick cell membranes. Motility has not been
demonstrated. Optimum temperature 20 - 250C. Haebitat: soils.

II Nitrosococcus oceanus (Watson, 1971). Cells are spherical to
ellipsoidal, 1.8 - 2.2 um in size. Occur singly, in pairs and occasionally
as tetrads. Motile or non-motile. When motile, propelled by a single
flagellum or a small tuft of peritrichous flagella. Optimum growth
temperature 25 - 30°C. Optimum growth pH 7.5 - 8.0. Habitat: Atlantic

and Pacific Oceans.

2.3.1(d) Nitrosolobus multiformis (Watson et al. 1971). Cells composed

of multiple ellipsoidal units, randomly arranged, forming lobular pleomorphic
cells which are internally compartmentalized, having one to five membrane-
bound central areas surrounded by nuerous smaller membrane-bounded areas
rich in glycogen. Cells 1.0 - 1.5 um by 1.0 - 2.5 pm. Motile by means

of 1 - 20 flagella randomly arranged. Op:timum growth temperature 25 - 3OOC.

Optimum growth pH 7.5 - 7.8. Habitat: soils.

2.3.1(e) Nitrosovibrio tenuis is a recently isolated genus from Hawaii
(Harms et al. 1976) not yet recognised in Bergey's Manual. Cells are
1.1 - 3.0 ym by 0.3 - 0.4 uym. Motile by means of 1 - 4 subpolar to
lateral flagella. Isolated vibrio is void of an extensive cytomembrane

system.
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2.3.2 Classification and Morphology of Nitrite Oxidising Bacteria

Three genera of nitrite oxidising bacteria are recognised in

Bergey's Manual of Determinate Bacteriology (Watson, 1974).

2.3.2(a) DNitrobacter winogradskyi (Winslow et al. 1917). Cells short
rods, often wedge or pear shaped, 0.6 - 0.8 by 1.0 - 2.0 uym. Cells
possess a polar cap of cytomembranes arranged to form flattened vesicles.
Usually non-motile but when grown in continuous culture motile cells with
a single subterminal flagellum are produced. Optimum growth temperature

25 - 30°C. Optimum growth pH 7.5 - 8.0. Habitat: soil.

2.3.2(b) Nitrospina gracilis (Watson and Waterbury, 1971). Cells are
long, slender rods, 0.30 - 0.40 by 2.7 - 6.5 um. Spherical forms 1.35 -
1.45 ym diameter are found in old cultures. Ozcur singly or in pairs.
Optimum growth temperature 25 - 30°C. Optimum growth pH 7.5 - 8.0.

Habitat: South Pacific Ocean.

2.3.2(c) Nitrococcus mobilis (Watson and Waterbury, 1971). Cells
spherical 1.5 - 1.8 pm in diameter following division, but elongating
with dimensions of 1.8 by 3.5 um just prior to division. Cells occur
singly or in pairs. Motile by means of one or two flagella inserted
. . o
subpolarly in elongated cells. Optimum temperature range 25 - 30 C.

Optimum pH range, 7.5 - 8.0. Habitat: Scuth Pacific Ocean.

2.3.3 Physiologv of Autotrophic Nitrifying Bacteria

2.3.3(a) Nutrition. All of the organisms discussed above are ohligate
chemolithotrophs with the exception of Nitrobacter winogradskyi.

Chemolithotrophic bacteria fullfil their enerygy requirements by the
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oxidation of ammonium or nitrite and their carbon requirements by the
fixation of carbon dioxide (Watson, 1974).

Essential elements for the growth of Nitrosomonas and Nitrobacter
spp. are: phosphorus, magnesium and iron (Aleem and Alexander, 1960;
Bomeke, 1950; TLees and Meiklejohn, 1948; Meiklejohn, 1953); copper
and molybdenum (Kiesow, 1962; 2Zavarzin, 1958; I.ees, 1948; Lees and
Meiklejohn, 1948); potassium (Welch and Scctt, 1960) and calcium (Kingma
Boltjes, 1935), although there is no evidence of a requirement for
significant amounts of calcium (Aleem and Alexander, 1960; Bomeke, 1950;

Lees and Meiklejchn, 1948).

2.3.3(b) Aeration. Chemolithotrophic bacteria are strictly aerobic,
nitrification being suppressed by a decrecase in the oxygen partial

pressure of their atmosphere (Amer and Bartholomew, 1951).

2.3.3(c) Acidity. Optimum pH for activity of #itrosomonas and Nitrobedter
spp. appears to be strain dependent. Winogradsky (1933) reported that
the pH optima of six strains of Nitrosomonas ranged from 6.0 - 7.0, and

seven strains of Nitrobacter from 6.3 - 9.4.

2.3.3(d) Light. Nitrification is slower in the light than in the dark
(Fraps and Sterges, 1935; Waksman and Madhok, 1937), oxidation of nitrate

being inhibited by light (Warrington, 1873).

2.3.3(e) Surface. Many workers have noted that the supernatant of
nitrifying cultures were clear (Frankland and Frankland, 1890; Winogradsky,
1890) or that the sediment in liquid cultures of nitrifying bacteria was

a better innoculant than the supernatant (Warrington, 1884). Lees and

Quastel (1946b) failed to show nitrification activity in the perfusing
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solution removed from a soil of high nitrificaticr activity and concluded
that nitrification was a surface phenomenon. However, although it
appears that nitrifying bacteria prefer to be asscciated with a surface,
Engel and Alexander (1958) showed that a surface was not a requirement
for nitrification as they successfully propagated Nitrosomonas europaea
in a medium entirely free from solid particles.

Readers requiring more detailed information on chemolithotrophic
nitrifying bacteria are referred to reviews by Mciklejohn (1953) and

Alexander (1965), and to papers by Watson (1971) and Watson and Mandel

(1971) .

2.4.0 BIOCHEMISTRY OF AUTOTROPHIC NITRIFICATION

Oxidation of ammonium to nitrate involves a change in the valence

of the nitrogen atom from -3 to +5, corresponding to the loss of ecight

electrnns.
NH + 1.50. ~ NO. + H.O + 2H (2.1)
) 2 2 :
"+ o. -+ NO_ 2.2
NO, + 0.50, > NO, (2.2)

Values for the change in free eneryy have been reported as -65.2 to
-84.0 Kcal per mole for equation 2.1 and -17.5 to -20.0 Kcal per mole
for equation 2.2 (Gibbs and Schiff, 1960).
Although there is an extensive literature on the biochemistry of
nitrification, the intermediates and enzymes involved are still largely
hypothetical. A discussion of these is considered to be outside the

scope of the present review.

2.5.0 HETEROTROPHIC NITRIFYING ORGANISMS

Several heterotrophic organisms are able to increase the oxidation
state of nitrogen, but unlike autotrophs, the heterotroph is unable to use

this exothermic reaction as the sole source of energy for cell synthesis-
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There is no evidence to suggest that the energy released by ammonium
or nitrite oxidising heterotrophs is coupled with biosynthetic processes
(Alexander et al. 1960), and most heterotrophs are able to grow well in
conditions which preclude nitrification (Hirsch =& al. 1961).

Eylar and Schmidt (1959) prepared nine hundrad and seventy eight
isolates of heterotrophs from twelve high nitrifying soils, of which
sixty six formed NOS, and sixteen formed NO. when grown on glucose-

3

peptone medium. Their data may be summarised as follows:

Isclate Number Number Forming Number Forming
NO, NO,
Actinomycetes 222 16 0
Bacteria 341 24 1
Fungi 415 26 15
Total 978 66 16

A summary of data from Alexander et al. (1260) also shows that a
variety of soil heterotrophs are able to increase the oxidation state

of nitrogen.

Genus Number of Number of
Strains Tested Nitrifying Strains
Mycobacterium 4 1
Nocardia 20 3
Streptomyces 124 33
Micromonospora 2 2
Streptosporangium 1 1

Total 151 40
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Hirsch et al. (1961) reported that forty eight out: of one hundred and

sixty one strains of actinomycetes tested produced NO. from NH+, and

2 4
Odu and Adeoge (1970) found that ten out of the eleven isolates of

heterotrophic organisms they studied were able to produce either NOE

or NO3 from nitrogenous organic compounds.

A summary of reported nitrogen-oxidising heterotrophic species is
presented in table 2.1. Fungi appear to be the most common and most
efficient NOS and N0; producers of the organisms listed (0du and Adcoge,

1970; Eylar and Schmidt, 1959). The amount of No; and No; formed from

+ . . . . .
NH4 by heterotrophic organisms in culture media is seldom more than a

few ppm, whereas autotrophic nitrifying bacteria can form in excess of
1,000 ppm N0; (Alexander et al. 1960). However, heterotrophic organisms
can utilise a wide range of organic nitrogcnous compounds, and yields
of N0;;N in excess of 190 ppm have been reported for ncterotrophic
cultures grown with organic substrates (Doxtader and Alexander, 1966).
Aspergillus flavus has attracted considerable attention because it
is capable of producing reasonable quantities of nitrate (Eylar and
Schmidt, 1959). Schmidt (1960) found that pure cultures of Aspergillus

flavus in alfalfa and barnyard manure produced NO_, but was unable to

S
obtain evidence of No; production by Aspergillus flavus in mixed culture
environments, even though the fungus was capable of colonising the soil
in the presence of a mixed flora inoculm.

The actual importance of heterotrophic nitrifying organisms in
soils remains obscure, and while there is no direct evidence for the
contribution of heterotrophic organisms to nitrification in natural
environments, in some situations it appears that the formation of nitrate
cannot be accounted for on the basis of the known characteristics of
chemolithotrophic bacteria (Alexander et al. 1960; -Ishaque and Cornfield,

1974).



Table 2.1 Nitrogen oxidising heterotrophic

their substrates and products
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icro-organisms,

Fungi

Micro-organism

Aspergillus flavus

Penictllium spp.

Crlalosporium spp.

Aspergillus flavis
Penicillium spp.

Fusarium spp.

Actinomycetes

Neccardia spp.
Streptomyces
Micromonspora spp.
Streptosporangiun
Nocardia petroleophila
Nocardia autotrophica
Streptomyces nitrificans
Nocardia corollina

Bacteria

Mycobacterium
Alcaligenes spp.
Agrobacterium spp.
Achromobacter
Corynebacterium
Corynebacterium simplex

Azotobacter vinelandii

Substrate

(HN4)SO4

urea; protone

casein;
peptone
peptone

protone
peptone
peptone
amino

pyruvic
cxime

ammonium
ammonium
ammonium
ammonium
ammonium
ammonium
urethan
pyruvic
acid

ammonium
ammonium
ammonium
oxime
oxime

nitrophenols

N27

ammonaium

Product

Reference

nitrite

nitrate

nitrite

nitrate
nitrate

nitrate
N-formyl
hydroxy-
amino-
acetic
acid
nitrite

nitrite
nitrice
nitrite
nitrite
nitrite
nitrite
nitrite
nitrite

nitrite
nitrite
nitrite
nitrite
nitrite
nitrite

bound

hydrocxyl-

amine

Eylar and Schmidt,
13959

Eylar and Schmidt,
1959

Eylar and Schmidt,
1959

Schmidt, 1954
Dulaney and Gray
1962

Doxtader and Alexander
1966

Hirsch et al. 1961
Hirsch et al. 1961
Hirsch et al. 1961
Hirsch et al. 1961
Hirsch et al. 1961
lirsch et al. 1961
Isenberg et al. 1954
Jensen, 1951

Hirsch et al. 1961
Jensen, 1951

Jensen, 1951

Quastel et al. 1950
Quastel et al. 1950
Gundersen and Jensen,
1956

Saris and Virtanen,
1957
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2.6.0 BIOCHEMISTRY OF HETEROTROPHIC NITRIFYING ORGANILSMS

Because of the large number of nitrogenous compounds which can be
oxidised by heterotrophic organisms, and the numecous genera and species
capable of oxidising nitrogenous compounds, the biochemistry of hetero-
trophic nitrification appears to be poorly under:;tood, and is considered

to be outside the scope of the present review.

2.7.0 ABUNDANCE OF CHEMOLITHOTROPHIC NITRIFYING sSACTERIA IN SOILS

Relatively few studies have been reported on the size of the
nitrifying population in different soils, possibly because accurate
estimations are difficult to obtain duc to limitations imposed by
commonly used counting methods (e.g. Taylor, 1962).

Low numbers of chemolithotrophic bacteria (100 - 1,000 pecr gram
soil) were found by Frederick (1957) in Clermont (pH 5.0) and Mallot
(pH 7.8) soils and much higher numbers (10,000 - 50,000 per gram soil)
in Genesse soil (pH 7.7). The low populaticn in the Clermont soil was
ascribed to low pH, and that in the Mallot soil to lack of substrate.

Counts varying from 200 - 8,000 chemolithotrophic bacteria per gram
of soil were reported for 75 Australian soils by Sims and Collins (1960).
The detection of over 1,000 bacteria per gram of soil collected from
desert areas which had not received rain for nearly two years indicates
that drought, high temperature and other extensive variations in
environmentzl conditions have a relatively minor oaffect on the distribution
of chemolithotrophic bacteria.

In a climosequence of New Zealand tussock grassland soils, Tan (1967)
found that the number of ammonium oxidisers incrcased from 50 per gram
of soil in an acid Carrick soil (pH 5.2) to 1,700 per gram of soil in
Conroy soil (pH 6.4). Similar results for three Canadian soils were

reported by Pang et al. (1975), who found that in an acid Keld soil
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(pH 5.4) there were only 7 Wi trosomonas spp. and 2 Nitrobacter spp. per
gram of soil, whereas in Wellwood soil (PH 6.6) there were 1,075
Nitrosomonas spp. and 313 Nitrobacter spp. per gram of soil. In a third
soil, Marton (pH 8.2), 936 Nitrosomonas and 272 Jitrobacter spp. were
found per gram of soil. Irrespective of the soil investigated, the
number of Nitrosomonas spp. was approximately thrce and one half times
that of the Nitrobacter spp.

Some indication of the effect of so0oil management on numbers of
chemolithotrophic bacteria can be gained from work reported from

Rothamsted summarised below (Ziemiecka, 1932):

Fertiliser History Ammonium O:xidisers per gram soil
Broadbalk Barnfield

Unmanured 252 384

P, XK, No N 406 334
1949 252

(NH4)2SO4

NaNO2 - 287

Rape Cake 1336 3687

Farmyard Manure 2243 3198

Ammonium oxidisers appear to be most numerous in soils receiving organic

nitrogen or (NH SO.. Similar results were gained more recently by

4)2 4

Soriana and Walker (1973) which are summarised below:

Field Long-Term Fertiliser Number of Ammonium
Treatment Oxidisers per gram soil
Broadbalk Dung 18,000
" No fertiliser 4,310
" Castor meal 1,880

P, K, Na, Mg only o8



Field

Broadbalk

Barnfield

Long-Term Fertiliser
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Number of Ammonium

Treatment Cxidisers per gram soil

P, K, Na, Mg, NH4
No fertiliser

P, K, Na, Mg Nitrochalk
Dung

P, K, Na, Mg

N O, Li

( H4)ZS 4 ime

NH SO

( 4)2 4

No fertiliser Lime

No fertiliser

S s > T.i

(NH4)2SO4 uperphosphate T,ime

(NH4)ZSO Superphosphate

4

Minerals but no N Lime

. S0 .
Minerals (NH4)2 4 Lime

Minerals (NH4)ZSO4

Dung gua~o lime

Dung guano

210
1,270
40
853

11,160

10

172

1,550

440

2,575

160

1,984
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The highest numbers of ammonium oxidising organisms were found in soils

which had received either an organic or an ammonium fertiliser and had

a nearly neutral reaction.

of Parkgrass (pH about 4).

No nitrifiers were found in the acid soils

Soriana and Walker (1973) also estimated the

numbers of ammonium oxidising bacteria in soils outside Rothamsted.
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Type of Soil

Number of Ammcnium Oxidising
Bacteria prr gram soil

Sandy soil 3,136
Sandy soil 990
Chalky clay soil treated

with compost 4,290
Organic soil 2,600
Highly organic soil 2,933

In all the soils studied by Soriana and Walker (1973), Nitrosomonas spp.
were only isolated from soils receiving dung, whereas Nitrosocystis and
Nitrosospira were isolated from the other soils. Sims and Collins (1960)
detected Nitrosomonas, Nitrosogloea and Nitrosococcuc spp. in the
Australian soils i{%-y studied. Winogradsky and Winogradsky (1933)
isoalted Nitrosomonas spp. from garden soils, Nitrosocystis mainly from
forest soils, and Nitrosospira from virgin soils. Nitrosocystis and
Nitrosogloea spp. are not recognised in Bergey's Manual of Determinative

Bacteriology and are considered as nomina dubia (Vlatson, 1971).

2.8.0 CHEMICAL NITRIFICATION

Early literature on chemical nitrification was reviewed by
Waksman and Madhok (1937), and more recent reviews have been presented

by Mortland (1958) and Allison (1973). Allison (1973) concluded that

. . . +
there is no evidence to suggest that chemical oxidation of NH4 to NO2

is of importance in soils, but recent literature has suggested that

chemical oxidation of NO. to NO

2 3 may be of some importance. At pH

values below 5, chemical oxidation of NO2 to NO3 can occur rapidly

(Allison and Doetsch, 1951) a possible mechanism being as follows:
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3HNO2 > HNO3 + 2NO + H20 (2.5)

in the presence of air,

2NO + O2 -> 2N02 (2.6)

which may then react to form HNO3

+ ->
2NO2 H20 HNO3 + HNO2 (2.7)

This reaction may account for formation of No; in soils todiacid for
the growth of Nitrobacter (Allison and Doetsch, 1951).

Smith and Clark (1960) found that soil enhanced the tendency of
NOQ to convert to No;. In solutions buffered at pH 4.0 - 4.5, thirty

six percent of added No; (500 mg N02—N per 100 ml) was oxidised to No;

in a helium-oxygen atmosphere in twenty four hours. When NOE was added

to Fort Collins loam (pH 4.2 - 4.7) fifty five percent of it was oxidised

to N0; in eighteen hours.

Oxidation ol N02 to NO3 may not only be confined to extremely acid

soils since Reuss and Smith (1965) found that twenty four hours after

addition of NaNOZ, twenty five percent of the added No; had been oxidised

to nitrate in a soil at pH 4.6, and fourteen percent in a soil at pH
5.6. Steam sterilised and non-sterilised soils gave identical results.

Using a cation exchange resin buffered at pH 5.2, it was found that

3 in twenty four hours,

forty four percent of added NOE was oxidised to NO
and seventy percent in ninety six hours. The presence of oxygen was
essential for the formation of No;.

Another prccess occurring in soils which has been examined recently
is the reaction of nitrous acid with organic matter, which at low pH
values can lead to production of NO (Stevenson and Swaby, 1964; Fuhr and
Bremner, 1964; Stevenson et al. 1970). Any NO present in aerobic soils

and further to NO_ as discussed above.

is likely to be oxidised to NO2 3

Further quantitative data are required before a full assessment of

the importance of chemical nitrification in soils can be made.
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2.9.0 PHOTOCHEMICAL NITRIFICATION

Photochemical nitrification was first suggested by Berthelot and
Gaudechon (1911) who noted oxidation of NHZ to NOZ in solution.
Considerable work, reviewed by Waksman and Madhck (1937), followed this
repcrt and several workers demonstrated photochenical oxidation of NHZ
to N0; in solution, and a few workers (e.g. Dhar, 1935) postulated
photochemical nitrification to occur in soils. Siuch claims were discounted
by Waksman and Madhok (1937), whose view was supported by the inability
of several workers to demonstrate the process as occurring in soils (Fraps
and Sterges, 1935; Waksman et al. 1937).

There seems little doubt, given suitable conditions, that NHZ can
be oxidised to No; in solution photochemically {see for example Rigg
et al. 1952), but there is no evidence to support the occurrence of
photo-oxidation in soils. Even if photo-oxidation of NH: does occur

in soils it is likely to be of little importance in temperate grasslands

because of the high density plant cover.

2.10.0 THE SIGNIFICANCE OF AUTOTROPHIC, HETEROTROPHIC

AND CHEMICAL NITRIFICATION IN SOILS

In most soils, nitrification appears to be primarily a biological

process, since addition of biological inhibitors largely stops nitrification
(see Goring 1962a,b). The frequency of isolation of chemolithotrophic
bacteria, and the relatively large numbers of these organisms present in
most coils, indicate that nitrification by autotrophic organisms is the
major mechanism (see sections 2.3.0 and 2.7.0). It is often assumed that
the responsible bacteria are strains of Nitrosomonas and Nitrobacter,

and results of micro-organism counts by techniques such as the most

probable number technique are often described as Nitrosomonas spp. and

Nitrobacter spp. without any specific experimental support.
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The large number of heterotrophic organisms which are able to
oxidise nitrogen compounds (see section 2.5.0) ard the abundance of
these organisms in soils may suggest that heterotrophs play an important
role in nitrification. However, when 2-chloro-¢ (trichloromethyl)pyridine,
a compound which specifically inhibits autotrophic but not heterotrophic
nitrifying organisms (Shattuck and Alexander, 19G3; Laskowski ot al.
1975), is added to soil, nitrification, by and large, ceases (Goring
1962a,b). Heterotrophs, unlike autotrophs, arc not obligately associated
with nitrification for development. Therefore the occurrence of
heterotrophs in soils indicates a potential for activity rather than an
actual activity.

Alexander et al. (1960) calculated that fewer Nitrcbacter cells are
required to oxidise a given amount of nitrogen than Nitrosomonas cells.
However, numbers of Nitrobacter reported in soils often exceced the
number of Nitrosomonas (e.g. Morrill and Dawson, 1967) which may support
a suggestion that the amount of NOE available as substrate exceeds that

+
of NH,. Many heterotrophs are able to form small amounts of NO

but 1
4 ut only

-
a few fungi, e.g. Aspergillus flavus are able to form Nog.

There is little data to support the occurrence of chemical or
photochemical oxidation of NHZ in soils, and it is generally agreed that
it is of little importance (Waksman and Madhok, 1Y37; Waksman, 1952).
Chemical oxidation of No;, however, becomes possible in soils at about
the pH level that autotrophic oxidation ceases. 1In solution studies the
critical pH has been found to be about 5.2 (Allison and Doetsch, 1951).
Local areas of acidity may allow chemical oxidation of No; when the
average soil pH is above 5.2, since Reuss and Smith (1965) reported
oxidation of No; in steam sterilised soils at pH 5.6.

Present data suggests that autotrophic bacteria are the major

mechanism of nitrification in most soils, but lack of direct quantitative
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data prevents a full assessment of heterotrophic and chemical

nitrification.

2.11.0 ENVIRONMENTAL FACTORS AFFECTING NITRIFICATION

2.11.1 pH

The most favourable pH for growth of Nitrccomonas spp. in soils
is above pH 7.6 while that for Nitrobacter spp. appears to be in the
range of pH 6.2 to 7.0 (Morrill and Dawson, 1961).

Nitrosomonas and Nitrobacter show low sensitivity to high hydroxyl
ion concentrations, and have been reported as functioning at pH 13 (Meek
and Lipman, 1922). Although Nitrobacter survive at high pH, Millbank
(1959) found that their rate of proliferation was greatly reduced at pH
values above 7.5 - 7.7, and Martin et al. (1942) quotcd the "threshold"
value of pH 7.7 for NOS oxidation, above which the Nitrobucter population
builds up extremely slowly. The proliferation rate of Nitrosomonas spp.
is unaffected by alkaline pH within a wide range (Millbank, 1959).

Nitrifying organisms appear to be mcore sensitive to acidity than
most of the common soil organisms, and no accumulation of nitrate was
recorded by Weber and Gainey (1962) in a liquid medium buffered at pH
levels below approximately 6.0. It is apparent, however, that pH optima
for bacteria in soil differs somewhat from those noted for bacteria in
solution cultures (McLaren and Skujins, 1963).

Despite a voluminous literature relative to nitrification activity in
acid soils, data tends to be extremely variable and therefore to some
extent contradictory. This may be due, at least in part, to differing
PH optima for different isolates (Winogradsky, 1933; Ulyanova, 196l), or
differing soil characteristics. The lower limit of activity may therefore

be expected to vary somewhat with the soil and the indigenous organisms
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present. The pH range below which nitrifiers no longer function has been
placed at between pH 3.9 and 4.5 (Gerretson, 1942), at PH 4.1 (Meek and
Lipman, 1922) and about pH 4.5 (Broadbent et al. 1957) . Numerous workers
have noted NOS accumulation at low pH values; Olsen (1929) at pHd 3.7;
Waksman (1923) and Humfield and Erdman (1927) at between PH 4.4 and 4.8;
Boswell (1955) and Weber and Gainey (1962) at pli 4; or in soils of large
lime requirement (Abbot et al. 1931; Fred and Graul, 1916; White, 1913).
There is some evidence that Nitrosomonas spp. may adapt to their
environment. Ulyanova, (1961, 1962) found that the optimum pH for

activity of Nitrosomonas spp. was often similar to that of the environment

from which they were isolated, although this was not always the case.

2.11.2 Temperature

It is well established that nitrification, like other biological
reactions, is temperature dependent. Temperature optima for nitrification
appear to be dependent on the temperature regime of individual soils
(Mahendrappa et al. 1966; Thiagalincgham and Kanchiro, 1973). The optimum
temperature for nitrification has been reported as 4OOC (Ishaque and
Cornfield, 1974) and 35°C (Myers, 1975) for tropical soils, and as around
25°C for soils of cooler regions (Sabey et al. 1956; Mahendrappa et al.
1966). Intermediate optima in the range of 27 - 350C have been reported
by Frederick (1956). Temperatures above optimum reduce the rate of
nitrification, which ceases at 40 - 450C (Warrington, 1879; Meiklejohn,
1954; Harmsen and Kolenbrander, 1965). Although nitrification is also
reduced by sub-optimal temperatures, it has been rcported as occurring at
3 - 5°C (Warrington, 1884; Broadbent et al. 1958) and at temperatures
around 0°C (Gerretsen, 1942; Sabey et al. 1956).

Pure culture studies of fungi (Jensen, 1969; Jensen and Reynolds

1971; Smith, 1964) and bacteria (Howell et al. 1971) have shown greater
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microbial growth rates at constant temperature than at fluctuating
temperatures, particularly if the amplitude of fluctuation exceeds 10°c.
Burgess and Griffin (1968), however, claimed that temperature fluctuation
per se does not affect the rate of fungal growth, and Powers et al. (1965)
reported a slower bacterial growth rate at a constant mean temperature
of 16°C than under cyclical 5 - 27°C. Biederbeck and Campbell (1971)
found that incubation of soil at low fluctuating temperatures caused a
sharp decline in the viable count of micro-organisms, particularly non-
spore forming bacteria, an effect which could be reduced by addition of
ammonium sulphate or peptone.prior to incubation (Campbell et al. 1973a).
The rate of nitrification has been reported to be significantly
lower (Campbell et al. 1971; 1973a; 1973b; Cook, 1952) and higher
(Frederick, 1956) with fluctuating rather than constant mean temperature.
Biederbeck and Campbell (1973b) found that when incubation temperature
was shifted downward, microbial population levels decreaszd markedly
whereas rates of ammonification and nitrification increased significantly,
resulting in a temporary increase in the level of mineral nitrogen. This
"kill" of microbial cells was much more extensive under fluctuating than
under constant temperature. Considerable loss of viable cells occurred,
not only when shifting to low temperatures (130C - 20C), but also when

o o
shifting from high to medium temperatures (180C - 7°C). The validity of

this laboratory data was supported by NO3

and temperature data from a

3

occurred each year with the onset of the first cold spell every autumn,

four year field trial in which it was found that a sudden flush in NO

or with the occurrence of a cold spell in late spring.
Nitrification has been found to be slower when incubation temperature
was shifted from sub-optimal to optimal than vice-versa (Chandra, 1962).

The importance of preceeding temperature has also been stressed by Campbell

and Biederbeck (1972).
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The type of temperature shift also affects nitrification. Campbell
et al. (1973a) showed that results obtained with & square-wave type
diurnal temperature variation, can be quite different from those obtained
with a sine-wave pattern, which is more alignéd to what occurs under “field
conditions (Geiger, 1959),.

In most soils the potential for nitrification in the intermediate
temperature range {10 - 300C) far exceeds that for ammonification, and
NHZ is unlikely to accumulate. At low tcmperatures, however, ammonification
tends to be favoured more than nitrification, and small accumulations of

+
NHA may occur (Campbell et al. 1970).

2.11.3 Soil Moisture

The effect of soil moisture on microbial activity has been the
subject of many investigations, but comparisons botween scils are often
difficult, because the moisture content in many investigations has been
expressed as a percentage of some soil constant (e.g. Greaves and Carter,
1920; Russell et al. 1925; Calder, 1957; Robinson, 1957). A few
investigations, however, have expressed soil moisture in terms of tension,
which allows a more valid comparison between soils.

The optimum moisture for nitrification in soils has been stated as
equivalent to that held by soil between 0.15 and 0.50 bars tension (Miller
and Johnson, 1964). Nitrification will proceed above 15 bars tension
(Miller and Johnson, 1964; Reichman et al. 1966) with complete inhibition
occurring at 115 bars tension (Justice and Smith, 1962). Nitrification
has also been observed below 0.15 kars tension (liiller and Johnson, 1964;
Parker and Larsen, 1962). It appears that nitrification is limited at
high tension by moisture deficit, and at low tension by aeration (Miller
and Johnson, 1964). Most soils examined by Miller and Johnson (1964)

showed maximum nitrification at tensions corresponding to greater than
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twenty percent air-filled pores. The only soil examined which showed
nitrification activity at zero tension contained cixteen percent air-

filled pores at that tension.

Ammonification will proceed faster than nitrification in soils of

high or low moisture tension, and this may lead -0 accumulation of NHZ

(Miller and Johnson, 1964; Robinson, 1957).
Sabey (1969) combined studies on the effect of constant temperatures

(Sabey et al. 1956; 1959; 1969) and constant moisture (Sabey, 1969) on the

+

production of nitrate in the presence of non-limiting NH4,

and concluded

it was possible to estimate NO3 accumulation for any period of time at
all temperatures from 0 - 250C, and at all soil moistures from 0.1 -

15 bars tension in medium textured soils of the midwestern United States.

The importance of temperature-moisture content interaction in quantifying

wicrobial mediated processes was stressed by Cameron and Kowalenko (1976)

who found that the optimum moisture content for the activity of nitrifying
bacteria was dependent on temperature.

Campbell et al. (1974) compared nitrification in field samples
subjected to wetting and drying with nitrification in laboratory incubated
samples with the same diurnal temperature variation as found in the field,
and found that wetting and drying accounted for seventy to ninety percent

of the NO3 produced in the 0 - 2.5 cm depth. They accredited the difference

in nitrification to the lack of production of easily mineralisable nitrogen
under constant moisture conditions, the production of which occurs
naturally under conditions of frequent wetting and drying (Birch, 1960;

Stevenson, 1956). In a similar study, Campbell et al. (1975) found

3

in the top 2.5 cm of soil, temperature effects accounting for only seventeen

wetting and drying to be the most important factor affecting NO changes

Percent of the No; produced by nitrification.
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2.11.4 Salt Concentration

Salts which are not directly toxic to nitrifying bacteria may
reduce nitrification in soils by exerting an osmotic suction. Johnson
and Guenze (1963) found that osmotic tensions abeve 3.3 bars reduced
No; production in soil in a linear way as the salt concentration in soil
increased. Their data also suggested that the nitrifying population in a

calcareous soil had a greater salt tolerance than organisms in a non-

calcareous soil.

2.11.5 Aeration

The importance of oxygen on the conversion of NHZ to No; was
first realised by Schloesing (1873), before it was known that nitrification
was a biological reaction. Although nitrification is an acrobic process,
it can occur at extremely low partial pressures of oxygen (Amer and
Bartholomew, 1951; Greenwood, 1962). Many studies on the effect of
oxygen partial pressure on nitrification have been carriced out by requlating
the oxygen supply in the ambient or soil atmosphere (Amer and Bartholomew,
1951; Broadbent and Stojanovic, 1952; Nommik, 1956; Wijler and Delwiche,
1954). The partial pressure of oxygen in the gaseous phase however is
related only indirectly to the rate of supply at sites of microbial
activity where diffusion throuéh soil solution may become rate limiting
(Bremner and Shaw, 1958a,b; Wijler and Delwiche, 1954).

Lemon and Frickson (1952, 1955) measured oxygen diffusion rates in
undisturbed soil with a platinum electrode. Oxygen diffusion rates were
greater in larger aggregates with greater poresity, and declined with
increasing depth below the surface. The thickness of the moisture film
had a large effect on oxygen supply in soils of low porosity, a similar

conclusion was reached by Brandat et al. (1964) in laboratory studies.
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2.11.6 Nutrient Supply

There are few reports in the literature of nutrients other than
NHZ and NOE limiting nitrification. Fraps and Sterges (1939) reported
that phosphorus deficiency was sufficiently severe in many soils to
restrict the rate of nitrification. It appearcd that nitrite-oxidisers
were more sensitive to phosphorus deficiency thar ammonium-oxidisers.
Molybdenum was implicated as limiting nitrification by Bertrand (1973)

who found that ammornium molybdate solution sprayed on to soil (100 g/ha Mo)

increased N fixation, ammonification and nitrification.

2.11.7 Season

Any effect which seasons may have on nitrification activity, or
the population of nitrifiers in soil, is really only a reflection of
environmental factors such as temperature, moisture, aeraticn or substrate,
all of which show some variation with time of year. Maximum populations
of nitrifying organisms have been recorded in spring and early summer in
Iowa soils (Thorne and Brown, 1937), in spring and autumn in Japanese soils

(Sakai, 1960) and in summer in New Zealand soils (Ross, 1960).

2.11.8 Depth

Variation of nitrification activi£y with depth has only received
attention by a few investigators. Warrington (1884) observed that
nitrification activity apparently decreased with depth in soil, activity

seldom being present below 45 cm in Rothamsted soils. Studies on No;

accumulation in soils during incubation normally show most rapid

nitrification of applied (NH4)2SO4 in samples collected close to the soil

surface (Eno and Ford, 1958; Dancer and Peterson, 1974). Eno and Ford

(1958) found that on incubation, nitrification of (NH SO4 was very slow

4)2

in samples collected below 1.3 m, although appreciable numbers of ammonium
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oxidising bacteria wsre reported as being present at depths greater than
2.4 m. Dancer and I'eterson (1974) suggested a close association between
rate of nitrification and soil organic matter content.

Presumably, populacions of nitrifying organisms will accumulate
largely where supplies of energy, substrate, nutrients and oxygen are
maximal, providing that environmental conditions of moisture, temperature

and pH are satisfactory. Such conditions are most likely to occur close

to the soil surface.

2.12.0 EFFECT OF TYPE OF CLAY AND PARTICLE SIZE ON NITRIFICATION

Clay minerals are known to exert a marked influence on the activity
of bacteria in pure culture (Stotzky and Rem, 1966), largely because clay
minerals, especially those with high cation exchange capacities, are able
to sustain the pH of the media at levels adequate for growtnh. It also
appears, however, that stimulation of bacterial activity may occur by
mechanisms other than buffering (Stotzky, 1966aj. Stotzky (1966b)
concluded that respiration of bacteria increased with an increase in the
cation exchange capacity of clay minerals and also possibly with surface
area of the particles, while particle size did not appear to be an
important characteristic.

Lees and Quastel (1946b) were the first workers to draw attention to
the importance of colloidal soil particles on nitrification activity. They
postulated that Nitrosomonas spp. metabalised largely absorbed NHZ, ané
showed the rate of nitrification to be dependent on cation exchange
capacity of the soil. Contrary to Lees and Quastel's (1946b) hypothesis,
Goldberg and Gainey (1955) concluded that the availability of NH; to
nitrifying bacteria in liquid cultures containing different soil minerals
was directly related to the quantity of unabsorbed NHZ. They found that

the addition of potassium-saturated soil minerals to a filtered medium
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resulted in significant increases in NO3 accumulation for bentonite (9.1%),

montmorillonite (6.7%) and muscovite (19.1%), and a significant decrease
for kaolin (20.7%). When ammonium-saturated soil minerals were added, no
significant alteration in the rate of No; accumulation occurred for
bentonite, a small depression was noted for montmorillonite (7.0%) and a
large depression tor muscovite (70.3%) and kaolin (68.8%).

Working with one hundred percent calcium-saturated clays at pPH 7,
Kai and Harada (1965) found that montmorillonite stimulated nitrification
more than halloysite which in turn stimulated nitrification more thag
allophane. When fifty percent calcium-saturated clay was added to
solution cultures without pH adjustment, allophane supported the highest
rate of nitrificaticn and this was accredited to its high buffering
capacity. Kai and Harada (1969) also measured the adsorption of ammonium
and nitrite oxidising cxganisms on to montmorillonite, halloysite and
allophane from solutions containing 14,500 organisms at pH 6.9 and 4.8,
and found a high adsorption (>96.6%) in all cases.

Nishio and Furasaka (1971b) found that the rate of NOS oxidation

in perfused soil could be considerably.increased by dispersion of the

soil by shaking, and suggested this was due to the activation of NO2

oxidising organisms which were previously inactive. They found that in
an undispersed soil, NOQ was oxidised exponentially at first and then in
a cubic root relation later. Such a relationship was suggested to be due
to the existance of bacteria in bacterial masses formed on open surfaczs
of soil or by partially filling pores. In a mass of bacteria, NOE
availability limited oxidative activity of cells inside a cell mass.
It is well known that clays such as illite, montmorillonite and

vermiculite are able to fix comparatively large quantities of ammonium

in a form that is not removed by leaching with KCl (Stanford and Pierre,

1946; Bower, 1950; Allison et al. 1951). This ammonium has only a low
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availability to nitrifying organisms (Allison et al. 1951; Bower, 1951;

Allison et al. 1953; Raju and Mukhopadhyay, 1974).

2.13.0 THE EFFECT OF PLANT ROOTS AND ORGANIC MATERIALS ON NITRIFICATION

Winogradsky and Omeliansky (1899) observed that small amounts of
glucose, peptone, asparagine and sodium butyrate inhibited nitrification.
Russell (1914) suggested that the lower NOS content of cropped soil
compared with uncrorped soil, even after being corrected for crop uptake,
was due to a diminished No; production in the presence of plants, and an
inhibitory effect of grasses on nitrification was suggested by Lyon et al.
(1923). A similar suggestion by Theron (1951) appeared to stimulate
renewed interest in the effect of plants and organic matter on nitrification,
and subsequently, inhibitory effects were postulated by many other workers
(Eden, 1951; Stiven, 1S52; Mills, 1953; Berlier et al. 1556; Greenland,
1958; Boughey et al. 1964; Rice, 1964; Munro, 1966a,b).

Three field plots representing two stages of old field succession
and the climax of three vegetation types (oak-pine forest; post oak-
blackjack oak forest; tall grass prairie) were studied by kiice and
Pancholy (1972) who concluded that inhibition of nitrification increased
during progression towards climax vegetation. Such a hypothesis, they
argued, could also e supported on grounds of conservation of energy,
since the reduction of No; to NHZ in plants requires considerable
expenditure of energy. Elimination of No; from the nitrogen cycle
reduces loss of nitrogen by leaching and denitrification, therefore
improving nitrogen conservation in the soil. The experimental evidence
to support this hypothesis, however, was largely circumstantial.

Many workers have examined root or plant extracts for nitrification
inhibitory effects without attempting to identify specific inhibitors.

Root extracts of a tropical grass, Hyparrhenia filipendula were demonstrated
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to inhibit enrichment cultures of nitrifying bacieria by Munro (1966a,b).

Neal (1969) found that root extracts of Agropyrcn dasystachijum, Agropyron
smithii, Bromus pumpzllianus, Festuca scabrella, Phleum pratense, Stipa
comata and Stipa spurtea did not suppress nitrification by Nitrosomonas
europaea, whereas significant suppression by root extracts from
Bouteloua gracilis and Taraxacum officinale, and to a lesser extent by
Plantago purshii and Bromus tectorum was noted. Washings of ryegrass,
wheat, salad rape, lettuce and onion have also been reported to reduce
nitrification activity (Moore and Waid, 1971). 0Odu and Akerele (1973)
found that nitrification was in fact increased when soil was incubated
with root extracts of four grasses (Andropogon tectorum, Chloris gayana,
Panicum maximum, Pennisetum purpureum) and two legumes (Calopogonium
mucunoides and Stylosanthes gracilis) possibly because of suppression
of soil heterotrophic bacteria.

Contrary to the findings of Boughey et al. (1964) and Munro (1966a,b),
Purchase (1974) reported that although washings of living roots of
Hyparrhenia filipendula prolonged the lag period of NOE oxidisers in
solntion cultures, daily additions of root washings to soil did not
inhibit nitrification. Incubation of roots in soil with added (NH4)2SO4
caused considerable immobilisation of mineral nitrogen with consequential
depression of nitrate accumulation, but no inhibitory effect of nitrification
of the surplus NH+ was noted. Neither was any inhibitory effect noted

4

SO, .

when macerated roots were mixed with soil and perfused with (NH4)2 4

It was concluded that roots of Hyparrhenia filiperndula were not inhibitory

to nitrification, and this was supported by an increase in numbers of

NHZ oxidisers in the vicinity of Hyparrhenia filipendula plants following

application of (NH4)2804.
Inhibition of nitrification by glucose has been reported by many

workers (Winogradsky and Omeliansky, 1899; Heubult, 1929; Nelson, 1931;

Jensen, 1950a). Meiklejohn (1951) however, estaklished that the toxicity
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of glucose was due to formation of toxic decomposition products during
heat sterilisation. I glucose was sterilised by filters without heat,
no inhibition occurred.

A further conclusion reached by Meiklejohn (1951) was that physiological
work done with impure cultures requires very cautious interpretation,
since some substances may stimulate non-nitrifiers present in the culture
which in turn may suppress nitrification. Such an effect was reported
by Kaczmarek (1972a.,b, 1973) who found that gliucose, starch and gelatin
were not tcxic to nitrifying crganisms, although they decreased the
nitrification activity. It was postulated that the suppression cf
nitrification was due to either metabolites or competition from
heterotrophs since addition of glucose, starch or gelatin caused
intensive development of groups of heterotrophs, the period of maximal
development of the heterotrophs being coincident with the pcriod of
highest inhibition of nitrification. Conversely, Engel (1934) found
that addition of glucose to soil increased nitrification, not because

of any direct effect on the nitrifiers, but because it increased
numbers of nitrogen fixing bacteria which provided more substrate for
the nitrifiers.

Peptone has also been found to be inhibitory to the growth of one
or both of the nitrifiers (Winogradsky and Omeliansky, 1899; Beijerinck,
1914; Kingma Boltjes, 1935). Inhibition by peptone was found to be due
to free amino acids (Kingma Boltjes, 1935). The mechanism of inhibition
is not clear but Lees (1963) suggested that amino acids may either bind
esseniial trace elemznts or specifically block some key reaction in the
cells.

Inhibition of nitrification by urea (Winogradsky and Omeliansky,
1899; Meyerhof, 1916a,b, 1917) is apparently due to traces of cyanate’

in the urea (Dirnhuber and Schutz, 1948). Cyanate is known to be highly
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toxic to Nitrobacter (Taussig, 1960).

Ammonia is toxic to nitrifying organisms, the level of texicity
increasing with increasing pH (Stojanovic and Alexander, 1958; Engel
and Alexander, 1960). Kaczmarek (1972b, 1973) accredited the inhibitory
effect of casein hydrolysate on nitrification to the formation of NH3
during metabolism. The inhibition of nitrification in soil by nitrogen-
rich organic compounds has also been discussed by Cornforth and Davies
(1968), Hoflich (1968) and Smith (1964a, 1967).

Recently, considerable interest has been shown in tannins as possible
inhibitors of nitrification. Basaraba (1964) reported that addition of
0.125 percent (w/w) of tannins had little effect on nitrification whereas
additions of 0.5 to 2 percent (w/w) reduced but not inhibited nitrification
over a two week laboratory incsbation. Tannins produced by several
species of plants were found to inhibit nitrification (Rice. 1965). Rice
and Pancholy (1973) reported complete inhibition of nitrification by as
little as 2 ppm of condensed or hydrolyzable tannins, or 0.17 ppm of
tannic acid. Many plants (Pinus echinata, Quer=zus stellatu, Quereus
mex 2tandica, Aristida oligantha, and several prairie grasses) are known
to produce tannins (Rice and Pancholy, 1973). In the grasses, concentrations
were found to be higher in shoots than in roots. Tannins have also been
reported as occurring in soils. Blum and Rice, (1969) reported 600 - 800
ppm tannic acid in the top 5 cm of soil under a tall grass prairie in
Oklahoma. Tannic acid was found to a depth of 75 cm with a zone of
accumulation in the B horizon, indicating that tannic acid is sufficiently
stable to leach thiongh soil. Rice and Pancholy (1973) reported 20 ppm
of tannins in the 0 - 15 cm depth under another tall grass prairie. They
calculated that the amount of tannin added each year from plants was
considerably below the amount found in the soil indicating an accumulation

with time.
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Several phenol.c acids and phenolic glycosides which are inhibitors
of nitrification have also been isolated from plants (Rice and Pancholy,
1974). Of the compounds isolated, ﬁerulic acid was found to be the most
thent inhibitor. This compound has been repsrted as being present in
many soils (Guenze and McCalla, 1966; Hennequin and Juste, 1967; Wang
et al. 1967; Patrick, 1971; Chou and Muller, 1972).

Although much data has accumulated which suggest that plant roots or
plant root extracts may inhibit nitrification, the exact effect of plant
roots on nitrification remains unresolved. Obscrvations by Purchase (1974)
that inhibition of rnitrification in solution cultures could not be
duplicated in soil studies, indicates a requirement for some care in
interpretation of possible inhibitory effects of plant materials. Recent
data on specific compounds such as tannins has indicated that they may
play a role in inhibiting nitrification in soils but more quantitative
data is required to evaluate the role of such sukstances in soils. The
presence of these compounds in soils is not considered sufficient evidence
to support their rcle as "controllors" of nitrification. The fact
remains, that large populations of nitrifying organisms are known to
exist in soils supporting species of plants suggested to inhibit

nitrification.

2.14.0 CHEMICAL NITRIFICATION INHIBITORS

Many agricultural chemicals which are used to control weeds,
insects, parasites and diseases also affect biological nitrification.
The inhibitory effect of a particular chemical is dependent on its chemical
nature, the amount applied, soil properties and environmental factors
(Bollen, 1961; Martin, 1963). In general, at normal rates of application,
soil fumigants and fungicides exert a greater inhibitory affect on
nitrifying bacteria (Stark et al. 1939; Kincaid and Volk, 1952; Wenseley,

1953) than insecticides and herbicides (Domsch and Paul, 1974). The
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high nitrification inhibitory property of most fumigants is probably
due to the large part of the soil mass which comes in contact with
fumigants immediately after application.

A detailed discussion of all chemical inhibitors is outside the
scope of the presenc review. However, to facilitate a comprehensive
understanding of nitrifying organisms, some of the agricultural chemicals
known to inhibit or retard nitrification are listed in section 2.14.1,
specific nitrification inhibitors are discussed in section 2.14.2, followed
by a discussion of some of the effects of inhibiting nitrification in
soils in section 2.14.3. Readers requiring more detailed information are

referred to reviews by Gasser, 1970; Hauck, 1972; Hauck and Koshino,

1971; and Prasad et al. 1971.

2.14.1 Inhibition of Nitrification by Fungicides,

Fumigants, Herbicides and Pesticides

Many chemicals used to control soil and plant borne diseases and
pests are known to inhibit or delay nitrification. Although a full
discussion of fungicides, fumigants, herbicides and pesticides is
outside the scope of the present review, it is considered pertinent to
name some of the chemicals which are known to retard or inhibit
nitrification. A glossary of chemical names is included in Appendix 1.

The following products have been found to either retard or inhibit

oxidation of either ammonium or nitrite in soil or culture studies:

Product Reference
Acetamides (CDEA & CDAA) Otten et al. 1957; Teater et al. 1958
Aldrin Garretson and San Clemente, 1968
Aminotriazole Otten et al. 1957
Ammonium bromide Smith and Weeraranata, 1975

Ammonium thiocyanate Smith et al. 1945
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Product Reference

Anbam Nishihara and Tsuneyoshi, 1964

Baygon Garretson and San Clemente, 1968

Benomyl Mazur and Hughes, 1975

Botran Casely and Broadbent, 1968

Captan Wainwright and Pugh, 1973

Chemagro Casely and Brocadbent, 1968

2-chlorobenzamidce Smith and Weeraranata, 1975

Chloropropham Otten et al. 1957

Chloropicrin/proporgyl bromide Good and Carter, 1965

Chlorophenates Mikkelsen, 1965

Chloropropenes Good and Cartecye, 1965

Cyancguanidine Smirnov, 1968

Cyanuric acid Hauck and Stepnenson, 1964

Dalapon Otten et al. 1957

Dazomet Smith and Wceraranata, 1975;
Gasser and Peachey, 1964

DBCP Koike, 1961

DD Koike, 1951; Gasser and Peachey, 1964;
Ross and McNeilly, 1975a

Di-allate Chandra, 1964

Dicyanodiamide Komatsu et al. 1965

Dieldrin Chandra, 1967

Dithane Harada, 1961

Dowfume W-85 Koike, 1961

Dyrene Dubey and Rodriguez, 1970

EDB Koike, 1961

Eptam Winely and San Clemente, 1968

Fenitrothion Ross, 1974



Product
Ferbam

Heptachlor

IMTD

Lanstan
Lindane
Linuron
Malathion
Maneb

Manzote
Melamine
Metham-sodium

Methyl bromide

Methyl isothiocyanate
2-methyl-mercapto-4,6-bis-
isopropyl-amino-striazine
Monzet

Monolinuron

Monuron

Mylone

Nabam

Nemagon

Paratinion

PCMB

Phenylacetic acid (2,3,6-TBA)
Phenoxybutyric acid (2,4-LB)

PRDG-10

Reference
Jacques et al. 1959
Chandra, 1967; Winely and San
Clemente, 1968
Radwan, 1965
Caseley and Broadbent, 1968
Garretson and San Clemente, 1968
Domsch and Paul, 1974
Garretson and San Clemente, 1968
Jacques et al. 1959
Jacques et al. 1959
Hauck and Stephensen, 1964

Gasser and Peachey, 1964

Gasser and Peachey, 1964; Good and

Carter, 1965; Ross and McNeilly, 1975a

Gasser and Peachey, 1964

Szabo, 1964

Hirabayashi et al. 1967

Domsch and Paul, 1974

Caseley and Luckw2ll, 1965
Chandra and Bollen, 1961
Chandra and Bollen, 1961

Koike, 1961

Garretson and San Clemente, 1968
Vlassak, 1962

Chandra, 1964

Chandra, 1964

Koike, 1961
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Product Reference
Simazine Caseley and Luckwell, 1965
Sodium arsenite Quastel and Scholefield, 1951
Sodium chlorate Smith et al. 1945
TDE Winely and San Clemente, 1968;

Garretson and San Clemente, 1968

Telodrin Srivastava, 1966
Telone Koike, 1961
Thiourea Reddy, 1964; Lees, 1963
Thiram Wainwright and Pugh, 1973
TMTD Radwan, 1965
Tributyl-3-chlorobenzyl Smith and Weeraranata, 1975
Trichloroacetic acid and TCA Otten et al. 1957
Vapam Koike, 1961
Verdasan Wainwright and Pugh, 1973
Zineb Jacques et al. 1959

It appears as though alkylamine triazines inhibit Nitrobacter spp.
preferentially (Dubey and Rodreguez, 1970).

Whether or not the above compounds will actually inhibit nitrification
under field conditions will depend on the extent to which they come in
contact with the soil. In solution tests, Mazur and Hughes (1975) found
Benomyl, Dyrene and Moneb were all inhibitory to nitrification, but none
of these products showed inhibitory effects under field conditions. This
was suggested to be Zue to the lack of movement of the compounds from the

turf into the soil as all compounds are of low water solubility.

2.14.2 sSpecific Chemical Nitrification Inhibitors

Much of the biochemistry of nitrifying organisms has evolved from
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Agriculturally, inhibition of nitrification

in cropped or grassland soils may improve the utilisation of nitrogenous

fertilisers by reducing losses of nitrogen by leaching and denitrification.

Many of the chemicals used for control of soil and plant pests are

phytotoxic, and therefore considerable interest has been shown in recent

years in finding specific nitrification inhibitors for agricultural use.

Just how sensitive nitrifying organisms are to some compounds is

illustrated by data of Powlson and Jenkinson (1971) which showed that

carbon disulphide iiberated from rubber bungs during incubation experiments

reduced rates of nitrification.

As with fungicides, fumagecnts, herbicides and pesticides, the

number of inhibitors is large, but some of the known inhibitors are

listed below:

Inhibitor

allylthiourea
amines

2-amino-pyridine

4-amino-1,2,4-triazole
l-amino-2-thiourea
2-amino-4-chloro-6-methyl-
pyrimidine

ammonia

p-aminosalicylic acid
arginine

arsenite

asparagine

carbon disulfide

Reference
Lees, 1946; 1952
Meyerhof, 1916
Ansorge et al. 1967; Jaunert et al.
1968
Bundy and Bremner, 1973
Bundy and Bremner, 1973

Bundry and Bremner, 1973

Aleem and Alexander, 1960
Quastel and Scholefield, 1951
Lees, 1952

Butt and Lees, 1960a

Fred and Davenport, 1921

Powlson and Jenkinson, 1971



Inhibitor
catechol
chloride
2-chloro-6- (trichloxomethyl)
pyridine
5-chloro-2-trichloromethyl
pyridine
2-chlorophenyl isothiocyanates
3-chlorophenyl isothiocyanates
4-chlorophenyl isothiocyanate

0-3-chloroaniline

m-3-chloroaniline

m-chloroacetanilide
p-chloroacetanilide

chlorate

cyanide

cysteine

3,5-dichloropyridine
2,4-diamino-6-trichloro-methyl-
s-triazine

2,5-dichloroaniline

dicyandiamide

dimethyl disulfide
dimethyl sulfide

dinitrophenol

Reference
Lees and Quastel, 1946a
Hahn et al. 1942

Goring, 1962a,b

Andreeva and Shcheglova, 1967

Harada et al. 1964
Harada et al. 1964
Harada et al. 1964
Ansorge et al. 1967; Janert et al.
1968

Ansorge et al. 1967; Janert et al.
1968

Andreeva and Shcheglova, 1967
Andreeva and Shcheglova, 1968

Lees and Quastel, 1945; Meiklejohn,
1952

Engel and Alexander, 1960

Quastel and Scholefield, 1949

Andreeva and Shcheglova, 1968

Bundy and Bremner, 1973

Bundy and Bremner, 1973
Allison et al. 1925; Bundy and
Bremner, 1973

Bremner and Bundy, 1974

Bremner and Bundy, 1974

Engel and Alexander, 1960



Inhibitor
ethylurethane
fluoride
quanidine
histidine

hydrazine

hydroxylamine

8-hydroxyquinoline

hydrogen sulphide

iodoacetate

methionine

methylamines

mercapto compounds
3-mercapto-1,2,4-triazole
methyl mercaptan
monochlorophenylisothiocyanates
nitro compounds

o-nitroanilines

m-nitroanilines

nitrophenols

P-nitroaniline

Peptone

phenylmercuric acetate

potassium azide

46

Reference
Lees and Quastel, 1946a; Lees, 1952
Lundgren and Krikszems, 1959
Lees and Quastel, 1946c
Lees, 1952
Lees and Quastel, 1946a; Engel and
Alexander, 1960
Lees and Quastel, 1946z;
Krikszems, 1959
Lundgren and Krikszems, 1959
Bremner and Bundy, 1974
Lundgren and Krikszems, 1959
Quastel and Scholefield, 1949; 1951
Lees and Quastel, 1946a
Brown et al. 1954
Bundy and Bremner, 1973
Bremner and Bundy, 1974
Harada et al. 1964
Meyerhof, 19l1l6b
Ansorge et al. 1967; Janert et al.
1968
Ansorge et al. 1967; Janert et al.
1968
Butt and Lees, 1960a
Butt and Lees, 1960a
Fred and Davenport, 1921;
1954

Bundy and Bremner, 1973

Bundy and Bremner, 1973

Lundgren and

Buswell et al.
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Inhibitors Reference
quinhydrone Lees and Quastel, 1946a
quinine Zavarzin, 1958
quinacrine Zavarzin, 1958
rivanol Zavarzin, 19538
salicylaldoxime Lees, 1946
sodium azide Bundy and Bremner, 1973
sodium diethyldithiccarbamate Bundy and Bremner, 1973
sulfathiazole Bundy and Bremner, 1973
sulfoxide Quastel and Scholefield, 1951
thiocyanate Gleen, 1951
thiourea Quastel and Scholefield, 1951;

Jensen and Sornsen, 1952

Some appreciation of the relative effectiveness of some of the
chemical inhibitors may be gained from a study by Bundy and Bremner (1973),
who tested a range of twenty four proposed inhibitors in a range of three
soils and found that the effectiveness of the most potent nitrification
inhibitors decreased in the order: 2-chloro-6-(trichloromethyl) pyridine>
4-amino-1,2,4-triazole>sodium or potassium azide>»2,4-diamino-6-trichlcro-
methyl-S-triazine>dicyandiamide>3-chloroacetanilide>l-amidino-2-thiourea>
2,5-dichloroaniline>phenylmercuric acetate>3-mercapto-1,2,4-triazole or
2-amino-4-chloro-6-methyl-pryimidine>sulfathiazole>sodium diethyldithio-
carbamate.

Several chemicals have now been registcred as commercial nitrification
inhibitors, 2-chloro-6- (trichloromethyl)pyridine under the trade name
"N-Serve" by Dow Chemical Company; 2-amino-4-chloro-6-methylpyrimidine
under the trade name "AM" by Toyo Koalsu Company, and Sulfathiazole ("ST")

which is obtainable from Sigma Chemical Company.
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Reports on "AM" and "ST" in the literature have been few and varied
in the success of nitrification inhibition (see Patrick et al. 1968; Prasad
and Lakhdive, 1969; Bundy and Bremner, 1973.

"N-Serve" has lLieen widely tested and has shcwed some degree of
success in pot and field studies. Goring (1962a.b) investigated the
control of nitrification of (NH4)2SO4; NH4NO3; (NH4)2HEO4; NaNO2 and
urea by "N-Serve" in eighty seven soils in laboratory studies. He found
that the minimum concentration required to delay conversion of ammonium to
nitrite for at least six weeks ranged from 0.05 ppm to 20 ppm depending
on the soil. The chemical was highly sorbed by organic matter but not
appreciably scrbed by the clay fraction of soil. Although highly toxic
to ammonia-oxidisers, "N-Serve" appeared to have low toxicity to nitrite
oxidisers, fungi, bacteria and seedling plants. Laskowski et al. (1975)
also found "N-Serve" to be of low toxicity to several soil micro-organisms.

"N-Serve" has also been found to be more effective when placed in
bands in the soil than when broadcast (Goring, 19€2b; Gasser, 1965).

The original observations by Goring (1962a,b) have been confirmed by
many workers, e.g. Turner et al. (1962); Erh et al. (1967); Sabey (1968);
Janert et al. (1968); Hoflich (1968); Ansorge et al. (1967); Patrick
et al. (1968); Prasad and Lakhdive (1969).

The effectiveness of "N-Serve" appears to be dependent to some
extent on soil type. Bundy and Bremner (1973) reported that nitrification
inhibitors were more effective in sandy than in clay soils. The
effectiveness and period of inhibition of "N-Serve" is reduced by high
organic carbon contents (Lewis and Stefanson, 1975; Redeman et al. 1964).
Herlihy and Quirke (1975) found that as well as being dependent on soil
type, the half-life of "N-Serve" was also dependent on temperature,
varying from forty three to seventy seven days at lOoC, and from nine

to sixteen days at 20°C. The Q10 values were found to be highest in
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coarse textured soils.

Coating of solid fertilisers with "N-Serve" is difficult. Briggs
(1975) found that "lLi-Serve" was lost during removal of acetone solvent
using a rotary evanorator, the final concentration of "N-Serve" being
0.9 percent of fertiliser N instead of 2 percent. Using ether as the
solvent, approximately 25 percent of the added inhibitor was lost. If
treated fertiliser was left standing in a dish under a plastic sheet, 25
percent was lost overnight, 41 percent after four days and 60 percent
after ten days. Following application of treated fertilisers to the
surface of soils, 82 percent of the added inhibitor was lost within
twenty four hours of application when 5 mm of water was applied following
application. 1In a dry so.l, only 8 percent of the inhibitor remained
after three days. When placed in the soil vapour losses from "N-Serve"
were small and half-life was calculated to be twenty eight Jdays in a
normal soil, and fifty days in a peat treated soil. Movement of ammonium

from bands of "N-Serve" treated (NH4)250 placed in the soil was found to

4
be faster than that of "N-Serve".

2.14.3 Inhibition of Nitrification and Uptake of Fertiliser

Nitrogen by Grasslands

Although many crop studies using nitrification inhibitors have
been reported in the literature, only a limited number of studies have
been conducted on grasslands. Application of "AM" with urea (128 kg N/ha)
in one, two or three dressings to Pangola grass in Trinidad greatly
increased yields whew all the urea was applied in one dressing, but not

when dressings were divided (Weir and Davidson, 1968). Treating (NH4)2SO

with "N-Serve" did not increase yields from an established grass/clover

4

sward in the United Kingdom over that of untreated pastures (Gasser and

Penny, 1965). In further field experiments, Gasser (1965) measured the
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nitrification of (NH4)2504' alone and treated with "N-Serve", applied to

pasture on a sandy-lvam and clay-loam soil in avtumn. Placing fertiliser

in rows decreased its nitrification and "N-Serve" enhanced this effect.

In broadcast applications, "N-Serve" was less cffective.

In a pot experiment with Italian Ryegrass (loliwn multiflorum) Nielsen

and Cunningham (19€4) found that the yields of tops of plants receiving

- : . .. +
NO3 were greatest at 100 ppm N while plants receiving NH4 treated with
"N-Serve" showed maximum growth at 200 ppm N. Increasing No; application
+
4

application above 200 ppm N did not. Although root weights were similar

above 100 ppm N greatly decreased yields of tops whereas increasing NH

for plants receiving both forms of nitrogen, an interesting difference

. . . . +
in distribution was noted. Where plants received NH4 the roots were well

distributed throughout the soil, but when plants received NOS, the roots

were mainly concentrated in the top of the soil. 1In another experiment

{Cunningham and Nielsen, 1965) Italian ryegrass yielded more herbage with

- + .
NO3 than NH4 up to 200 ppm N, but the reverse occurred at concentrations

above 200 ppm N.
Gasser et al. (1967) reported that adding "N-Serve" to fertilised

grassland decreased growth and nitrogen uptake with (NII4)2SO4 but increased

them with Ca(N03)2. Such an effect was postnlated to be due to an

alteration of the NH4:NOE balance in the soil. Subsequently, Spratt and

Gasser (1970) showed that initially ryegrass grew better and took up more

nitrogen from (NH SO . treated with "N-Serve" than with Ca(NO3)2, but

4)2 4
final yields of dry matter were identical for both forms.

Inhibiting nitrification in a pot experiment was found to decrease

the NO3 concentration in ryegrass herbage (Nowakowski and Cunningham, 1967b)

and a similar effect has been reported for field experiments (Nowakowski,

1968) .

s . . +
Application of "N-Serve" to keep fertiliser nitrogen in the NH4 form
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may decrease denitrification (Mitsui et al. 1964) and leaching (Hoflich,

1968; Janert et al. 19Y68) of nitrogen, and as a result retain fertiliser

nitrogen in the rocting zone for a longer period of time (Carter et al.

1967) .

The form of ni‘:rogen available to a plant will influence its
elemental composition through its effect on the cation-anion balance

within a plant. Increasing rates of application of No; have been found

to decrease the concentrations of phosphorus, chloride and sulphur while

+

NH4 decreasad the concentration of calcium (Nielsen and Cunningham, 1964).

1
When the form of nitrogen absorbed by Italian ryegrass is largely NHZ

4

a clear antagonism exists between nitrogen uptake and other cations
(sodium, potassium, calcium, magnesium) (Cunningham and Nielsen, 1965).

Italian ryegrass receiving NOS had a higher amount of total nitrogen,

total soluble nitrogen and NO3 and a lower amount of protein nitrogen,

amide nitrogen and L-amino nitrogen than that receiving NH These

+
4"
differences were found to increase with increasing amounts of nitrogen

applied (Nowakowski and Cunningham, 1966). A hicher percent nitrogen in

.|.
ryegrass receiving NO3 than those receiving NH4 was also reported by

Nielsen and Cunningham, 1964).

2.15.0 DESCRIPTION OF NITRIFICATION ACTIVITY BY MATHEMATICAL MODELS

Mathematical models for three methods of studying nitrification
activity in soils will be considered:
1) Perfusion
2) Continuoug leaching
3) Incubation
In addition to these, the effect of competition between two nitrifying

species will also be considered.
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2.15.1 Perfusion Technique

The perfusion technique for studying nitrification was introduced

by Lees and Quastel (1946a). It consisted in perfusing a column of soil

with oxygenated liguid by a circulatory process. The perfusion solution,

which normally contained ammonium salts, was continuously circulated from
a reservoir, where mixing of the solution took place, through the soil

and back into the reservoir. The rate of perfusion was adjusted so that

no water-logging occurred.

When the amount of NO3 formed was plotted against time of perfusion,

typically a sigmoid type curve was found which could be described by:

y _

log X:; = K(t—tl) (2.8)

where y is the NO_-N produced (Ug N/g soil);

3 A the asymptotic value

approached by y; t the time from commencement of perfusion in days;

tl the time when y = %A; and K a constant (Lees and Quastel, 1946a).

2.15.2 Continuous Leaching Studies

McLaren (1969a) described a model for consecutive reactions in an
idealised soil column subject to continuous flow, and solved for

+ - - . .
concentrations of NH4, NO2 and NO3 as functions of both time and depth

within a column which had a maximum population of nitrifying organisms.

+ . . .
The concentration of NH4 at any distance from the surface, given time of

flow through a column of uniform catalytic content, was given by

AN

(2.9;

where Kl = kl/Eko, Eko being the flow rate in the column in cm/day and

+ -
kl the specific reaction rate of NH4 > N02; and X the depth from the

surface.
Similarly, the rate of change of [NOE} was given by:

a[wo]}/ax = x; o] -k, [No;] (2.10)
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where k2 is the specific reaction rate of NOE -> Nog. The l“No_m at any
L

3
distance X was found by subtraction.

Four major assumptions were made in this approach:
1) There was a maximal stable nitrifying population.
2) Aeration was sufficient to hinder any denitrification.
3) Any mixing of ions by diffusion taking place within the flowing
masses was ignored.
4) The material in the column had zero exchangc capacity.
McLaren (1969b) expanded the above approach to include growth of
nitrifying organisms making essentially the same assumptions as noted
above. His model, summarised by McLaren (1970), was based on a

relationship of the form:

dfs2 _ _ 4dm k" “Bm s
" Tae CAG O™ s (2.11)

where :s: is the substrate concentration

m is biomass

t is time

Km is a saturation constant

A, o, B are proportionality constants

k“” is a specific rate constant.
The amount of enzyme per unit of m involved in waste metabolism is given
by B. The first term relates the disappearance of substrate to microbial
growth, the second is the Pirt term for maintainence, and the third
represents waste oxidation. The rate of downward movement of the solution
in cm/day within the soil is given by dX/dt = Eko, where ko is the rate
of penetration into the soil and € is an expansion factor.

The mathematical description was again expanded by McLaren (1971)
to describe populations of nitrifying organisms as a function of depth of
column being leached with nutrients and nutrient concentration profiles

in an idealised soil. A further expansion was presented by Cho (1971).
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Solution of the equations outlined by McLaren (1969b, 1971) required

integration over both time and distance, and some proceduzral errors

were included in his original derivations which were pointed out by

Saunders and Bazin (1973) and subsequently corrected by McLaren (1973a).
A more general treatment of McLaren's model was presented by

Saunders and Bazin (1973). The assumptions basic to Saunders and

Bazin's (1973) model were:

1) The material under study had no exchange capacity.

2) The initial population of Nitrosomonas and Nitrobacter was
uniformly distributed throughout the column.

3) There was neither dispersion nor hydrodynamic diffusiocn.

4) Oxygen and other metabolites werc present in excess.

5) Wastes were disposed of sufficiently well so as not to poison
the organisms.

+

0) The transformation of NH4 to No; by Nitrosomonas and the oxidation

of NO2 to NO3 by Nitrobacter were taken as first order with

respect to NHZ and NOE concentrations respectively.

7) The specific rates of the reactions were proportional to the
biomass densitiés of the relevant organisms.

Two models were derived by Saunders and Bazin (1973). 1In one model it

was assumed that thc specific growth rates of the organisms were

independent of the nutrient concentrations, and in the second model

that the specific growth rates of the organisms were dependent on the

nutrient concentration.

Both McLaren's (1969a, 1973a) and Saunders and Bazin's (1973)
models are incomplete in that the outcomes of actual experiments cannot
be unequivocally predicted. However, both models have substantially
contributed to understanding the systems they have set out to describe.

The models of McLaren (1970) were tested in laboratory experiments

using continuous flow through a column packed with ninety percent sand
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and ten percent soil by Ardakani et al. (1975). Experiments showed

that urea hydrolysis obeyed first order and Michaelis-Menton kinetics,
and rates of NHZ and NOE oxidation fell between zero and first order.
It was found that models approximated concentration profiles of the
nitrogen-species in solution when tested under appropriate conditions.
Reasonable agreement between model predictions and experimental results
had previously been reported by Kirda et al. (1974).

Mathematical models have been used to calculate rate constants
per organism for cxidation of NOS to NOS (Ardakani et al. 1973); NH

to NOE (Ardakani et al. 1974a,b) and also apparent rate constants for

+ . . . .
NH4 oxidation and NO3 reduction, but not on a per cell basis (Starr et

al. 1974; Misra et al. 1¢74a,b,c).

2.15.3 Incubation Studies

Seifert (1972) found that the dependence of nitrification in
incubation studies on time could be expressed as

C m+1

IN = 'r—n:i' .t (2.12)

where N is the amount of nitrate nitrogen, t is the time and ¢ and m
are constants, since its logarithmic form:

log IN = g+K.logt ' (2.13)
suggested the possibility of a linear relatiocnship between log IN ana
log t which was verified experimentally. It was also shown that the
equations for integration and rate curves were of the same form, differing

only in the constants.

2.15.4 Competition Between Species During Nitrification

When soil is perfused with ammonium salts, the nitrifying
population multiplies as described by equation 2.8 (Chase et al. 1967);

Morrill and Dawson, 1967) until a maximum population is obtained (Lees
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and Quastel, 1946a). Nishio and Furusaka (1971aj, however, found
that when fresh substrate was added to a perfusion system, the
populations of nitrifiers increased, even though the rate of oxidation
was constant. If nitrifiers multiply in numbers beyond the carrying
capacity of the soil surface, excess cells could be circulated in the
perfusing solution and entrapped by a soil filtering action during
re-perfusion. 1In a continuous leaching system, the excess population
of organisms could be permanently removed from the system and the soil
may eventually exhibit a maximum population.

In soil, the nitrifying population has to compete with other
organisms for the surface available for growth. McLaren and Ardakani
(1972) have considered thc effect of compeition between two species
for the same surface area and -utrient subgstrate.

If two chemoauircphic species, a and b, oxidise NH4NO2 in a column
of soil continuously infiltrated with the substrate, with sufficient
concentrations of other metabolites such that Yy (the maximum spccific
growth constant in the absence of any kind of inhibition of growth) is
truly a constant, the equation for the rate of growth of nitrifiers,
dN/dt, during nitrification of the initial addition of substrate:

dN/dt = YN(l-GNﬁax) (2.14)

may be modified to read, for each species:

N N
- - — 2.
an /ac =y N_(1 - L %b ) (2.15)
maxa maxa
and
dN, /dt = Y, N (1—§b —e—Na ) (2.16)
b bb N N
maxb maxb
where N is the population of NHZ oxidisers at time t after the addition
of NHZ, and Nnax is the maximum population realizable in 1 cc of soil.

The term (l-N/qﬁax ) indicates that the rate of growth of a population

declines as the useable space between cells is reduced. In equation
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2.15 and 2.16 Nmaxa and Nmaxb are the maximum pcpulations to be found

if species a and b are grown separately. ¢ measures the inhibitory
effect of an indivicdual species b on the growth of species a, and 0 is
the corresponding effegt of adding an individual of species a on the
growth of species b. It is assumed that one organism of a covers 0
times the area ccvered by one cell of b, and one cell of b can cover

¢ times the area coverable by one of a. Hence 8.¢ = 1. For the surface

area in 1 cc of soijl

Nmaxa =9 Nmaxb (2.17)

Substituting equation 2.17 into 2.15 gives:

aN_/dt = YN 1 - gb - g ) (2.18)
maxb maxb /,
and the equivalent substitution into equation 2.16 gives:
/
an, /at = y.n. 1 - -Eﬁ \,‘ (2.19)
b b'b  \ Nmaxb ¢ maxb /
dividing equation 2.18 by 2.19 gives:
= 2.20
dNa/Na yadNb/beb ( )

which for initial populations of Na and N, can be integrated to give

b
N.a =N N Ya/Yb/N Ya/Yb = N Ya/Ybec

(2.21)
oa b ob b

where ¢ is a constant for some specified initial populations of a and b.
This gives the population of Na at any time t in terms of the population
of Nb. Substituting equation 2.21 into equation 2.19:

g cy Y/ayb R

. N
- - - 2.22
dNb/dt YNy, : 1 v —bN ) ( )
\ maxb maxb

i

S

N

with only N, as the dependent variable.

b
With competitive growth, the maximum populations of nitrifying
organisms are approached at lower rates than with simple logistic growth.

The increase in numbers of nitrifying organisms with time does not plot

as a straight line in semilog plot for competitive growth. If a straight

line is found experimentally, it suggests that only one species is
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present, or is present in overwhelming numbers.
If the specific death rate k of a cell is dependent upon N,
equation 2.14 may be modified to read:

- N ON
dN/dt - YN(l—N ) - kN(l+N—' ) (2.23)
. max max

Expansion of equation 2.23 to take into account competition between two

species gives:

’ N
d = U . -
N /dt = YN 1y .a ﬂﬂo (2.24)
maxa maxa -
where Y'a = (ya+ka)/Va (2.25
and:
. N ON ~
= - Db - '
dNb/dt wab al P e N2 } (2.26)
~ maxb maxb
where
» = +
Y'b v, kb)/wb (2.27)

Although the effective population N = Na+¢>Nb is applicable to either
equation, substitution into both 2.25 and 2.26 does not reduce them to
simultaneous equaticns that can be explicitly solved.

The value of a model such as the one presented by bdMcLaren and
Ardakani depends on whether or not existing data can be utilsed to
predict the outcome of future experiments. It presents a valuable basis

upon which to examine growth of mixed populations in soils.

2.16.0 NITRIFICATION STUDIES ON NEW ZEALAND SOILS

Although only a few direct studies have been conducted on
nitrification in New Zealand soils, some interest has been shown in the
mineralisation of soil nitrogen. White (1959) incubated ten soils from
Canterbury and North Otago for twenty eight days at fifty percent water
holding capacity and 30°%. Ca(Oﬁ)z, equivalent of 13.6 tonnes CaCO

3

Per ha, was added to four soils prior to incubation. White's results
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may be summarised as fcllows:

S0k = M NO3 ™M
(ppm) (ppm)

Waiareka 7.2 Trace 86
Waiareka 6.8 Trace 96
Waiareka 6.7 Trace 113
Waiareka 6.3 Trace 91
Temuka 7.2 4 173
Templeton 6.0 2 a3
Cass - Lime 5.3 54 25
+ Lime 113 25
Howai - Lime 5.3 81 59
+ Lime 9 162
Hurunui - Lime 5.3 117 4
+ Lime 163 8
Oxford - Lime 5.3 127 25
+ Lime 116 109

The six soils which possesssed a pH of 6.0 or greater all nitrified
most of the mineralised nitrogen during the incubation period, but the
four soils of pH 5.3 nitrified only a small proportion of the available
NH4 . Addition of lime increased the amount of nitrification in the
Oxford and Howai soils but not in the Cass or Hurunui soils. In a more
recent study, Ross and McNeilly (1975b) also found considerable differences
in the nitrification activity of a climosequence of nine South Island

tussock soils incubated for fifty two days at sixty percent water holding

capacity and 24°C. Four yellow-brown earths (Tawhiti, Lammerlaw,

+

Carrick, McKerrow) produced appreciable amounts of NH4

and only negligible

amounts of No;. Obelick fine sandy loam, an alpine yellow-brown earth
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formed appreciable 2mounts of NO3, and Conroy shallow sandy loam

produced mainly NO3. Two other soils (Ouden and Tima) produced little

mineral nitrogen. Farihari loamy sand accumulated NHZ initially but

this was largely oxidised to NOS on incubation. NOS was thus produced

in the driest soils and also in the oldest soil of the climosequence

but not by the more developed members. It was concluded that differences
in nitrifying activity cculd be partly explained by soil acidity, but
other factors were probably involved. The four yellow-brown earths

which did not nitrify ranged in pH from 4.4 to 5.1, whereas the pH of

the alpine yellow-brown earth (Obelick) which did not nitrify was 5.0,
and the pH of the Conroy soils which produced mainly No; was 6.4. A
significant negative correlation coefficient between moisture, organic
carbon, total nitrogen, carbon:nitrogen ratio and the change in NOS on
incubation was reported. A positive correlation was found between pH

and the change in N0; on incubation. It appears, therefore, that NHZ
would be the major form of nitrogen available to plants in upland and
high country yellow-brown earths.

A study of nitrification in tussock grassland soils was conducted
by Ross (1958, 1960). Examination of nitrification activity close to
Festuca tussock plants (tussock zone) and between well spaced Festuca
plants (intertussock zone) at four sites on three soils (Taupo, Cass,
Tekoa) showed no consistant differences between the tussock and inter-
tussock zones. It was concluded that Festuca tussock plants do not
generally stimulate the activity of nitrifying organisms. Considerable
variation in nitrifyving activity between individual samples of the
same soil were apparent which indicated irregular distribution of

nitrifying organisms in these soils. Nitrifying activity in the Cass

soil, which was very low, did not appear to be influenced by season.

+

In the Taupo soil, however, NH4

was oxidised more rapidly in summer than
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in spring, but no seisonal differences were found in the oxidation of

NO2 (Ross, 1960).

Following cropping, nitrification activity of both the Cass and
Taupo soils increased (Ross, 1960). When introduced pastures were
sampled, a higher nitrification activity was noted in samples collected
from tussock grassland.

Robinson (1963) found the nitrifying population of a low-fertility
New Zealand grassland soil (Craigieburn) to be very small and the soil
did not accumulate No; when perfused in the laboratory with (NH4)2504.
The population of nitrifying bacteria and the ability of the soil to
nitrify on incubation could be increased with field treatment with urea.
The increased population developed in the presence of urea appeared to
persist longer if lime was alsc applied.

Tan (1967) demonstrated the effect of increasing acidity and
decreasing temperature on the numbers of nitrifying bacteria in a
climosequence of soils in central Otago. His results may be summarised

as follows:

Soil Soil Group pH ) Ammon ium

Oxidisers

per g/soil
Conroy B.G.E. 6.4 1,700
Omakau B.G.E. 6.1 1,000
Pigburn B.G.E. - Y.G.E. 6.3 1,500
Blackstone Y.G.E. 5.8 600
Tawhici Upland Y.G.E. 5.5 120
Carrick High country YBE 5.2 50

In incubation studies, most of the mineralised nitrogen in the
brown-grey earths (B.G.E.) was oxidised to N0; whereas in the yellow-

. +
brown earths (Y.B.E.) most of the mineralised N accumulated as NH4.
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In other studies involving incubation of soils at sixty percent
. . o
water holding capacity and 24 C, most of the mineralised nitrogen in

Motupiko silt loam {Ross, 1974) and Kokatau silt loam (Ross and McNeilly,

1975a) was oxidised to No;.

The recovery of urea nitrogen by pasture growing on two soils of
different nitrification activities was investigated by Stcele (1976b).
Following application of nitrogen to Wharekohe silt loam, little of the
applied nitrogen appeared in the soil as No;, and the apparent recovery
by pasture was fifty five percent of an August applicaticn and fifty
six percent of a September application. Following an August appiication
of urea to Kiripaka silt loam, little of the applied fertiliser nitrogen

appeared in the soil as NO3 and the apparent recovery by pasture was
fifty six percent. However, 1o0llowing a September application, more
of the applied nitrogen was nitrified and apparent plant recovery fell
to thirty three percent. The increased rate of nitrification in the
Kiripaka soil following a September application was accredited to a
lower soil moisture content and higher soil temperature. It was
suggested that the lower recovery of fertiliser nitrogen on the
Kiripaka soil following a September application of urea was due to the

increased rate of nitrification which resulted in a higher loss of

nitrogen.

2.17.0 RESEARCH REQUIREMENTS

In the present section it is intended to summarise some of the
areas in which knowiedge is lacking and indicate possible topics for
further research.

1) The present state of knowledge suggests that in most soils,
nitrification is the result of the activity of chemolithotrophic

bacteria. On the basis of the dominant nitrifiers in enrichments.,
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3)
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and the frequency of isolation of specific bacteria in pure
culture, it appears that Nitrosomonas and Nitrobacter spp. are
the prominent chemolithotrophic bacteria in fertile soils, but
other chemolithotrophs have been implicated in non-fertile soils.
More data is required on the distribution of various species of
chemolithotrophic nitrifying bacteria in soils throughout the
world. The growth of bacteria in natural habitats tends to be
much slower than under optimum laboratory conditions. In order
to understand ithe rates of reactions of elements undergoing
oxidation in soil, one needs to know the numbers of each kind

of relevant organism in a unit volume, as well as the rate of
metabolism per microbe. Only when such data is available can
real values be given to parameters in mathematical models
(McLaren, 1973b). As far as the author is awarc, at the
commencement of the present study, there had been no reported
isolation of nitrifying bacteria from New Zealand soils. Reports
of numbers of organisms in New Zealand soils are also limited

and relate only to some low fertility and tussock yrassland
soils. Collection of data on populations of nitrifying organisms
and their activity in a range of New Zealand soils would appear
to be a fundamental requirement to understanding nitrification in
New Zealand soils.

The biochemistry of chemolithotrophic nitrifying bacteria remains
unresolved.

Chemolithotrophic bacteria have been isolated from environments
varying from desert soils in Australia and perma-frost soils in
Canada, to highly fertile soils in Britain and the United States

of America. They are therefore able to survive in extremely

different environments. Data available suggests that some adaptation
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6)

7)

8)

9)
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of chemolithotrophic bacteria to a particular environment occurs,
as pH and temperature optima for isolates from different soils

and geographical locations are often different, and frequently
show a relationship to the environment from which the organisms
were isolated. Few quantitative data are available on the effects
of soil factors on nitrification in New Zealand soils.

Organic matter has been implicated in the chemical reduction of
NOS in soils, and because of the high organic matter content of
New Zealand soils, and their acidic nature, the importance of this
reaction requires investigation.

Although it has been shown that a large number of heteratrophic
organisms can increase the oxidation state of a number of
nitrogenous compounds, quantitative data is required on the
contribution of heteratrophic organisms to nitrificatiocn in soil
systems.

The effect of clay on nitrification activity has received some
attention, but quantitative data on specific interactions between
nitrifying bacteria and surface is limited. Allophane, an
important clay mineral in many New Zealand volcanic soils has

been little investigated with respect to nitrification.

Plant roots and organic materials have been implicated as affecting
rates of nitrification, but quantitative data under field conditions
is not sufficient to support hypothesises on this subject.
Incubation studies on New Zealand soils have suggested some
variation in th.-ir nitrification activity. More quantitative

data is required to substantiate that a difference in nitrification
activity between soils does occur, and to determine if such a
difference is related to soil properties.

Many mathematical models of nitrification have been presented, but



65
at present these are unable to unequivocally predict the outcome
of actual experiments. This is due, at least in part, to lack
of sufficient guantitative data on various aspects of
nitrification on which to base a model. This indicates a
lack of understanding on many aspects of nitrification.

10) 1In order to answer the question as to whether nitrification

is a "blessing or mixed evil", more information is required

from complete soil-plant-environmental systems, where the rate

of nitrification is evaluated.

The objective of the present study was to determine if differences
in nitrification activity occur between New Zealand grassland soils, and
if so, to investigate possible causative factors. It was also proposed
to investigate the etfect of differences in the rate of nitrification on
soil inorganic nitrogen under field conditions. At the sam~ time it was
hoped to reach some conclusion on the effect of nitrification on nitrogen
cycling in soils, by investigating the fate of nitrogen fertilisers in
soils of differing nitrification activity. Because it is known that
nitrification activity in a pure culture medium is often materially
different from what takes place in soil, the emphasis in the present
study was placed on examination of soil systems rather than culture

systems.
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3.1.0 INTRODUCTION

In the previous chapter it was established that there is a

lack of information on the nitrification activity of New Zealand soils.

Research reported in the present chapter examined:

a) The nitrification activity of sixty nine samples of grassland
soils from the major New Zealand soil groups, using a perfusion
technique.

b) The numbers of chemolithotrophic nitrifying bacteria in some of
these soils using the most probable number dilution technique.

c) The relationship of some soil chemical properties with rates of

nitrification.

3.2.0 EXPERIMENTAL

3.2.1 Development of the Perfusion Technique

A technique which consisted of perfusing a column of soil with
aerated solution by a continuous circuiatory process was first
described by Lees and Quastel (1944). The technique has proved
useful for many types of studies including soil sterilisation (Lees
and Quastel, 1944). nitrification (Lees and Quastel, 1946a,b,c),
sulphur metabolism (Andus, 1946), degradation studies of specific
chemicals in soil (Weeraratne, 1975) and elective culture of micro-
organisms (Sharp and Taylor, 1969). Because the technique has been
successfully used by Lees and Quastel (1946a) for studies on
nitriitication, it wase decided to examine the technique for use in the
Present study.

Although many perfusion systems have been developed (Andus, 1946;
Lees, 1947; Collins and Sims, 1956; Gundersen, 1960; Morrill and

Dawson, 1964; Singh and Hanna, 1965; Traxler, 1965; Sharp and Taylor,
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1969; Goswami and Gi'een, 1971; Weeraratne, 1975), most have proved

unsatisfactory for routine laboratory use, either because they were
very complex, often consisting of numerous parts, or were based on a
series of glass tukes and bottles joined together by rubber tubing
and rubber bungs. Removal of rubber components from perfusion
apparatus is desirable both for ease of cleaning, and also because
rubber has been found to release sufficient quantities of carbon
disulphide to reducc the activity of nitrifying organisms (Powlson
and Jenkinson, 1971).

A modified perfusion apparatus recently developed in this labouratory
(Baber, 1977) was considered satisfactory for use in the present study.
Each perfusion unit (figure 3.1) consisted of threce parts, a soil
reserxvoir, a solution reservoir, and a bubble lift pump assembly.

All parts were inter-changecable between perfusion units, which had

the advantage of requiring a minimum of spare parts to be kept.
Assembly of each unit was simple as the soil and solution reservoirs
were connected using a ground glass cone and socket joint, and the
bubbio lift pump assembly was connected to the solution reserveir by
a ground glass ball and socket joint, held together by a spring clamp.
The complete unit was constructed of glass which facilitated easy
cleaning.

The bubble lift pump was operated by a stream of air from a small
acquarium aerating pump which lifted alternate bubbles of perfusing
solution and air from the solution reservoir to the top of the soil
column. The perfusicn solution then percolated through the soil and
drained back into the solution reservoir. The rate of perfusion was
easily controlled either by control of the voltage to the aerating pump
or by constricting the air supply. The perfusion unit described in

figure 3.1 was designed to operate with ten to one hundred grams of
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soil, and one hundred mls of perfusion solution. Using ten grams of
soil and one hundred mls of perfusion solution, and using the analytical
techniques outlined in section 3.2, sampling of the perfusion solution
at twenty four hour intervals allowed accurate measurement of rates of
nitrification down to 0.02 ug Nox/g soil/hr. Lower rates of
nitrification could be measured by increasing the amount of soil in
the perfusion unit.

Prior to use, each perfusion unit was thoroughly washed with
"ProtoSol" (a cleanser marketed by Biological Laboratorics Limited,
Auckland, New Zealand), rinsed with tap and distilled water, and auto-
claved for fifteen minutes at 103 kN/m2.

Only field moist soil samples collected less than seventy two
hours prior to commencement of perfusion were used. Moist soil was
passed through a 4 mm aperture sieve to remove root and plant material,
and the equivalent of 10 g oven dry soil (lOSOC) was mixed with 20 g
acid washed autoclaved quartz sand and placed between two plugs of glass
wool, also previously acid washed and autoclaved, in the soil reservoir.
The -and was added to improve percolation, a problem with some of the
poorly structured soils studied.

Several variables known to affect the rate of nitrification in
perfusion experiments werec investigated in preliminary experiments.

a) Concentration of substrate in perfusion solution

The objective of perfusion experiments outlined in this chapter was
to specifically study nitrification. It was desirable, therefore,
to remove differences in substrate concentrations between soils
which arose because of differences in ammonifying capacities.

This was accomplished by addition of NHZ as (NH4)2SO4 to the

perfusion solution. Preliminary investigations showed that maximum

rates of nitrification during perfusion were obtained with 0.005M
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(NH,) ,SO was acdopted as the standard

4) 559, therefcre 0.005M (NH4)2SO4

perfusion solution for all experiments. The concentration of

+ . - . . . .
NH4 in the perrusion solution was maintained approximately constant
by daily additions of 0.005M (NH4)2804 as required.

pH of perfusion solution

If soil was perfused with 0.005M (NH4)ZSO for several days, the

4

pH of the perfusion solution declined with a consequent decrease
in the rate of nitrification (see section 5.3. ). To prevent this,
saturated Ca(OH)2 was added to the perfusion solution as required
to maintain the pH of the perfusion solution at the pH of the soil,

as measured potentiometrically with a soil:water ratio of 1:2.5.

All perfusion experiments were duplicated and conducted in a dark

room to prevent growth of photosynthetic micro-organisms. Light is also

known to inhibit oxidation of NOE (Warrington, 1878). Temperature was

D
maintained at 25+#1°C. This temperature was chosen because although the

optimum temperature for nitrification is dependent on the site of

isolation of the organism (Tandon and Dhar, 1934), in temperate regions

it i; approximately 25°C (Quastel and Scholefield, 1951).

1)

2)

3)

The methodology for the perfusion experiments was as follows:

The perfusion apparatus was washed and autoclaved as described
above.

A soil sample at field moisture was passed through a 4 mm aperiure
sieve to remove root and plant material. The equivalent of 10 g
oven dry soil (lOSOC) was mixed with 20 g acid washed autoclaved
cuartz sand and placed between two plugs of glass wool, previously
acid washed and autoclaved, in the soil reservoir.

The perfusion unit was then assembled with the ball and socket
joint of the bubble 1ift pump assembly being lightly greased before

clamping with a clip.
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4) 100 ml of 0.005i (NH4)2SO4, previously adjusted to the pH of the

soil, was added to the solution reservoir.

5) Perfusion was commenced and sixty minutes later a sample (2 ml) of
perfusing solution was withdrawn from the reservoir using a pipette
which had been sterilised by autoclaving. The concentration of
nitrite-nitrcgen (NOZ_N) and nitrate-nitrogen (NO3—N) were

determined as outlined in section 3.2.3. This provided an

estimate of thc NOE and NO3 present in the soil at commencement

of perrusion and provided a base line upon which to calculate No;

accumulation.
6) A second sample was withdrawn after a further sixtecen hours followed

by subsequent sampling at twenty four or forty eight hour intervals.

+

7) The amount of NH4 oxidisea each day was added to cach perfusion unit

by addition of 0.05M (NH4)2SO as required to maintain an approx-

4

imately constant concentration of NH+.

8) The pH of the perfusion solution was maintained at the pH of the
soil when collected by manual additions of saturated Ca(OH)2 as
required.

9) One hour before sampling, each perfusion unit was weighed and
solution lost by evaporation replaced with distilled autoclaved
water.

When calculating the rate of nitrification it was necessary to

include the NO3 removed in previous samples, and subtract the amount of

N02 and NO3 present at the first sampling one hour after commencement of

perfusion.
The reproducibility of the technique is illustrated by the following
. + - . .
data which reports the mean rate of oxidation of NH4 to NO3 in six

replicate samples of two soils.
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Hg N oxidised per g soil per hour

Soil 1 Soil 2
0.14 2.38
0.12 2.54
0.17 2.91
0.14 2.61
0.14 2.73
0.15 2.80
mean 0.14 2.66
SD 0.02 0.19

Further advantages of the technique have been cutlined by Lees and

Quastel (1946a).

3.2.2 Selection, Collection and Storage of Soil Samples

for Perfusion Experiments

Soils were selected to provide a representacive sample of important
agricultural soils from the major soil groups of New Zealand. Sampling
sites, which varied in geographical location from Northland (latitude 35
7S) to Southland (latitude 46 36S) were chosen on high producing farms
whose pastures could be considered as representative of the highest
producing pastures on each soil type.

At each sampling site, twenty soil coi'es (0 - 7.5 cm) were collected
using a 2.5 cm diameter sampler, previously sterilised by inflaming after
washing with alcohol. Samples were transported to the laboratory in
insulated boxes containing ice packs.

Samples from districts outside the Waikato were collected by field
staff of the Soil and Field Research Organisation, Ministry of Agricultucre

and Fisheries.
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3.2.3 Analytical Procedures

3.2.3(a) Ammonium, Nitrite and Nitrate Nitrogen

Samples for the determination of NH4-N and N02-N plus NO3—N
were prepared by the steam distillation procedures of Bremner and Keeney
(1965) . Ammonium-N was distilled in the prescence of MgO and collected
in H3BO3 solution (6 g H3BO3/2). A lower concentration of H3BO3 than
recommended was used as the amount of nitrogen distilled was subsequently
determined by Nessler's reagent. Nitrite and N03-N were subsequently
distilled after reduction to NHZ using Devarda's alloy (45% Al, 50% Cu,
5% Zn; < 0.149 mm particle size). The amount of distilled NH4—N was
determined using Nessler's reagent (Thompson and Morrison, 1951), colour
development being measured exactly thirty minutes after addition of
reagent. The NO3—N was corrected for inclusion of N02~N.

Nitrite-N was determined by the sulphanilamide:n-(l-naphthyl)-
ethylenediamine hydrochloride procedure as outlined by Hesse (1971).

All spectrophotometric measurements were made on an Unicam SP1800

Spectrophotometer.

3.2.3(b) Determination of Total Nitrogen

Air dry soil samples were ground to pass a 0.125 mm aperture
sieve, and samples containing approximately 1 mg N were boiled with 0.3 g
reduced iron (Kock-Light Laboratories, "ex iron carbonyl"”) in 4 ml of

1:3 concentrated H2504 (Analar):H20 to reduce NO3~N to NH4-N (after Goh,

1972). After forty five minutes, samples were cooled and approximately

2 g of catalyst mixture <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>