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INTRODUCTION
 

Nitrogen Is one of the more important factors limiting
 
food production in the world (1,17,46,93,126). The amount
 
of nitrogen in the soil is small (1,31,54,93), only 0.02
0.4%, by weight, of the plowed layer, in most of the culti
vated soils (17). 
 An even smaller amount is inorganic
 
nitrogen (1,17,31,46,54,93,126), available to higher plants.
 
The amount of nitrogen taken up by crops is relatively large
 
(17,31). 
 In fact, Viets (126) found that the number of
 
atoms of nitrogen, in a crop of alfalfa at bloom, was the
 
highest of all the nutrients supplied by the soil. 
Pesek,
 
Stanford and Case (93) also state that in the dry matter of
 
plants there is approximately three times as much nitrogen
 
as any other inorganic element. 
These authors also found
 
that although the concentration of potassium may exceed that
 
of nitrogen in some plant parts, nitrogen surpasses the sum
 
of the individual concentrations of all the inorganic nu
trients derived from the soil in the seeds of'the most
 
common agricultural crops. 
 This is why nitrogen is essen

tial for frait and seed production (93).
 

Nitrogen is essential for plant growth and reproduc
tion. It is responsible for the dark green color of the
 
leaves and its abundance is correlated with lush vegetation
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(31,93). Nitrogen is assimilated rapidly and enters the
 

plant as ammonium or nitrate ions. Inside the plant, nitro

gen is reduced and combines with carbon compounds to yield
 

amino acids, which may form long chains to give proteins (93)
 

It is also one of the two inorgauic nutrients forming the
 

chlorophyll molecule.
 

Only a water deficiency has proven to be more important
 

than a nitrogen deficiency (17). The water deficiency is
 

more important because water itself is needed for an ade

quate environment for biological prozesses, not because of
 

the hydrogen derived from it, and utilized to form organic
 

substances.
 

A nitrogen deficiency appears first as pale green or
 

yellowish-green color of he leaves (31,93). Also, the
 

lower leaves show a premature nechrosis that starts at the
 

leaf tip and advances along the mid-rib toward the leaf base 

and edges (93). The plants grow very little and have an ab

normal root system (31).
 

Most of the soil nitrogen is organic nitrogen (1,31,46,
 

54). It is transformed slowly to yield ammonium, and even

tually nitrate which are the nitrogen forms taken up by
 

plants (1,46,54). These inorganic nitrogen forms undergo
 

rapid changes. Nitrate is water soluble, and therefore,
 

tends to move with water through the profile. In other
 

words, the inorganic nitrogen is subjected to great fluc

tuations (54).
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In tropical regions these fluctuations follow the wet
 

and dry periods, instead of the warm and cold seasons of tem

perate regions. It is known that warm temperatures enhance
 

biological processes, while the lack of moisture of the dry
 

periods slows them down, and by moving upward with water in 

the evaporation stream nitrate may accumulate in the top soil 

layer during dry periods (54). The same author states that 

in tropical regions the amount of inorganic nitrogen in the 

soil decreases with increasing rainfall. 

The Obectives of the Experiment
 

1) 	Determine the rate of nitrification of urea and
 

ammonium sulfate in some tropical soils under
 

field conditions.
 

2) Compare the nitrification rate of urea and am

monium sulfate.
 

3) Determine nitrate movement in several tropical
 

soils under fallow conditions.
 



LITERATURE REVIEW
 

Immobilization
 

Immobilization is the biological process by which mineral
 

nitrogen is converted to organic nitrogen (1,10,31,124). It
 

Since NH+
 
in carried out by heterotrophic organisms (124). 


and NO- are incorporated into microbial cells (1), immobili
3
 

zation may interfere seriously with plant nutrition, and thus
 

have a harmful effect on crop yield.
 

Assimilation of nitrogen by microorganisms takes place
 

continuously, as long as the microflora remains active and a
 

source of carbon is available. This is true because nitrogen
 

is essential for organic matter decomposition. Unless the
 

organic material contains nitrogen enough to satisfy the
 

needs of microorganisms, inorganic nitrogen is going to be
 

immobilized.
 

Allison and Klein (7), and Bartholomew (10) have found
 

that immobilization is highest at the beginning of the de

composition process. Specifically, Allison and Klein (7)
 

found that after the first week the rate of immobilization
 

decreased slowly until two weeks later. At this time, the
 

maximum amount of nitrogen immobilized, 1.7%, had been
 

reached. During these 3 weeks the amount of nitrogen immobi

lized was highly correlated with carbon dioxide evolution.
 

4'
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When the C/N ratio of the residue incorporated into the
 

soil is 30:1 or wider, immobilization takes place (1,124).
 

Expressing the nitrogen content in percent, we would say that
 

immobilization would occur when the residue contains less than
 

1.2% nitrogen.
 

Bartholomew (10) found that when residues with low
 

nitrogen content, like cereal straw, are added to the soil
 

from 18 to 30 pounds of nitrogen per ton of fresh residue are
 

immobilized.
 

The nitrogen factor has been used to express immobili

zation of nitrogen. It is defined as "the number of inor

ganic nitrogen units immobilized for each 100 units of ma

terial undergoing decomposition or, more specifically, the
 

amount of nitrogen that must be added to avoid a net immobi

lization from the environment." TI., nitrogen factor is
 

determined by adding an excess of NH+ with the residue, and

4
 

measuring the increments in organic nitrogen after given
 

periods of time during decomposition. Its values fall between
 

0.10 	and 1.3 (1).
 

Later, tracer techniques have been used to determine
 

mineralization. The stable 151 isotope is used for this
 

purpose. 15NH4 is applied to the soil and is taken up by
 

the microorganisms. The inorganic 15N concentration is thus
 

decreased (1,10).
 

Nitrogen immobilization is affected by many factors,
 

most 	of them environmental ones.
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Low pH values have shown to slow down net immobilization
 

(87). This may be because a change of pH is usually accom

panied by a change in microorganism population. It could
 

just as well be an effect of pH on the availability of some
 

nutrients, such as phosphorus and calcium, that are required
 

for the microflora. Iron, aluminvm, and manganese toxicity
 

may also play an important role.
 

Temperature has a marked effect on nitrogen assimilation 

by the microflora. It was found (85) that low temperature 

decreases immobilization by slowing down microbial activity. 

Close to freezing (17), immobilization is neglegible. The 

best range of temperature is from 40-600 C, where thermo

philic organisms work the best (1). 

The nature of the substrate plays an important role (1,
 

7,17). Allison and Klein (7) found that when sucrose was
 

added, the maximum immobilization value was 3.7% based on the
 

quantity of sugar used. With straw, they found that the maxi

mum immobilization was 1.7%, based on the straw added, With
 

lignin (17) the amount of nitrogen immobilized is insigni

ficant. Thus, the more readily oxidizable the substrate, the
 

more nitrogen is immobilized. In fact, this should determine
 

why immobilization is so rapid at the beginning of the decay
 

process.
 

Aerobic conditions favor a more rapid immobilization
 

rate (63,64). Anaerobiosis enhances the accumulation of
 

intermediate products, and the efficiency of the microorganisms
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is lower than under aerobic conditions. Thereforc, less
 

cells are formed under anaerobic conditions per unit of sub

strate than under aerobic conditions, and consequently less
 

nitrogen is immobilized.
 

Allison (4) and Bartholomew (10) found that when in

organic nitrogen is deficient, adding it will hasten decompo

sition and nitrogen is tied up. Parker (89) found that ni

trogen added in excess of that required by the microorganisms
 

did not increase the rate of decay, 
However, he reports that
 

"where nitrogen fertilizer was applied greater immobilization
 

of nitrogen occurred, apparently in excess of that needed for
 

decomposition." 
 Thi3 should not be the case because the
 

microorganiams have a fixed C/N ratio, and if their efficiency
 

was not increased by applying nitrogen, there should be no
 

reason for them to immobilize more nitrogen.
 

Water Is required for all biological processes. 
If
 

there is too little or too much water immobilization will be
 

affected adversely.
 

Parker (89) found that residues not incorporated into
 

the soil decayed slower than the ones plowed down. 
This 

could be because the residue on the surface dried out too 

fast. 

In short, any factor enhancing microbial activity will 
favor immobilizition of nitrogen. Whether net immobilization
 

or mineralization takes place is determined by the relative
 

availability of the nitrogenous and carbonaceous compounds
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for the microflora. If the C/N is greater than 30/1 immobi

lization will occur.
 

Mineralization
 

The production of inorganic nitrogen by microbial action
 

is known as mineralization (1,17,6,124). Obviously, it is
 

an opposite process to nitrogen immobilization, and besides
 

fertilization with nitrogenous compoundG, it is the only way
 

of providing available nitrogen for higher plants.
 

Nitrogen mineralization is a consequence of organic
 

matte- decomposition. Therefore, it is closely correlated
 

with CO2 evolution (72,113). Inorganic nitrogen accumulation,
 

however is not a function of carbon dioxide evolution.
 

Alexander (1), expresses the changes in mineral nitrogen by
 

the following equation:
 

NI = organic N mineralized - (Na + N + N1 + Nd)
 

Where N, Nat No, N1 , Nd are inorganic nitrogen, nitro

gen assimilated by the microflora, nitrogen removed by the
 

crop, nitrogen lost by leaching and nitrogen lost by deni

trification, respectively.
 

The rate of mineralization, the microbial speed of con

verting organic nitrogen to inorganic nitrogen, is affected
 

by a variety of factors such as pH, moisture, substrate com

position, and others. Many authors have found it to occur
 

very slowly (17,27,58). When expressed in pounds per acre,
 



40 lbs/A/day was found to be the maxiim under optimum con

ditions (17). Jansson (58) found that only 2.6 to 4.0% of 

NO 3-N and 1.4 to 3.7% of the NH4 - previously immobilized was 

released upon mineralization in a 6 year period. 

The type of microorganism affects the production of NHV
 
Bacteria are more active and assimilate less nitrogen for the
 

normation of new cells than fungi. Actinomycetes do not seem
 

to be able to compete with bacteria. On the other hand, a
 

heterogeneous population ensures m,neralization over a wide
 

range of environmental conditions. This will be illustrated
 

in the discussion of the effects of pH on mineralization.
 

Formation of organic complexes and protein adsorption by
 

clay have ohoin to slow dovm mineralization (45,94). Of
 

these, the most resistant are the ligno-protein complexes.
 

Lignin seems to protect the protein and amino acids physi

cally, and renders them unavailable (45). Proteins have pH
 

dependent charges and may be adsorbed onto clay particles.
 

This effect has proven to delay mineralizatio:i. The cause
 

could be: a) the pH on the clay surface is about 1 unit
 

lower than in the soil solution. Therefore, the activity of
 

the enzymes is reduced, and b) the proteolytic enzymes may
 

also be adsorbed. The activity of an adsorbed enzyme is
 

lowe:" than that of a free enzyme.
 

Soil pH affects the rate of mineralization (1,6,17,123).
 

It could affect mineralization in several ways: a) extreme
 

acidity or alkalinity retarding biological processes,
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b) favoring protein, amino acids or enzyme adsorption as pre

viously discussed, and c) causing a shift in the microbial
 

population. At low pH values, fungi are the main organisms
 

decomposing organic matter, and they assimilate more nitrogen
 

than bacteria. At neutral and alkaline pH, bacteria dominate
 

in the mineralization process. They are more active decom

posing proteinaceous materials than fungi and actinomycetes.
 

We can see the advantage of having a heterogeneous population.
 

Allison end Sterling (6) found a positive effect of
 

liming on mineralization. However, when soils with pH 7 or
 

higher were limed, the immediate effects on mineralization
 

wer'e detrimental. But in the long run they were beneficial.
 

Seasonal effects have been the subject of greatest
 

scrutiny (12,13,14,15,16,67,72,113). All these authors agree
 

that rewetting after drying the soil causes a flush of minera

lization. The extensive work of Birch on this aspect may be
 

summarized as follows: 1) wetting a soil after a dry period
 

will always cause a flush in organic matter decomposition,
 

2) the longer the dry period the higher the evolution of C02,
 

3) the more frequent the drying and rewe".ting cycle occurs
 

the more nitrogen is mineralized, 4) warm temperature, during
 

the wet or dry period, enhances mineralization, and 5) this
 

effect is repetitive and will proceed on any soil, regardless
 

of its texture.
 

This flush of mineralization was attributed to the
 

"partial sterilization" theory. However, it was found not
 



to be adequate, sometimes. 
Birch (13,15) postulated that the
 
increased rate of mineralization may be caused by the high
 
microbial action of the new developing population, or to the
 
fact that drying physically affects the organic matter by
 
either increasing its surface area, or making it 
more perrae
able. Lathwell, Dubey and Fox (67), and Soulides and Allison
 
(113) seem to agree more with the theory of the physical
 

changes of organic matter upon drying.
 

The effect of nitrogen on the decomposition of organic
 
matter has been a controversial topic (57,65,67,70,1l4,115).
 

The findings of Iritani and Arnold (57), 
and Stanford (114)
 
agree that mineralization is more closely correlated with
 
distillable nitrogen than to nondistillable nitrogen. 
In
 
fact, Stanford's results show a decrease in mineralization
 

upon removal of the distillable nitrogen, 
The results at
tained by Lathwell, Dubey and Fox (67) disagree with Stanford.
 
They found that the correlation coefficient of nitrogen miner
alization with total nitrogen was always greater than 0.85,
 
whiJ. the correlation coefficient with distillable nitrogen
 
was smaller than 0.75. Furthermore, Keeney and Bremner (65)
 
could not reach any conclusion on this subject. 
All the
 
authors cited, however, agree on the enhancing effect of
 

nitrogen on nitrogen mineralization.
 

Soil moisture is another factor influencing the rate of
 
nitrogen mineralization. 
The production of NH+-N from or
ganic material is reduced drastically by reducing the water
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content of the soil below the wilting point (78,99,100).
 

However, mineralization still goes on, although nitrification
 

does not occur. As a consequence, there is an accumulation
 

of NH+-N (100). Miller and Johnson (78) found that the op

timum moisture range for miaeralization was when the soil
 

suction fell between 0.15 and 0.50 bar.
 

Cropped soils have been found to have a slower minerali

zation rate than fallow soils (37,68). Two reasons could be
 

responsible for growing plants slowing down mineralization:
 

a) the rhizosphere microorganisms are more active than other
 

soil microorganisms, their more rapid growth may require
 

more nitrogen for cell synthesis, and this would have an ad

verse effect on net mineralization, and b) the growing plants
 

withdraw nitrogen from the media, and this would retard
 

nitrogen mineralization, as discussed previously.
 

As any biological process, mineralization is affected by
 

temperature. Close to the freezing point mineralization is
 

negligible. Mineralization is affected by temperature in
 

the same way as immobilization. This relationship was de

scribed in a former section.
 

Nitrogen mineralization is a very important process.
 

The supply of inorganic nitrogen for higher plants may be
 

total or partially replenished by this means in soils with
 

high nitrogen supplying power. However we should keep in
 

mind that for mineralization to occur, the C/N ratio of the
 

residue should be 20/1 or narrower. In other words, the
 

nitrogen content of the residue should exceed 2%.
 



Nitrification
 

Nitrification is the biological oxidation of ammonium to
 

nitrate (2,17,93). It is a two-step process, with nitrite as
 

an intermediate product, and requires Xree oxygen.
 

Under normal conditions, these reactions occur rapidly.
 

The second reaction seems to be faster than the first because
 

nitrite seldom accumulates in the soil. The overall process
 

may be represented as follows, with the corresponding auto

trophic microorganism in charge of the reaction in paren

thesis:
 

NH4 + 1.5 02 NO + 2H+ + H20 (Nitrosomonas) 

No- + 0.5 02 ) N0 (Nitrobacter) 

Both reactions liberate energy, and from this the above
 

organisms acquire the energy needed for their metabolic fimc

tions (2).
 

It should be noted that in the nitrification process
 

hydrogen ions are produced, and as a consequence, nitrifica

tion tends to lower the pH of the soil. Also, it is worthy
 

to note that the oxidation state of nitrogen is shifted from
 

-3 to +5. This seems to be the reason why nitrification is
 

sometimes referred to as an increase in the oxidation state
 

of nitrogen.
 

The importance of nitrification cannot be neglected.
 

It is the main way of producing nitrate, which is the nitrogen
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form taken up in greatest amount by most plants. On the 

other hand, it renders nitrogen more easily leachable, and is
 

also a step required for denitrification to occur.
 

A variety of factors affect the rate of nitrification.
 

Of these, the most important are discussed below.
 

Oxygen is essential for nitrification. Therefore, the
 

rate of nitrification is greater in a well aerated soil than
 

in one poorly aerated (8,49). All the nitrifiers are obli

gate aerobes, so nitrification stops -.ompletely under anaerobic
 

conditions and denitrification takes place instead. Amer and
 

Bartholomew (8) found that when the conce~itration of oxygen
 

was decreased from 20% to 2.1% the production of nitrate de

creased by 50%. They concluded that the optimum concentra

tion of oxygen for nitrification is that of normal air, 21%. 

Nitrobacter, the nitrite oxidizer, is remarkably sensi

tive to NH4, or rather to NH3 and the high pH associated with 

high levels of it (25,26,36,38,40,42,55,77,86,91,17). As a
 

consequence, nitrite may accumulate and cause damage to the
 

crop (36,40,42,91,117). The nitrites accumulate because
 

Nitrosomonas is not affected by high concentration of am

monium, it oxidizes M + to NO-, but Nitrobacter's activity

4tvy 

is hindered and rendered unable to oxidize NO- subsequently
 

(3). Nitrite accumulation is a risk that we confront when 

heavy applications of ammonium salts, anhydrous ammonia or 

urea are made. 

Broadbent, Hill and Tyler (26) reported that increasing
 

the rate of urea from 200 ppm to 800 ppm reduced nitrification
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in such a way that while the former application was nitrified
 

completely in two weeks, in the latter there was a consider

able amount of NHD-N after eight weeks.
 

It has also been noted that when urea is applied in
 

bands, nitrification occurs faster at the edges than in the
 

center (25,77).
 

Similarly, increasing the size of the fertilizer granule
 

has proven to delay nitrification (55).
 

It seems that not only ammonia toxicity and high pH
 

values are the cause of slow nitrification rates, but also
 

the high osmotic tension associated with high application
 

levels of these materials (60).
 

Soil moisture is another factor affecting nitrification
 

(2,78,100,106). Increasing water content from the wilting
 

point to field capacity enhances nitrate formation. Robinson
 

(100) reports that at 15 bars essentially no nitrification
 

occuirs. On the other hand, Miller and Johnson (78) found
 

that the maximum water content at which nitrification occurred
 

Higher water content had adverse effects on nitrifi

adequately was when 80% of the pore space was filled with
 

water. 


cation.
 

Temperature has its bearing on nitrification. It is
 

of the most important factors affecting the production
one 


of nitrate. Increasing temperature favors nitrification (9,
 

62,101,102). The upper limit being around 400C. A good
 

illustration of the effect of temperature on nitrification
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is given by the results attained by Sabey et al. (101). They
 

found that the rate of nitrification at 200 , 150 and 8 0C were
 

59%, 25% and 6% respectively, of the nitrification rate at
 

250C.
 

The optimum temperature usually falls between 30-35C0 

(2).
 

Soil pH affects nitrification. Both Nitrobacter and
 

Nitrosomonas are sensitive to low pH. Therefore, liming en

hances the rate of nitrification in acid soils (2,17). The
 

adverse effect of pH values above 8.5 on Nitrobacter have al

ready been discussed. The optimum pH value for Nitrobacter
 

is around neutrality. For Nitrosomonas the best pH falls in
 

the range of 7 to 9. However, nitrification takes place in
 

soil at pH values lower than those of laboratory media.
 

Chemical inhibitors, including certain fungicides may
 

stop nitrification completely (2,50,97,105). With the in

creasing concern about environmental pollution (increasing
 

fertility of lakes, nitrate level.of groundwater, etc.). and
 

to prevent nitrate loss, certain inhibitors have been tested
 

in the prevention of nitrification or to slow it down. The
 

thinking of Goring (50) on this aspect is a good example:
 

"If it were economically possible to delay conversion of
 

ammonium to nitrite, the practice may have wide use as a
 

means of decreasing losses of nitrogen. The accumulation
 

of NO- at the surface and the displacement of nitrogen out
3 
of the root zone during critical growing periods could be
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avoided . . . ," Shattuck and Alexander (105) working with 

the same compound as Goring, 2-chloro-6-(trichloromethyl)

pyridine, found it to inhibit Nitrosomonas even at a concen

tration as low as IPPN. But the effects on Nitrobacter were 

not as marked. However, 2-chloro-6-(trichloromethyl)pyridine 

was found to have a half life of 20 days under optimum con

ditions, and as short as 4 days (97). Increasing temperature 

shortened its half life. Volatilization and hydrolysis to 

6-chlorop'colinic acid aTe two processes by which 2-chloro-6

(trichloromethyl)-pyridine may be lost from the soil.
 

Cyanamide, chloride, thiocyanite, chlorate, arsenite,
 

and many others are listed as inhibitors of nitrification (2),
 

However, 2-chloro-6-(trichloromethyl)-pyridine was thought to
 

be the most prorlsing, and therefore, the subject of most in

vestigations.
 

The agronomic importance of nitrifi,ation is obvious,
 

since very few plants can live on NH4 only. It occurs
 

rapidly under normal conditions, but we should keep in mind
 

that only exchangeable NH4 is available for nitrification
 

(119,137). These authors agree that fixed NH4 is not nitri

fied, unless it is released. Welch and Scott (131) found
 

that potausium blocks the release of fixed NH+, and thus
 

interferes with nitrification.
 

The production of NO3 is delayed in grassland soils
 

(112). Soulides and Clark could not explain their findings
 

on the basis of biological activity or pH differences.
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However, they did not exclude the possibility of an inhibitor
 

produced by a grass.
 

In brief, we can say that the accumulation of nitrate in
 

the top layer of a fallow soil depends not only on the rate
 

of nitrification, but also on the upward movement of NO3 upon
 

drying of the soil, on downward leaching, and on the N lost
 

by denitrification after heavy rains (107).
 

Denitrification 

Denitrification is biological reduction of nitrate to
 

gaseous forms of nitrogen (28,92,93,136). In this enzymatic
 

process, NO- is used as an electron acceptor by facultative
 

aerobic microorganisms (28,136). The net effect of denitri

fication is a loss of nitrogen from the biosphere (3). This
 

loss is due to the low reactivityof N2 once nitrogen has
 

reached this gaseous form.
 

All the authors cited agree that the end products of
 

denitrification are either N20 or N2 . However, not all of
 

them agree on the step by step pathway of denitrification.
 

Broadbent and Clark (28), and Cooper and Smith (39) state
 

that the pathway of denitrification in all soils is:
 

NO3 - NO - N20 > N2. 

However, WiJler and Delwiche (134) in 1954, and more re

cently Woldendorp (136), and Payne and Riley (92) found that
 

the sequence in denitrification is:
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NOC - N~ - NO -. N0 -~ N 

In other words, these latter authors consider the for

mation of nitric oxide from nitrite, and further reduction
 

of NO gives rise to nitrous oxide, and not that N20 comes
 

directly from nitrite reduction.
 

The loss of nitrogen due to denitrification can be
 

grouped in two categories: that occurring when soils rich
 

in organic matter and high content of N03-N are subjected to
 

excessive wetness and high temperature (28). This loss is
 

rapid and large, and could be very important in the tropics
 

where torrential rains and warm temperature occur simul

taneously. The second type of loss is caused by anaerobic
 

pockets occurring in aerobic soils. It is small, but con

tinuous over long periods of time.
 

The best way to measure denitrification quantitatively
 

is using isotopic techniques. Certain reluctancy to accept
 

results where 15N was not used can be noted in the literature
 

concerning nitrate reduction. The use of this technique in

dicated that all the nitrogen in denitrification comes from
 

110 or NO- and none from NH+ (61,134).
 

It has been noted that for denitrification to occur the
 

following conditions are necessary: 1) deficient supply of
 

oxygen, 2) a good source of energy for the denitrifying
 

population, 3) soil pH around neutrality, 4) sufficient
 

amount of NO3-N, and 5) relatively high temperature (48).
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Lack of oxygen is associated with high rates of nitrate
 

reduction (33,48,116). When the concentration of oxygen be

comes limiting, nitrate is able to compete with oxygen as an
 

electron acceptor, and thus gaseous nitrogen ie evolved.
 

Using glucose, this process can be illustrated as follows
 

(28):
 

06H1 206 + 6 02 - 6 002 + 6 H20 (aerobically) 

and,
 

C6H1 206 + 4 NO 6 C02 + 6 H2 0 + 2 N2 

(anaerobically) 

Skerman and Mackae (108,109) working with cultures of 

Pseudomonas denitrificans, established that the critical con

centration of oxygen was 0.2 ppm. 
Above it, no denitrifica

tion occurred, but below it NO3 was used as 
electron acceptor.
 

It should not be inferred that denitrification is limited
 

to anaerobic environments. Several authors have reported de

nitrification to occur in soils kept under standard aerobic
 

conditions. Greenland (48) working with soils from Ghana
 

found that when 30% of the pore space was filled with air,
 

the loss of N due to denitrification ranged from 1 to 25% of
 

the nitrate added. Broadbent and Stojanovic (24) also report
 

loss of N by denitrification when the concentration of oxygen
 

in the soil was 19%. Apparently where the bacterial activity
 

is high, the microenvironment becomes deficient in oxygen
 

because oxygen cannot diffuse at the normal rate (28).
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Although the deficiency of oxygen favoring denitrifica

tion occurs frequently in soil under cultivation (136), Carter
 

and Allison (33) believe that this loss of N is of no im

portance.
 

The organisms involved in denitrification do not get
 

energy from the reduction of NO3 . Therefore, the presence of
 

readily decomposable organic matter has a profound effect on
 

the rate of denitrification (21,28,59,93,98,136). Bremner
 

and Shaw (21) showed that organic compounds that decomposed
 

easily, such as sucrose, sodium citrate, glucose and manitol
 

hasten the rate of denitrification. They could not detect
 

4enitrification in soils very low in organic matter, unless
 

other organic compounds were added. Woldendorp (136) places
 

the presence of organic matter second only to the deficiency
 

of oxygen as a prerequisite for nitrate reduction. Simi

larly, Pesek et al. (93) state that denitrification rarely
 

takes place when the content of organic matter of the soil
 

is 1% or lens.
 

Organic matter not only acts as an electron donor in
 

this process, but its decomposition by microorganisms tends
 

to accentuate the oxygen deficiency needed for denitrifica

tion (28). Thus, organic matter enhances denitrification in
 

two different ways.
 

Water content of the soil affects denitrification (20,
 

48,61,75). Obviously, the more water a soil has, the less
 

oxygen there is present in that soil. MacGarity found that
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increasing the water content of the soil from 50% water
 

holding capacity to saturation increased denitrification.
 

The findings of Greenland (48) and Bremner and Shaw (21) sup

port MacGarity. The explanation given to this observation
 

is that the diffusion rate of oxygen is decreased by in

creasing the water content of the soil (21). Another ex

planation (75) is that the volume of water available limits
 

the activity of denitrifiers for proliferation.
 

Jones (61), and Greenland (48) agree on the amount of
 

nitrogen lost under complete anaerobiosis. They report a
 

loss of 80% of the nitrogen added in less than one week when
 

the soil was completely flooded.
 

Very important results are those reported by Patrick
 

and Wyatt (90). They found that flooding and drying the
 

soils alternately gave larger losses due to denitrification
 

than keeping the soil flooded all the time. Even though at
 

a slow rate, ammonification takes place in flooded soils,
 

when these soils are dried, nitrification occurs, and the
 

N0 formed are denitrified when the soil is again flooded.
 

If the soil is kept waterlogged, the only potential losses
 

by denitrification are the N0 formed before the soil was 

flooded. As these authors reasoned, flooding and drying 

paddy rice during the growing season may result in large N 

losses from the soil. 

Soil pH also affects denitrification (22,23,92). It 

has been found to proceed very slowly at acid pH values, 
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and it stops completely at pH values below 4.0 (22,136).
 

Bremner and Shaw (22) added to an acid soil the amount of
 

calcium equivalent to that needed to raise the pH above neu

trality, as calcium sulfate, but the rate of denitrification
 

was not increased; the addition of 20 PPM of molybdenum
 

failed to increase denitrification rate, too. Thus, lack of
 

calcium does not seem to be the cause of slow reduction in
 

acid soils. They mentioned the possibility of low pH being
 

favorable to the reduction of NO- to NH+ instead of to N20
 

and N2. But, Woldendorp (136) attributed the increase in NH+
 

of acid soils to mineralization of organic nitrogen.
 

On the alkaline side, denitrification does not occur at
 

pH values above 10 (136). The optimum pH for denitrification
 

is around netrality (92,136).
 

Soil pH also determines the proportion of N20 and N2
 
that is produced. 
When the pH is above 6, N20 is reduced to
 

N2, so the latter is more abundant. Below pH 6, this last
 

reduction is inhibited and more N20 than N2 is produced.
 

Temperature has the same effect on denitrification as
 

on any biological process (22,76,92,136). The rate of ni

trate reduction increases rapidly by increasing temperature
 

from 2*0 to 250. 
 Further increase with rising temperature 

is not as great, and denitrification reaches the maxima at 

600C (22). 

Denitrification occurs very slowly at temperatures 

below 100C, and stops completely at 00C (76). However, this 
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author (76) also found that when the temperature is raised
 

after freezing, the denitrifiers are more active than when
 

the temperature is kept above freezing all the time.
 

The effect of plants on denitrification has also been
 

studied. Stefanson and Greenland (116) found that at soil
 

moisture below field capacity the presence of plants en

hanced denitrification. From field capacity to saturation
 

there was no plant effect.
 

Woldendorp (135) suggests that this stimulus may be
 

caused by the consumption of oxygen by the roots, and rhizo

sphere organisms creating an oxygen deficiency; or that the
 

roots excrete organic compounds that serve as electron
 

donors.
 

Denitrification is an importaut process that can affect
 

crop production. The loss of 10-3O% of the nitrogen applied
 

every year cannot be overlooked. It is obvious that this
 

loss may represent the difference between an excellent crop
 

and a nitrogen deficient crop. This would be especially
 

true in the tropics, where nitrogen is usually the limiting
 

input.
 

Leaching
 

The downward movement of inorganic nitrogen, and salts
 

with water moving through the profile is known as leaching.
 

It has a tremendous influence on the amount of inorganic
 

nitrogen found in the soil, and therefore, on nitrogen
 

availability to higher plants (54).
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Leaching represents the main loss of nitrate nitrogen
 

from the soil (5). It has been shown that nitrate can move
 

in solution, and in suspension in the percolating water (54).
 

Ammonium ions are positively charged, and are adsorbed by
 

the clay particles. This process reduces the loss of am

monium nitrogen.
 

Highly weathered soils, rich in iron and aluminum oxides
 

may develop positive charges (18,120,121). Thus, anions such
 

as chloride, sulphate and nitrate may be adsorbed, and their
 

amount in the leachate is greatly reduced.
 

Besides the type of electrical charge, many other fac

tors influence leaching of inorganic nitrogen. Rainfall and
 

the amount of water moving through the profile is one of the
 

most important factors (5,18,47,88,104). Obviously, the
 

more water that percolates through the soil the more nitrogen
 

is lost. Leaching may, therefore, be an important source of
 

nitrogen loss in the humid tropics. Bolton (18) reports
 

that both chloride and nitrate were leached rapidly from
 

Malayan latosols. Similarly, Semb and Garber (104) report a
 

decrease of inorganic nitrogen from about 50 PPM to 5 PPM,
 

and from 35 PPI4 to 3 PPM in the 0-20 cm, and 20-40 cm depth
 

respectively. An accumulation of nitrogen was noted first
 

at a depth of 40-60 cm, and later, from 100-120 cm, during
 

the rainy season.
 

Wetselaar (133) working with a tropical soil from
 

Australia (Tippera clay loam), only found significant
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differences between chloride and nitrate movement in four
 

out of thirty samples. He found a correlation of 0.946 be

tween rainfall and mean movement of chloride, and concluded
 

that rainfall is the most important factor affecting the
 

movement of these anions in the soil.
 

Rainfall and intermittent sprinkling were found to be
 

more efficient moving nitrate than continuous ponding k1l,79,
 

83). Nielson et al. (83) working with a slowly permeable
 

soil found that when the application rate did not exceed the
 

infiltration rate of the soil, 10.3 inches applied by sprink

ling were as efficient as 29.6 inches applied by continuous
 

ponding.
 

Movement of water through the soil is not only affected
 

by rainfall or amount of water applied to the soil. Soil
 

texture and soil structure play a very important role in the
 

infiltration rate (5,17). For a given rainfall, more
 

leaching occurs in a sandy coil than in a heavy clay. The
 

former soil has less micropores, and the water holding capa

city is also smaller than that of a clay soil. Similarly,
 

more nitrogen would be lost from a soil with good structure
 

than from one with poor structure. In the latter, there
 

would be more run-off and less water moving through the soil.
 

The drainage pattern will also affect leaching (47).
 

If tile drainage is used, the loss of nitrogen will not be
 

uniform. The drainage volume above or adjacent to the tile
 

is greater than midway between the tiles. When furrows are
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used, nitrate tens to acciunulate midway between the furrows
 

because the movement is not only downward, but toward the
 

plane between the furrows.
 

Nitrate tends to accumulate in the top layer of the soil
 

during dry periods between rains (5,47,53,73,132). Upward
 

capillary movement was found to account for this phenomenon.
 

Wetselaar (132) found that this upward movement is limited to
 

the upper 18 inches. When the nitrates have moved deeper
 

than 18 inches, capillary movement seems to be unable to bring
 

them up again.
 

The loss of nitrogen by leaching is greater under fallow
 

conditions than in cropped soils (19,71,130). Growing plants
 

reduce the amount of water moving through the soil. They
 

also absorb nitrastes, reducing the concentration of nitrate
 

nitrogen in the soil. 
Raney (96) found losses by leaching
 

to be correlated with nitrate concentration in the soil.
 

Pratt et al. (95) believe that high crop production
 

would reduce the amount of nitrate nitrogen lost by leaching.
 

The amount of nutrient removed by a high yielding crop is
 

greater than the removal of a low yielding crop. But, heavy
 

fertilization usually accompanies high production, and there

fore, the potential for leaching is also increased.
 

Leutenegger (69), reports more leaching occurring In a
 

mulched soil than in a fallow soil. 
He attributes his
 

findings to two reasons: a) more evaporation occurs in the
 

bare soil than in the mulched soil. In the fallow soil, a
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greater moisture deficit has to be made up before percola

tion starts, and b) the impact of the rainfali forms a crust 

on the surface of the fallow soil increasing surface run-off.
 

The importance of leaching to agriculture is obvious. 

Losses of nitrogen due to leaching range from 5-20% of the
 

nitrogen applied (19,88). These losses could be larger for
 

shallow rooted crops because once the nitrogen has moved be

low the root volume of the crop it may be considered lost.
 

Volatilization
 

Nitrogen loss due to ammonia volatilization is a well
 

established fact (5,17,47,54). At high pH values, the am

monium ion is very unstable, and may be decomposed to ammonia
 

gas (17,127,128). This process may be represented by the
 

equation:
 

NH40H 4 3 + H2 0 

In the absence of an efficient absorbing mechanism the am

monia formed escapes to the atmosphere.
 

Ammonia formation in soils may be either a chemical or
 

a biological process. The application of anhydrous ammonia
 

or ammonium hydroxide to the soil is an example of the
 

former. The latter process may be illustrated by the appli

cation of urea to the soil.e In the presence of urease, urea
 

is hydrolyzed to ammonium carbonate which is unstable under
 

alkaline conditions, and releases ammonia.
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Ammonia movement in the soil occurs in the gaseouo
 

phase, and in solution in the soil water (47). The water
 

content of the soil determines which movement is more impor

tant.
 

Many factors affect the magnitude of nitrogen losses
 

due to volatilization. Soil pH is perhaps the nost impoxtant
 

factor determining ammonia volatilization. Volatilization is
 

seldom reported at pH values below 7 (5,66,74,127). The
 

positive correlation between ammonia volatilization and high
 

pH values has been attributed to the instability of ammonium
 

under alkaline conditions. Ammonia volatilization should not
 

be totally excluded from acid soils. Upon addition of urea,
 

ammonium hydroxide or anhydrous ammonia to acid soils, high
 

concentrations of ammonia may locally raise the pH above 7,
 

and volatilization occurs (5).
 

Exchange capacity of the soil plays an important role
 

in the amount of ammonia that is volatilized (30,54,81,137).
 

Harmsen and Kolenbrander (54) state that the ammonia lost
 

from the soil is that which is not adsorbed by soil par

ticles.
 

Mortland and Wolcott (81) report two possible mechanisms
 

of adsorption: 1) hydrogen bond between ammonia and oxygen
 

atoms on the surface of clay particles, and 2) coordination
 

bonds between ammonia and cations present in the exchange
 

complex. Working with montmorillonite and vermiculite, and
 

using infrared absorption, they showed that the ammonia
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adsorbed was in the ammonium form. According to Mortland
 

and Wolcott, in acid saturated clay the proton for ammonium
 

formation may come from: a) exchange sites, b) dissociation
 

of hydrated aluminum ions, and c) weakly acidic hydroxyl
 

groups. In base saturated clays water would provide the
 

proton for ammonium formation.
 

The mechanisms illustrated by Mortland (80): in an acid
 

soil or clays with hydrogen ions adsorbed, the formation of
 

ammonium ions occurs as follows:
 

H+ (clay-) + NH3 .. NH4 (clay-) 

Ammonium formation from the reaction of ammonia with
 

hydroxyl groups associated with silicon on the edges of clay
 

minerals, is:
 

Si-OH + NH3 Si-ONH4 

This reaction is pH dependent, and will only occur upon dis

sociation of hydrogen under alkaline pH.
 

The formation of ammonium ions from the reaction of
 

ammonia with hydrated aluminum ions is as follows:
 

Al(H2 0) 5 (H-) 2 H+(clay-) + NH3 - , Al(H2 0)5 (OH)2 NH4 (clay-) 

In the case of the base-saturated clay, the proton donor
 

is the water associated with these ions. Using magnesium,
 

ammonium formation may occur as follows:
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Mg(H20)2 (clay-)+2NH3 Mg(OH)2+2NH4(clay-)+(X-2)H20
 

He postulates that due to polarization forces of the cations
 

and of the clay surface, water associated with cations dis

sociates more easily than common water. Thus, the former
 

gives up hydrogen ions more readily than the latter.
 

The amount of ammonia adsorbed as ammonium is affected
 

by the cation adsorbed: Al Mg Ca Na Li K; and by the
 

cation exchange capacity of the mineral (30,81). Materials
 

with small surface area, such as kaolinite, adsorb very
 

little ammonia.
 

Another mechanism by which cation exchange capacity may
 

reduce ammonia volatilization is its relation with pH. For
 

a given amount of urea applied to the soil, the lower the
 

cation exchange capacity, the higher the pH rise upon hy

drolysis, the greater would be the instability of ammonium,
 

and the greater would be the loss of ammonia to the atmos

phere (17).
 

It was found (17) that when the cation exchange capacity
 

of the soil was 10 me/100 grams of soil, more than 2MI of the
 

nitrogen added was lost by volatilization. The loss de

creased to 106 when the exchange capacity was 20 me/100 grams;
 

and less than 10% of the nitrogen added was lost when the
 

exchange capacity was greater than 20 me/l00 grams.
 

Depth of application also affects volatilization (5,47).
 

When ammonia is formed at the surface, greater losses occur
 

because the possibility of ammonia being readsorbed is very
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small. When urea or anhydrous ammonia are incorpo%:ated four
 

inches or deeper into the soil, the losses are nil.
 

Soil texture is another factor in ammonia volatiliza

tion. More ammonia is volatilized from coarse soils than
 

from fine textured soils (17,74). Low buffer capacity,
 

lower cation exchange capacity, and faster diffusion of am

monia in sandy soils may account for the greater losses.
 

The form of nitrogen applied to the soil also affects
 

volatilization (66,127). Kresge and Satchell (66), found
 

no loss of ammonium sulphate applied to a soil with a pH=6.3.
 

When urea was applied to the same soil, the losses by vola

tilization ranged from 5 to 85.8 lbs N/A with increasing
 

rate of urea application from 50 to 300 lbs N/A.
 

High temperature and water loss from the soil favor
 

ammonia volatilization (47,127). Conditions leading to water
 

evaporation also enhance ammonia volatilization, and the
 

water moving up also transports ammonia dissolved to the
 

upper layers.
 

Volatilization is associated with high pH values, but
 

losses of up to 29.3% of the urea added have been reported
 

in acid sandy soils (127). It is obvious that we must pre

vent these losses, if high production is desired.
 

Plant Uptake
 

Nitrogen is an essential element in plant nutrition.
 

Plants are able to absorb nitrate ions, ammonium ions, urea,
 

amino acids and dipeptides from the soil (126).
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The form of nitrogen assimilated by the plant may affect
 

plant growth and composition. Maximum plant growth has been
 

associated with a given organic acid content of the plant
 

(41). Dewit et al. (41) showed that the organic acid content
 

of the plant is equal to the sum of the equivalents of cations 

minus the sum of equivalents of inorganic anions (C-A). They
 

postulated that plant growth is slower when ammonium ferti

lizers are used than when nitrate forms are used. They ex

plain their findings based on the fact that rumonium uptake
 

affects the absorption of inorganic cations, especially potas

sium. The organic acid content is thus greatly affected.
 

Experiments on the relative superiority of nitrate over
 

ammonium ions have failed to give significant yield dif

ferences. If difference in yield is found the reason is
 

often lacking due to the large number of possible explana

tions (126).
 

Under normal conditions, nitrate is the predominant form
 

of inorganic nitrogen in the soil. When the plants absorb
 

nitrate, it is reduced inside the plant to ammonia (103,
 

122). The mechanism for nitrate ruduction is illustrated
 

below:
 

RI{2 (NA or NAP FAD ]6+ M ?N0 +H0
 

R)NIADH2 ) f+ 2DI05) (O3or NAPH 2 H0 
2H 

The enzyme involved in this process is nitiate reduc

tase. It is an induced or adaptive enzyme (formed only in
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presence of the substrate: NO-), and is formed by an asso

ciation between flavin adenine dinucleo-de and molybdenum.
 

After nitrate reduction to nitrite ions, nitrite is re

duced to ammonia by nitrite reductases and other enzymes.
 

Molybdenum is not required in this reduction but the enzymes
 

may contain iron, copper and manganese. A proposed pathway
 

for nitrite reduction is given below:
 

Fe3+,Cu2+
No (MTe) NH OH... 
Mn2+ 

o 2 mH 

Most of the nitrogen assimilated by the plant is found
 

in the protein form. Proteins are second only to water as
 

main constituents of cell protoplasm (17). Proteins also are
 

present as enzymes, nucleic acids, and nucleoproteins. Then,
 

they catalyze and direct metabolism.
 

Nitrogen is also a constituenb of the chlorophyll mole

cule, which is necessary for photosynthesis.
 

A nitrogen deficiency gives a pale-green color to the
 

upper leaves, which are small, and the older leaves become
 

yellow as a consequence of severe proteolysis without con

current synthesis. The plants are stunted due to lack of
 

protein for cell division and elongation. In cereals, the
 

number of shoots is limited, therefore, the growth has a
 

sparse appearance. In all cases, if the deficiency is pro

longed, the plant will ultimately die (17,29,56,126).
 

An excess of nitrogen may also result in lower yields
 

and poorer quality. A brief discussion of some of the
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effects of excess nitrogen follows (17,29,52,56,82,125,
 

126).
 

Increasing nitrogen supply tends to decrease the carbo

hydrate content of the plant. Nitrogen promotes rapid growth,
 

and therefore, the carbohydrates produced are utilized rapidly.
 

As a result, the plant becomes more succulent. Instead of
 

depositing carbohydrates to thicken the cell walls, the plant
 

uses them to form more protoplasm. This results in a lower
 

sugar content of sugar cane and sugar beets.
 

Crops grown with high levels of nitrogen stay green
 

longer. This fact has called the attention to the effects of
 

nitrogen on crop maturity, and has been interpreted as delayed
 

maturity due to nitrogen fertilization.
 

Excess nitrogen affects root growth. This has also been
 

explained on the basis of the increased rate of carbohydrate
 

utilization. Brouwer (29) states that most of the carbohy

drates produced by the shoots are utilized by the shoots
 

under these conditions, and that root growth is limited by
 

the carbohydrate supply.
 

Excess nitrogen has been shown to increase vegetative
 

growth, and decrease fruit production. In most crops, the
 

optimum nitrogen level for maximum fruit production is lower
 

than for maximum vegetative growth.
 

Lodging is positively correlated with nitrogen ferti

lization. Mulder (82) working with cereals found that
 

nitrogen fertilization increases the number of internodes
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per plant. He noted at the same time a decrease in diameter, 

and in thickness of the culm wall of the lower internodes. 

This effect, according to Mulder, was indirect, resulting 

from shading of the lower internodes through increased til

lering and leaf formation. He did not note thinner lower
 

internodes at high nitrogen levels when.the crop was planted
 

far enough to allow light to go through.
 

High nitrogen levels often favor the development of plani
 

disease. luxuriant vegetative growth increases the relative
 

humidity around the plant. Disease incidence is higher at
 

high relative humidity than at low relative humidity.
 

We should keep in mind, therefore, that nitrogen may
 

cut yield when its supply is not enough to meet the crop
 

needs. But we should not forget that excess nitrugen may
 

also be harmful because it favors many processes that affect
 

plant growth adversely.
 



MATERIALS AND METHODS
 

Description of the Regions, Climate and Soils of the
 
Three Different Sites
 

In order to study the rate of nitrification of ammonium
 

sulphate and urea, and the movement of nitrate and chloride
 

under different conditions, three sites with uifferent
 

amount of rainfall, and different soil textures were chosen.
 

These sites are described below.
 

Pi~a Sandy loam 

This soil is classified as a quartzipsammentio haplor

thox because its texture is coarser than sandy clay loam.
 

It belongs to the clayey, oxidic, isohyperthermic family.
 

The site is at 272 feet above sea level, and has a mean
 

The winter months are less
annual rainfall of 65 inches. 


humid than the summer months.
 

The mean annual temperature is 2500. The climate has
 

been classified as humid tropical.
 

The natural vegetation is a tropical moist forest, and
 

the main commercial crop is pineapple.
 

The slope is 2 percent, and the land pattern is a
 

slightly undulating plain.
 

As described by Dr. F. H. Beinroth of the University of
* 

Puerto Rico (personal communication).
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This soil series is low in organic matter, and has very
 

low cation exchange capacity. The cation exchange capacity
 

of the plow layer is 1.26 me/100 grams of soil. The B21
 

horizon (20-30 cm deep) has an exchange Qapacity of 2.40 

me/l00 grams. 

Catalina Clay 

This soil has been classified as tropectic haplorthox. 

It also belongs to the clayey, oxidic, isohypertheinic family 

The elevation of this site is at 2,200 feet above sea 

level, with an annual mean precipitation of 63 inches. Most 

of the rain falls in May and November. 

The mean annual temperature is around 2300. The climate 

has been classified as humid tropical. 

The natural vegetation is tropical to sub-tropical moist 

forest. 

The slope of the site is concave, with a 7 percent 

gradient in a southeast diLection. 

The organic matter content of the plow layer is 2.47%,
 

and the cation exchange capacity is 11.54 me/i00 grams of
 

soil. The exchange capacity of the soil decreases from 6.29
 

to 4.57 me/l00 grams as the depth increases from 16-35 cm to
 

120-130 cm.
 

Carreras Clay*
 

This soil is classified as an aquic tropohumult, and
 

belongs to the clayey, kaolinitic, isohyperthermic family.
 

Formerly called Humatas clay.
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The experimental site is at an elevation of 820 feet
 

above sea level, with a mean annual rainfall of 78 inches.
 

Most of the rain falls in May and November.
 

The mean annual temperature is 24.5@C. The climate is
 

classified as a humid tropical. The natural vegetation is
 

tropical moist forest,
 

The slope of the site is 7 percent, with a hilltop land

form.
 

The plow layer has an organic matter content of 4.1%9
 

and its cation exchange capacity is 18.97 me/l0O grams. The
 

exchange capacity of the soil remains fairly constant, around
 

14 me/l0O grams, with increasing depth from 14-29 cm to
 

110-125 cm.
 

A more detailed description of the Catalina clay and
 

Carreras clay series, although not of the exact site, can be
 

found elsewhere (111).
 

Field Work
 

On each of the sites described above, a soil plot of 57
 

feet long and 25 feet wide was limed with calcium hydroxide
 

to raise the soil pH between 5.5 and 6.0. The lime was in

corporated into the soil immediately after application.
 

One week after incorporation of the lime, June 15, 1971,
 

the 57x25 foot plot was divided into eight 12x12 foot plots
 

with 3 feet separating each plot. Afterwards, the treatments
 

were applied: 500 lbs N/A applied as urea, 500 lbs N/A as
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ammonium sulphate, and the molar equivalent of 500 lbs/A of
 

nitrogen as chloride, applied as sodium chloride. Each
 

treatment was replicated twice, including the check. The
 

soils were bare, and kept weed-free by hand.
 

Five core composite samples were taken per plot, at 

three different depths: 0-10", 10-20", and 20-30" on each 

sampling date. Samples were taken at 0,2,7,14,28,52,56, and 

84 days after the trertIments were applied, except for Cata

lina clay where no sample was taken at 7 days. 

After taking the samples, they were air dried and each
 

treatment was analyzed as follows: the check, urea, and
 

ammonium sulphate treatments were analyzed for ammonium
 

nitrogen, nitrate nitrogen and pH. The sodium chloride
 

treatment was analyzed for chloride.
 

Analytical Procedures
 

Nitrogen Determination
 

The inorganic nitrogen was determined as follows: 25
 

grams of air dried soil were shaken for one hour in 75 ml of
 

1.0 N KC1. After shaking was completed, the soil was fil

trated through a Buchner funnel, and washed with 50 ml of
 

1.0 N KCl. For the ammonium nitrogen determination a 25 ml
 

aliquot of the extract, with magnesium oxide added, was dis

tilled into a 2% boric acid solution. A semimicro-Kjeldahl
 

apparatus was used for distillation, and standard HC1 was
 

used in the titration. Nitrate nitrogen was determined by
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adding Devarda's alloy to the aliquot previously'distilled,
 

and going through the distillation procedure, again.
 

PH Determination
 

Soil pH was measured using the glass electrode pH meter.
 

The soil/water ratio was 1:2, and half an hour was allowed
 

for equilibration.
 

Chloride Determination
 

Ten grams of air dried soil were allowed to stay over

night with 30 ml of 1.0 N Na2SO4. After this period of time
 

the soil-Na2So4 solution was transferred to centrifuge tubes,
 

and centrifuged at 14,000 rpm for 25 minutes. Ten milli

liters of the supernatant were titrated potentiometrically
 

as described by Stout and Johnson (118).
 



RESULTS AND DISCUSSION
 

Ammonium Sulphate Applied to Pi!a Sandy Loam
 

A graphical representation of the changes that ammonium
 

sulphate undergoes when applied to a Pia sandy loam is given
 

in Figure 1. The data plotted was taken from Tables 1 and 2
 

in the Appendix. The figures in these tables are the aver

age of two replications; the nitrogen content of the check
 

was subtracted. As can be seen from Figure 1, the peak for
 

ammonium nitrogen occurs from 2 to 14 days after the appli

cation of ammonium sulphate to the soil. This was expected
 

since the nitrogen applied was already in the ainmonium form,
 

and the organic matter content of the soil is so low that
 

very little immobilization of nitrogen should occur. After

wards, the ammonium nitrogen comes down in almost a straight
 

line function with time. The decrease in ammonium nitrogen
 

may be explained on the basis that nitrification is occur

ring. As the amount of amn-Mium nitrogen becomes smaller,
 

the nitrate nitrogen increases.
 

Figure 2 shows the distribution of ammonium nitrogen
 

throughout the Piia sandy loam profile. It appears that
 

downward movement of ammonium nitrogen occurred. Although
 

the amounts of ammonium nitrogen found in the 10-20" layer
 

at 14 and 28 days do not differ significantly (Isd 5%=95 lbs),
 

42
 



43 

200 

" -- °--- NH 4"

-N4NO 

03 N
300A 

NH4 -N lsd 5% = 110 lbs. 

NO -N Isd 5% = 130 lbs. 

100

0 -- 84
 
0
 56
28 42
02 7 14 


Time in Days
 
Ammonium and nitrate nitrogen content 

vs.
 
Fig. 1. 


time in a Piia sandy loam profile. The 
nitrogen source was ammonium sulphate. 



44 

100 

/-0-0- 0-10" 

- -4 10-20" 

-. 20-30" 

10-20" lsd 5% = 95 lbs. 
- 20-30" lsd 5%= 16 lbs. 

200

01
 
02 14 28 42 56 84
 

Time in Days
 
Fig. 2. Ammonium nitrogen distribution vs. time in
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this increase may be thought of as ammonium movement, if we
 

take into account the 3.85 inches of rainfall in that period,
 
and the very low exchange capacity of this soil (1.26 me/lO0
 

grams in the 0-10" layer). Further evidence of ammonium
 

nitrogen movement is found in Figure 2. The amount of am
monium nitrogen found in the 20-30" layer at 56 days differs
 

significantly from that found at 84 days (led 5%
= 16 lbs).
 

The only possible explanation for the increase in ammonium
 

nitrogen in the 20-30" layer is downward movement. In this
 

period (August iO-Sept. 8) 5.75 inches of rain fell, and this
 
should have moved some ammonium nitrogen down. Therefore,
 

ammonium nitrogen may be lost _rom relatively coarse textured
 

soil due to leaching. 

The formation of nitrate nitrogea shows an almost linear
 

relationship with time after the second day (see Fig. 1). 
 The
 

low amount of nitrate nitrogen found at 56 days may be due to
 
the sampling of a spot low in nitrogen. The treatments were
 

applied by hand, and it is impossible to obtain a uniform
 

distribution. 
Other than that, there is no reason for finding
 

an amount of nitrate nitrogen so low that it differs signi

ficantly from that found at 84 days, and is on the border
 

line with respect to 42 days (led 5% 130 lbs).
= 


Figure 3 shows the distribution of nitrate nitrogen in
 
a Pi~a sandy loam profile. Nitrate movement started as soon
 

as it started to rain (see Fig. 4 and Table 1). 
 Obviously
 

we could not account for much of the nitrate that moved
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Fig. 3. Nitrate nitrogen distribution vs. time in
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Table 1. Cumulative Rainfall (in inches) at the Dif
ferent Sampling Dates on the Three Different
 
Sites 

Sampling Date 
in Days 

Pizra 
Sandy Loam 

Catalina 
Clay 

Carreras 
Clay 

0 0.00 0.00 0.00 

2 0.00 0.00 0.78 

7 0.20 0.16 0.78 

14 0.35 0.31 1.38 

28 4.20 1.24 4.62 

42 4.72 2.12 5.54 

56 7.77 4.15 7.94 

84 10.47 10.97 12.41 
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down below 30 inches. The amount of nitrate nitrogen found
 

in the 10-20" layer at 28 and 42 days differs significantly
 

from that found at 14 and 56 days. Similarly, there exists
 

a significant difference between the nitrate nitrogen found
 

at 56 days and at 84 days (led 5% = 42 ibe). For the 20-30"
 

layer there is only a significant difference between the
 

nitrate founO. at 56 days and at 84 days (lsd 5% = 49 lbs).
 

The reason for not finding more significant differences, be

sides the great variability, may be that the rainfall was
 

large enough to move the nitrates from the 10-20" layer below
 

the maximum sampling depth (30").
 

Figure 5 shows the changes in soil pH in a PiRa sandy
 

loam with time when ammonium sulphate was applied. The over

all effect of nitrification is to lower the pH of the upper
 

layer to a pH value lower than the initial pH. It is well
 

known that upon nitrification, hydrogen ions are released,
 

and therefore, the pH of the soil decreases. Little effect
 

on soil pH of the 10-20" and 20-30" layers was observed.
 

Since most of the nitrification occurred in the top layer,
 

the small variations observed should be due to field varia

bility.
 

Urea Applied to a Pi~a Sandy Loam 

Figure 6 shows the changes that urea underwent when ap

plied to a Piia sandy loam. The peak for ammonium nitrogen 

also occurred from 2 to 14 days after application. These 

results agree with many authors who have found that urea is 
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hydrolyzed rapidly to ammonium carbonate under normal condi

tions (26,102). This suggests that urease was present in the
 

soil. The relatively low amount of ammonium nitrogen found
 

at 7 days does not differ significantly from thet found at 2
 

and 14 days (lsd 5%=195 lbs).
 

After the hydrolysis to ammonium carbonate, urea behaves
 

very much like ammonium sulphate with respect to the nitri

fication pattern. This observation may be explained on the
 

basis that ammonium sulphate and ammonium carbonate a're just
 

two different sources of ammonium, and since the accompanying
 

anions do not have any major effect on nitrification, their
 

nitrification pattern should be very similar.
 

Figure 7 shows the distribution of the ammonium nitrogen 

formed from urea in a Pi~a sandy loam. Very little evidence 

of ammonium movement may be observed in this figure. It is 

worthy to note, however, that there is a tendency for the
 

10-20" layer to have a higher ammonium nitrogen content than
 

the 20-30" layer.
 

The nitrification pattern of urea in a Pi-a sandy loam
 

is shown in Figure 6. The slight decrease in nitrate nitrogen
 

from zero to 14 days is not significant (Isd 5%=122 lbs). This
 

lag phase in nitrate production may be due to the formation
 

of ammonia in the hydrolysis of urea. Nitrobacter is sensi

tive to ammonia, and although ammonium is being formed, the
 

formation of nitrate is inhibited. The very low nitrate
 

nitrogen found at 56 days differs significantly from the
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amounts found at 42 and 84 days. Experimental error seems to
 

be the cause of such a low recovery. Nitrate movement is not
 

considered as a possible cause because if a downward move

ment of nitrate occurred from the 0-10" layer, we would have
 

had a simultaneous increase in the 10-20" or 20-30" layers,
 

and this does not occur (see Fig. 8).
 

Nitrate movement may be seen from the 14t day on al

though it is not significant until the 42nd day in the 10-20" 

layer (Isd 5%=70 lbs). In the 20-30" layer the amount of 

nitrate nitrogen found did not differ significantly at any 

time (lsd 5%=38 lbs). 

The effects of urea on the pH of a PiEa sandy loam can
 

be seen in Figure 9. The first two weeks, the pH values for
 

the urea treatment are higher than for the ammoniLam sulphate.
 

This rise in pH coincides with the period when urea was hy

drolyzed to ammonium carbonate. Thus, the rise in pH may be
 

due to the formation of ammonia from urea. After two weeks,
 

which was when nitrification started, the pH of the soil fell
 

gradually to about the same value as for the ammonium sul

phate treatment. The pH of the two lower layers was not
 

affected by nitrification of urea.
 

Comparison of the Nitrification Rates of Ammonium
 

Sulphate and Urea in a Pil-a Sandy Loam
 

It can be seen from Figures 1 and 6 that the nitrififa

tion curves for ammonium sulphate and urea depict an almost 

linear relationship with time. It was thought, therefore, 
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that performing a linear regression between nitrification of
 

the two nitrogen sources with time, and comparing the slopes
 

(Bl) of the two curves would be a good means to compare both
 

nitrification rates. The results of this statistical analysis
 

are given in Table 2. The amounts of nitrate nitrogen found 

in the top layer of the two replications at each sampling 

date were used in this analysis. It was foumd that the rate 

of nitrification cf ammonium sulphate and urea does not diff3r 

in a Pi~a sandy loam at the 5% level of confidence. The
 

t-value for the two slopes was 0.18, and the critical t.-value
 

was 2.05. Thus, the rate of nitrification of ammonium sul

phate and urea are not significant.
 

Chloride Movement in a Pi~a Sandy Loam
 

The distribution of chloride in a Pi~a sandy loam is
 

shown in Figure 10. Although it was found not to be signi

ficant in the 10-20" layer, chloride movement began as soon
 

as it started to rain (see Table 1, and Fig. 4). The lack of
 

significance may be due to the movement of chloride to a
 

greater depth than the 30" sampled. In the 20-30" layer the
 

amount of chloride found at 28 days differs significantly
 

from that at 7, aid 14 days (lsd 5=10 lbs). Similarly, the
 

amount of chloride at 84 days is significantly different
 

from that at 56 days. This movement of chloride with water
 

through the profile agrees with the findings of many authors
 

(18,43,51,133) who also found chloride movement to be posi

tively correlated with water moving through the profile.
 



Table 2. Linear Regression, and Correlation Coefficient between Nitrifica
tion and Time, and Comparison of the Nitrification Rate of Ammonium
 
Sulphate and Urea
 

Nitrogen Y intercept Sloe rrelation t value for Significance
 

Source (bo) (bi Uoefficient b±a and b * aigniicale
Sou.c (r) 

Pi~a Sandy Loam 

(NH4 ) 2804 20.21 1.62 0--595 
0.18 NO
 

Urea 22.66 1.50 0.729
 

Catalina Clay
 

(NH4)2SO4 1.24 4.23 0.953
 
2.00 NO
 

Urea 14.6 2.95 0.867
 

Carreraq Clay
 

(NE4)2SO4 47.20 1.9c 0.65
 
0.75 NO
 

Urea 30.45 1o30 0.551
 

bia is the slope of the ammonium sulphate equation, and biu is the slope of
 
the urea equation.
 

co 
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Comparison of Nitrate and Chloride Movement in
 

a Pia Sandy Loam
 

In order to compare the movement of nitrate and chloride,
 

the amount of each one found in the 10-20" and 20-30" layers
 

were added, and related to the cumulative rainfall by means
 

of a linear regression. Tables 3 and 4 show the results ob

tained. No significant difference was found between chloride
 

and nitrate (from either urea or (NH4 )2S04 ) movement at the
 

5% level of confidence, when the slopes of the regression
 

equations were compared. The t-values observed were: a) for
 

nitrate from (NH4 )2So4 vs. nitrate from urea = 0.21, b) ni

trate from (NH4 )2So4 vs. chloride movement = 0.34, and c)
 

nitrate fLom urea vs. chloride movement = 0.20. In all cases,
 

the critical t-value was 2.05. These results agree with
 

those of Wetselaar (133), who working with highly weathered
 

soils from Australia found that nitrate and chloride move

ment occur at the same rate.
 

Ammonium Sulphate Applied to a Catalina Clay
 

Figure 11 is a graphical representation of the changes
 

that ammonium sulphate underwent when applied to a Catalina
 

clay. This figure was plotted from the data in Tables 5 and
 

6 in the Appendix. The values on these tables are the aver

age of two replications with the nitrogen content of the
 

check treatment already subtracted. It can be seen in
 

Figure 11 that after the fourth week the amount of ammonium
 

nitrogen falls linearly, as the nitrate form increases in the
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Table 3. 	 Linear Regression and Correlation Coefficient
 
of Nitrate and Chloride in the 10-30 Inch
 
Layer with Cumulative Rainfall 

Correlation' 
Y Intercept Scope CoefiSource 

(Bo) 	 (B1 ) Coefficient
, (R)L.
 

NO3 from (NH4 )2SO4 

Pina Sandy-Loam 

10.62 6.84 0.533 

NO from urea 15.84 7.62 0.658 

Chloride 78.53 8.62 0.469 

Catalina Clay
 

NO3 from (NH4)2S04 14.58 12.42 0.843 

NO3 from urea 12.61 7.23 0.750
 

Chloride 80.36 8.64 0.603
 

Carreras Clay 

NO3 from (NH4)2SO4 -1.55 5.56 0.726 

NO3 from urea -2.75 5.92 0.555 

Chloride 33•58 5.80 0.757 



62 

Table 4. Comparison of Nitrate and Chloride Movement
 
as Influenced by Cumulative Rainfali 

Sources Compared T-value for Significance 

Bix and Biy at 0.05 level 

Pila Sandy Loam 

NO3 from (NH4)2S04 & urea 0.21 NO 

NO from (NH4)2SO 4 & chloride 0.34 NO 

NO from urea & chloride 0.20 NO 

Catalina Clay 

NO3 from (NH4 )2S04 & urea 1.77 NO
 

NO3 from (NH4 ) 2S04 & chloride 0.94 NO 

NO3 from urea & chloride 0.37 NO
 

Carreras Clay
 

NO3 from (NH4)2S04 & urea 0.13 NO
 

NO3 from (NH4 )2SO4 & chloride 0.12 NO 

NO3 from urea & chloride 0.04 NO
 
3II .. ..
 



63 

00 

56d 0---0- NH4 -N 

A A NO3-N 

N4 led 5% = 288 lbs. 

NO3 -N lad 5%= 127 lbs. 

400_ 

01 - 42 
Time in Days 

Fig. 11. Ammonium and nitrate nitrogen content vs. 
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nitrogen source was ammonium sulphate. 
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same fashion. Thus, the decrease in ammonium nitrogen is a
 

consequence of nitrification. The relatively low recovery
 

at 2 and 14 days do not differ significantly from that re

covered at 28 days (led 5%=288 lbs). This lower recovery
 

could be, however, a result of nitrogen immobilization, which
 

at the same time may have delayed nitrification.
 

Figure 12 shows the distribution of ammonium nitrogen
 

in a Catalina clay with time. No evidence of ammonium move

ment is noted in this heavy clay soil. This lack of ammonlum
 

movement is in contrast with the movement of ammonium nitrogen
 

observed ,n the Piia sandy loam. The lack of ammonium move

ment in the Catalina clay may be explained on the basis that
 

less water would percolate through this heavy clay soil than
 

through the Pita sandy loam. Also, the cation exchange capa

city (C.E.C.) of the Catalina clay is about ten times greater
 

than the C.E.C. of the Pia sandy loam (11.54 me/O0 grams as
 

compared to 1.26 me/lO0 grams).
 

Figure 11 shows the almost linear increase in nitrate
 

nitrogen with time. The low recovery for nitrate at 14 days
 

does not differ significantly from that of 2 and 28 days
 

(led 5%=127 lbs).
 

The distribution of nitrate nitrogen from the ammonium
 

sulphate treatment is shown in Figure 13. Although not sig

nificant at any date, some movement is seen from the fourth
 

week on. This is exactly when it started to rain (see Table
 

1 and Fig. 14). The nitrate movement is more obvious after
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the 42nd day. From the 42nd to the 84h day of the experi

ment, a six week period, 8.85 inches of rain fell on this
 

site. Thus, it may be said that nitrate nitrogen tends to
 

move with water through the soil.
 

A lag phase can be noted from 0 to 14 days (FPg. 13) on
 

the nitrification curve of ammonium sulphate in the 0-10"
 

layer. This lag phase has been noted by many people who have
 

worked on nitrification, and has been attributed to the low
 

number of nitrifiers present in the soil at that time. It
 

could also be that the amount of water in the soil was so low
 

that it limited nitrification (78,100). This soil was very
 

dry up to 2 weeks after treatment, although the water content
 

was not determined.
 

Figure 15 shows the changes in soil pH as the ammonium
 

sulphate was nitrified. The overall effect was to lower the
 

pH of the soil. This was expected because hydrogen ions are
 

liberated upon nitrification of ammonium salts, and they
 

increase soil acidity.
 

Urea Applied to a Catalina Clay
 

Figure 16 shows the changes that urea undergoes when
 

applied to a Catalina clay. This figure was plotted from the
 

data in Tables 5 and 6 in the Appendix whose values are the
 

average of two replications. The nitrogen content of the
 

check was subtracted. The fact that the peak for ammonium
 

nitrogen appears at 14 days after treatment is further
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evidence of the rapid hydrolysis of urea to ammonium car

bonate in soils. After reaching its peak, ammonium nitrogen
 

disappears very quickly. Nitrification of the ammonium formed 

accounts for its disappearance. An interesting point to note 

is that the peak for ammonium nitrogen from urea appears at 

14 days, while for ammonium sulphate it appears at 28 days 

(see Figures 12 and 17). A good explanation for this obser

vation is lacking. We would expect, at most, both peaks to 

appear simultaneously because of the rapid hydrolysis of urea 

to ammonium carbonate, but not the ammonium peak for urea to 

appear before the peak for ammonium sulphate because the 

ammonium from the lattei source was already there. 

Figure 17 shows no evidence of movement of the ammonium
 

formed from urea. This agrees with the lack of movement
 

noted for ammonium in the ammonium sulphate treatment pre

viously discussed.
 

Figures 16 and 18 show the almost linear relationship
 

between nitrification and time. As in the case of nitrate
 

from ammonium sulphate, nitrate from urea began to move after
 

the fourth week. This movement although not significant at
 

any sampling date coincides with ihe beginning of the rainy
 

period (see Table 1 and Fig. 14).
 

The effects of nitrification of the ammonium formed
 

from urea on soil pH can be seen in Figure 19. The overall
 

effects of nitrJflcation was to lower the soil pH to a pH
 

value lower than the initial p11. This process has already
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been discussed. It should be noted that the pH of the urea
 

treatment is higher from 2 to 28 days after treatment, than 

for the ammonium sulphate treatment. The production of am.

monia upon hydrolysis of urea to ammonium carbonate may ac

count for this rise in pH. 

Comparison of the Nitrification Rates of Ammonium 

Sulphate and Urea in a catalina Clay 

From the curves plotted in Figures 11 and 16 it was in

ferred that performing a linear regression between nitrifi

cation of ammonium sulphate and urea with time, and comTing
 

the slopes of both equations would be a good means to compare 

the rate of nitrification of ammonium sulphate and urea. 

Table 2 shows the results of this statistical analysis. The 

amount of nitrate found in the 0-10, layer of the two repli

cations were used in this analysis. The t-value for the 

slopes of the regression equations of nitrification of urea 

and ammonium sulphate with time was 2.00, and the critical 

t-value for the comparison was 2.064. The results indicate, 

therefore, that the rates of nitrification do not differ in 

a Catalina clay at the 5% level of confidence. 

Chloride Movement in a Catalina Olaj 

Figure 20 shows the distribution of chloride in a Cata

lina clay. The low recovery of chloride at 14 and 28 days
 

differs significantly from the recovery at 2 and 42 days
 

after treatment (lsd 5%=78 lbs). ELxperimental error may
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explain the low recovery better than downward movement of
 

chloride because a build up of chloride in the lower layers
 

is absent. The higher recovery at 42 days could be explained
 

on the basis of upward capillary movement reported by other
 

authors (53,73,132). The movement of chloride is more ob

vious after 42 days, although it is not significant until the
 

84t day in the 10-20" layer (lsd 5%=54 lbs). The amount of
 

chloride at the different sampling dates is not significantly
 

It should be noted, however,
different in the 2C-30" layer. 


that there exists a tendency for the 20-30" layer to contain
 

more chloride than the 10-20" layer. This may be interpreted
 

as a tendency for chloride to move with water through the
 

soil.
 

ComDarison of Nitrate and Chloride Movement
 

in a Qa-alina Clay 

In this soil, the amounts if chloride and nitrate found 

in the 10-20" and 20-30" layez! we)-e added and related to the 

cumulative rainfall by means of a linear regression. The 

results of this analysis are given in Tables 3 and 4. There
 

was no significant difference between nitrate, from either
 

urea or ammonium sulphate, and chloride movement at the 5%
 

level, when the slopes of the regression equations were com

pared. The t-values observed were: a) nitrate from
 

(NH4 )2So4 vs. nitrate from urea =1.77, b) nitrate from
 

(NH4)2So4 vs. chloride = 0.94, and c) nitrate from urea vs. 

In these thrse cases the critical t-value
chloride = 0.37. 
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was 2.06. These results agree with those obtained in the
 

Pila sandy loam.
 

Ammonium Sulphate Applied to a Carreras Clay
 

The changes that ammonium sulphate underwent can be seen
 

in Figure 21. This figure was plotted from the data in Tables
 

9 and 10 in the Appendix, whose values are the average of two
 

replications with the nitrogen content of the check already
 

subtracted. As shown in Figure 21, the peak for ammonium
 

nitrogen appears 7 days after treatment. The recovei for
 

ammonium nitrogen at 2 days differs significantly from that
 

at 7 days (lsd 5%=110 lbs). Nitrogen immobilization may have
 

accounted for this difference since the organic matter con

tent of this soil is relatively high (4.1%). The decrease
 

in ammonium nitrogen after the first week (see Fig. 21) may
 

be explained by the fast increase in nitrate nitrogen.
 

Figure 22 shows the distribution of ammonium nitrogen
 

in the Carreras clay profile. It can be seen that the am

monium nitrogen content of the 0-10" layer is almost the same
 

as that of the whole profile (see Fig. 21). In other words,
 

the shapes of both curves are very similar. In addition,
 

no build up of ammonium nitrogen was observed at the lower 

depths. Thus, no downward movement of ammonium nitrogen was
 

observed as in the case of the Catalina clay. These could
 

be two good reasons for the lack of downward movement. The
 

Carreras clay has the highest C.E.C. of the three sites
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(19 me/O0 grams), and also has a dense layer below 20 ems.,
 

where clay has accumulated.
 

Figures 21 and 23 depict the pattern of nitrification of
 

ammonium sulphate, and the distribution of the nitrate formed
 

with time in a Carreras clay profile. The low recovery of
 

nitrate at 42 days after treatment is not significantly dif

ferent for the whole profile (lsd 5%=190 lbs), but is signi

ficant for the 0-10" layer (lsd 5%=96 lbs). This difference 

may be due to sampling of a spot low in nitrogen since no 

evidence of nitrate movement was observed (see Fig. 23). 

Nitrate movement can be seen in Figure 23 after the 8t week. 

The amount of nitrate found at 84 days differs significantly 

from that at 56 days for the three layers sampled. The led 

at 5% for the 0-10", 10-20", and 20-30" layers are 96, 44 and 

44 lbs, respectively. This movement of nitrate coincides 

with the heaviest rainfall period at this site (see Fig. 24). 

This is clear evidence of nitrate movement with water through 

the profile. 

The effects of nitrification of ammonium sulphate on
 

soil pH was similar to that observed in the Pi~a sandy loam
 

and the Catalina clay (see Fig. 25). This drop in pH was
 

expected because of the hydrogen ions liberated upon nitri

fication of ammonium salts or ions.
 

Urea Applied to a Carreras Clay
 

Figure 26 shows the changes that urea underwent when
 

applied to a Carreras clay. In this soil, the peak for
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ammonium nitrogen also appeared 7 days after treatment. The
 

reason for the peak being so low remains a puzzle, especially
 

when the peak for nitrate that appeared later is almozt three
 

times greater. It should be noted, however, that in this soil
 

the formation of nitrate runs parallel with the formation of
 

ammonium from urea. At the other two sites, a lag phase ws
 

noted at the beginning.
 

The distribution of ammonium nitrogen in the Carreras
 

clay profile is shown in Figure 27. No evidence of ammonium
 

movement is seen in this figure. This was expected, as dis

cussed previously.
 

The nitrification pattern of urea and the distribution
 

of nitrate in a Carreras clay profile are shown in Figures 26
 

and 28. Except for the lag phase appearing from 14 to 42
 

days, the curve for nitrification is almost a straight line
 

until the peak for nitrate nitrogen occurred.
 

Some evidence of nitrate movement is seen.after 42 days
 

from treatment, but it is more noticeable after 56 days.
 

The drop in nitrate content of the top layer at 84 days dif

fers significantly from the amount found at 56 days
 

(lsd 5%=121 lbs). The low accumulation of nitrate in the
 

lower layers may be due to either the rainfall being suffi

cient to move the nitrate below 30 inches, or to lateral
 

movement of water below the surface. Recently, Wolf (un

published data) working with this soil found a lateral
 

movement of water at a depth of 20 cm. He classified the
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movement of the water entering the pit that he had dug as
 

very rapid. Obviously, with this kind of movement a lot of
 

nitrate may be washed out of the plot without a build up of
 

nitrate at lower depths.
 

The effects of urea on soil pH are shown in Figure 29.
 

It may be seen that the pH did not rise as much as in the Pi~a
 

sandy loam or Catalina clay. The Carreras clay has a higher
 

C.E.C. than the former two soils, and therefore, a higher 

buffer capacity than those soils. Thus, for a given amount 

of ammonia formed from urea the rise in pH would be less in 

the Carreras clay. It could also be that some urea was lost 

from the soil in the lateral, sub-surface movement of water. 

This could be a possibility because urea is very water soluble. 

As in the former two sites, no effect of the treatment on pH 

of the lower layers was noted. This may be interpreted as 

nitrification occurring mainly in the 0-10" layer. 

Comparison of the Nitrification Rate of nmonium 

Sulphate and Urea in a Uarrcras Ci:ff 

As can be seen from Figures 21 and 26 the nitrification 

pattern of ammonium sulphate and urea depict, for the most 

part, a linear relationship with time. As was done in the 

other sites the nitrate contents of the 0-10" layer of the 

two replications for each treatment were used to perform a 

linear regression for each nitrogen source with time. The 

comparison of the rates of nitrification was done by com

paring the slopes of the two regression equations: 1.90 for 
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The re
the ammonium sulphate treatment, and 1,30 for urea. 


sults of this analysis are shown in Table 2. The observed
 

t-value for the two slopes was 0.75, and the critical 
t-value
 

was 2.05. Thus, it was concluded that the rates of nitrifi

cation of ammonium sulphate and urea do not differ 
in a
 

Carreras clay at the 5% level of confidence. These results
 

agree with those obtained at the Pi-a sandy loam 
and Catalina
 

clay sites. These results, however, do not agree with those
 

of Eno and Blue (49), who, working with acid sandy 
soils from
 

Florida found significant differences on the 
nitrification
 

rates of ammonium sulphate aid urea.
 

Carreras Cly
Chloride Movement in a 


Figure 30 shows the distribution of chloride 
in a
 

None of the results obtained for ad-
Carreras clay profile. 


jacent sampling dates differ significantly from 
each other
 

(lsd 5%=193 lbs), However, the drop in chloride content of
 

the upper layer may be interpreted as downward 
movement of
 

This drop coincides with the heaviest rainfall
 chloride. 


The lateral, sub-surface
 period of this site (see Fig. 24). 


movement of water may have played an important 
role in the
 

absence of chloride accumulation at greater 
depths.
 

The amount of chloride found at 42 days, 
in the 10-20"
 

layer, differs significantly from the amounts 
found at 7 and
 

84 days (lsd 5%=13 lbs). Apparently, the rainfall that fell
 

before the rainy period (see Fig. 30) 
was enough to leach
 

some chloride down in this heavy clay soil.
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The chloride found in the 20-30" layer does not differ
 

significantly at any sampling date (lad 5%=44 Ibs). No
 

sample was taken at this depth (20-30") at zero day.
 

Comparison of Nitrate and Chloride Movement
 

in a Carreras Clay
 

In order to compare the movement of nitrate with the
 

movement of chloride in a Carreras clay, the amounts of
 

chloride and nitrate found in the 10-20" and 20-30" layers
 

were added and related to the cumulative rainfall of the site
 

through a linear regression. The slopes of the regression
 

equations of nitrate (from ammonium sulphate, and from urea)
 

and chloride movement were compared. The results of this
 

analysis are shown in Tables 3 and 4, and they indicate that
 

there was no significant difference between chloride and
 

nitrate movement at the 5% level of confidence. The t-values
 

observed for these comparisons were: a) movement of nitrate
 

from ammonium sulphate vs. nitrate from urea = 0.13, b) ni

trate from ammonium sulphate vs. chloride = 0.12, and c) ni

trate from urea vs. chloride = 0.04. These results agree
 

with those found at the other two sites, and with the
 

findings of Wetselaar (133) who only found significant dif

ference between nitrate and chloride movement four out of
 

thirty times.
 

The correlation coefficient between chloride movement
 

and rainfall at the three sites are closer to the 0.604
 

found by Raney (96) than to the 0.946 bound by Wetselaar (133).
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If we could have accounted for the chloride that moved be

low 30" the correlation coefficient would probably have been
 

higher. An indication of this is that the correlation coef

ficient for chloride movement with rainfall is the lowest for
 

the Piia sandy loam site, which is the coarsest texture of
 

the three soils in the study.
 



CONCLUSIONS
 

From the foregoing discussion it would be safe to con

clude that:
 

1. 	The rate of nitrification of ammonium sulphate
 

and urea did not differ in the three soils under
 

study.
 

Nitrate formed from either ammonium sulphate or
2. 


urea moves with water through the profile at the
 

same rate as chloride.
 

3. 	Urea is rapidly hydrolyzed to ammonium carbonate
 

in these soils. In the three soils 14 days or
 

less were required for the ammonium peak to appear.
 

4. 	As in temperate soils, the pH of highly weathered
 

soils of the tropics rises upon hydrolysis of
 

urea.
 

5. Losses of nitrogen, due to leachIng of ammonium
 

ions, may occur in soils of coarse texture sub

ject to heavy rainfall.
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SUMMARY 

An experiment was conducted on three highly weathered 

soils of the tropics: two Oxisols and an Ultisol, to com

pare the rate of nitrification of (NH4 )2SO4 and urea, and 

to study the movement of nitrate as compared with chloride. 

No significant difference was observed on the rate of 

nitrification of (NH4)2SO4 and urea in any of the three 

soils. 

Nitrate and chloride movement occurred at the same
 

rate, and was more pronounced during periods of heavy rain

fall. The correlation coefficients between chloride move

a) Pi-a sandy loam
ment and cumulative rainfall were: 


0.469, b) Catalina clay 0.603, and c) Carreras clay 0.757.
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Table 1. Ammonium Nitrogen Distribution (lbs/A) in a Pita
 
Sandy Loam as Influenced by Time
 

'Depth ... .

in Time in Days
 

inches 0 2 7 14 28 42 56 84
 

Nitrogen Applied as Ammonium Sulphate
 

0-10 19.4 302.0 270.4 309.0 192.3 77.3 0.0 36.5
 

10-20 0.0 20.3 12.5 5.5 94.6 62.2 13.8 56.3
 

20-30 0.0 11.6 11.6 13.3 0.0 6.6 1.8 0.0
 

Total 19.4 333.9 294.5 327.8 286.9 146.1 15.6 92.8
 

Nitrogen Applied an Urea
 

0-10 0.0 252.4 191.8 291.9 84.3 44.6 60.2 14.8
 

10-20 0.0 26.7 10.6 6.4 0.0 0.0 4.1 10.1
 

20-30 0.0 21.4 18.3 0.0 0.5 0.0 0.0 0.0
 

Total 0.0 300.5 220.7 298.3 84.8 44.8 64.3 24.9
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Table 2. Nitrate Nitrogen Distribution (lbs/A) in a Pina
 
Sandy loam as Influenced by Time
 

nDept Time in Days
 

inches 0 2 7 14 28 42 56 84
 

Nitrogen Applied as Ammonium Sulphate
 

0-10 5.7 3.1 14o0 28.5 119.0 127.4 92.0 127.5
 

10-20 0.0 2.8 0.0 3.2 54.8 52.5 0.0 54.2
 

20-30 0.0 0.0 10.2 4.9 6.2 31.7 0.0 46.5
 

Total 5.7 5.9 24.2 36.6 180.0 211.6 92.0 228.2
 

Nitrogen Applied as Urea
 

0-10 4.4 40.0 1.7 4.4 94.0 149.3 78.6 130.9
 

10-20 19.8 1.0 19.7 0.0 7.8 53.0 10.1 108.7
 

20-30 22.8 0.0 0.0 0.0 6.2 19.2 2.1 23.3
 

Total 47.0 41.0 21.4 4.4 108.0 221.5 90.8 262.9
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Table 3. 	Chloride Distribution (in Molar Equivalents of Ni
trogen Per Acre) in a Pina Sandy Loam as Influenced
 
by Time. The Chloride Source was Sodium Chloride
 

Depth Time in Days 
in 

inches 0 2 7 14 28 42 56 84 

0-10 15.9 198.7 239.9 216.2 227.7 227.1 69.1 66.1 

10-20 14.6 55.8 45.2 116.1 110.3 87.5 120.4 137.9 

20-30 16.2 30.3 24.7 23.3 13.4 14.1 16.2 39.5 

Total 46.7 284.8 309.8 355.6 351.4 328.7 205.7 243.5 
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Table 4. 	Soil pR of a Pi~a Sandy Loam as Influenced by Time,
 
and Nitrogen Source
 

Depth 	 Time in Days

in
 

A2 56
iuches 2 7 i-. 28 


Nitrogen Applied as Amnonium Sul.hate
 

0-10 5.65 6.40 5.72 6.20 5.08 5.70 5.185.03 

10-20 4.29 4.35 4.43 4.39 4.15 4.10 4.00 4.13 

20-30 4.20 4.31 4.33 4.36 4.35 4.15 4.20 4.20 

Nitrogen Applied as Urea 

0-10 5.66 6.42 6.70 6.52 6.02 5.35 5.27 5.18 

10-20 4.20 4.50 4.50 4.48 4.33 4.13 4.10 4.12 

4.40 4.33 4.40 4.3820-30 4.25 4.43 4.41 4.49 

84 
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Table 5. Ammonium Nitrogen Distribution (lbs/A) in a Cata
lina Clay as Influenced by Time
 

Depth Time in Days

in
 

inches 0 2 14 28 42 56 . 84 

Nitrogen Applied as Ammonium Sulphate
 

0-10 0.0 199.3 255.5 287.8 234.2 189.8 21.6 

10-20 1.4 9.0 16.3 9.6 12.9 1.0 10.0 

20-30 4.0 18.9 27.5 34.4 14.6 8.8 13.7 

Total 5.4 227.2 299.3 331.8 261.7 199.6 45.3 

Nitrogen Applied as Urea
 

0-10 8.6 87.2 279.5 98.9 152.1 26.3 9.4 

10-20 0.5 6.3 21.6 14.8 7.2 12.4 9.0 

20-30 5.0 6.0 26.5 20.1 2.7 7.0 6.3 

Total 14.1 99.5 327.6 133.8 162.0 45.7 24.7 
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Table 6. 	Nitrate Nitrogen Distribution (lbs/A) in a Cata
lina Clay as Influenced by Time
 

Depth 	 Time in Days
in
 

42 56 84
inches . o2 14 28 


Nitrogen ApPlied as Ammonium Sulphate
 

21.6 133.1 183.2 216.8 371.7
0-10 	 9.5 28.5 


14.5 15.1 25.4 101.4
10-20 0.0 6.0 0.0 


6.6 19.2 64.0
20-30 7.9 53.5 0.0 1.3 


17.4 88.0 21.6 148.9 204.6 261.4 537.1
Total 


Nitrogen Applied as Urea
 

55.3 122.9 3.66.4 154.8 259.4
0-10 	 0.0 19.3 


0.0 6.1 21.1 32.0 68.2
10-20 0.0 0.0 


0.0 9.2 20.8 21.1
20-30 14.8 6.2 2.5 


Total 14.8 25.5 37.8 129.0 196.7 207.6 348.7
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Table 7. 	Chloride Distribution (in Molar Equivalents of
 
Nitrogen per Acre) in a Catalina Clay as Influenced
 
by Time. 	The Chloride Source was Sodium Chloride
 

Depth Time in Days 

Inches 0 2 14 28 42 56 84 

0-10 20.8 366.7 262.6 258.7 347.7 296.5 167.1 

10-20 16.8 104.2 37.5 33.8 25.0 37.2 126.9 

20-30 43.3 74.0 63.8 39.2 59.2 53.2 62.2 

Total 80.9 544.9 363.9 331.7 431.9 386.9 356.2 
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Table 8. 	Soil pH of a Catalina Clay as Influenced 
by Time
 

and Nitrogen Source
 
-Depth_
 

Time in Days	 . .8iepthin. 

14 2 42 	 84inches O2 


mmoniium Sulphate
Nitrogen ApPlied as 


5.50 5.53 5.52 5.72 5.43 5.55 4.55 
0-10 


5.25 5.08 4.93 4.85
5.20 5.29
10-20 5.25 

4.955.03 5.00
5.17 5.30 5.20
20-30 5.12 


Nitrogen Applied as Urea
 

5.45 5.40 5.0
 
0-10 	 5.29 5.77 5.90 6.30 

5.35 5.18 4.50 4.95
5.26 5.35
10-20 5.25 


5.03 4.98 4.98
5.25 5.32
5.20 5.18
20-30 




106
 

Table 9. Ammonium Nitrogen Distribution (lbs/A) in a Car
reras Clay as Influenced by Time
 

Depth Time in Days
in
 
inches 0 2 7 14 28 42 56 84
 

Nitrogen Applied as Ammonium Sulphate
 

0-10 0.0 92.6 229.4 63.4 55.2 28.5 13.3 0.7
 

10-20 2.7 0.0 0.0 0.7 13.3 0.0 2.3 1.4
 

20-30 0.0 4.0 3.4 0.0 0.0 3.4 0.0 0.0
 

Total 2.7 96.6 232.8 64.1 68.5 31.9 15.5 2.1
 

Nitrogen Applied as Urea
 

0-10 0.0 28.5 76.0 52.6 15.9 4.4 0.0 0.0
 

10-20 8.0 0.0 4.0 0.0 4.3 0.0 0.0 0.2
 

20-30 0.0 1.7 11.4 0.0 0.0 3.0 0.0 0.0
 

Total 8.0 30.2 91.4 52.6 20.2 7.4 0.0 0.2
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Table 10. 	Nitrate Nitrogen Distribution (lbs/A) in a Car

reras Clay as Influenced by Time
 

Depth 	 Time in Days
 
.27_ _ _ 	 __ _ 56in _ _1 

2
"28 56 84inches 0 2 7 


Nitrogen Applied as Ammonium Sulphate
 

77.4 174.1 148.5 249.0 131.1
0-10 0.0 23.0 40.0 


1.9 0.0 47.6
0.0 16.4 20.6 15.2
10-20 4.7 


5.5 0.0 50.1
0.0 2.1 0.0 20.8 0.0
20-30 

228.8
118.8 189.3 155.9 249.0
Total 4.7 25.1 56.4 


Nitrogen Applied as Urea
 

67.4 73.4 83.0 211.4 86.0

0-10 0.0 19.3 39.2 


24.4 32.6

10-20 5.5 0.0 20.2 1.5 0.0 0.0 


0.0 0.0 23.3 8.4 2.9 48.6 39.4
20-30 0.0 


81.8 85.9 284.4 158.0
19.3 92.2
Total 5.5 59.4 
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Table 11. Chloride Distribution (in Molar Equivalents of
 
Nitrogen Per Acre) in a Carreras Clay as In
fluenced by Time. The Chloride Source was Sodium
 
Chloride
 

Depth Time in Days
in
 
28 42 56 84inches 2 7 14 


0-10 18.0 156.8 95.0 222.9 169.0 191.5 243.9 136.5 

10-20 31.4 15.1 14.9 22.6 29.5 39.0 32.9 73.9 

20-30 -- 53.0 14.1 24.7 24.6 23.9 48.1 29.7 

Total 49.4 224.9 124.0 270.2 223,1 254.4 324.9 240.1 
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Soil pH of a Carreras Clay as Influenced by
Table 12. 

Time and Nitrogen Source
 

Depth Time in Days

in
 

2 7 "- 21 42 t'. 84inches 


Nitrogen Applied as Ammonium Sulphate
 

0-10 5.15 5.40 5.70 5.51 5.38 5.83 4.804.4.0 

10-20 4.50 4.43 4.55 4.40 4.53 4.50 4.25 4.50 

20-30 4.38 4.57 4.80 4.35 4.34 4.58 4.15 4.50 

Nitrogen Applied as Urea
 

0-10 5.08 5.33 5.25 5.49 5.70 5.35 4.95 4.98 

4.47 4.60 4.25 4.48
10-20 4.49 4.74 4.64 4.45 


4.48 4.20 4.53
20-30 4.45 4.35 4.49 4.49 4.40 
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