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ABSTRACT

Profile sanples of Wellwood soil were used to investigate soil
respiration as affected by moisture and tenperature. Oxygen consunption
rate (OCR) increased linearly with an increase in soil moisture from the
threshold value of 2.5 up to the optinun noisture content of 20% aud
did not change as the moisture content was increased to 30%. The OCR
and CO2 production rate were decreased with soil depth. These rates
obeyed Arrhenius equation over the temperatures range fron 20 to 40°C.

Soil column studies of these sanples were also carried out to
deternine the effect of air porosity on the soil depth at which the
reduction of nitrate derived fronm urea=-ll took place. The effect of
nitrate concentration on the vertical distribution of various gases
produced from denitrification of added nitrate in the aerobic zone was
also studied. Both colunn studies were conducted at 20°¢ only. The

steady state O, concentration in soil columns with several air porosi-

2
ties was measured and the 02 diffusion coefficient in the so0ils was
predicted at these air porosity treatments from the measurement of depth
to zero 02 concentration (x*) which was a function of both air porosity
and incubation tenperature. In the colunn study where urea-N was mixed
into soil column, the reduction of NO3- derived from wurea and the
formation of gaseous products were found to take place near x*. The

%
accunulation of NZO and NZ near x was found to be low, possibly because

of the low rate of N03- flux across the aerobic-anaerobic boundary.
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In the colunn study with added nitrate, the isotope contents of thc
NZO and N2 showed that they were all derived from nitrate, indicating
that the non-enzymatic denitrification is not taking place. The initial

NZO distribution in so0il columns was unaffected by the initial concen-

tration of NO3- as long as there was no major accunulation of NUZ-. For
the low concentration of NO3-, NZ was produced locally fron uzo
reduction, For a higher N03- concentration only a small anount of qu

was reduced locally and considerable NZO diffused to a greater depth for

further reduction to N2'
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Chapter 1

INTRODUCTION

Most denitrification studies with soils have been undertaken in
closed systens. Anaerobic conditions are frequently imposed by floodiny
the soil or by incubating the soil in an atnosphere conposed of an inert
tas. This provides useful information on the denitrification process but
is unlike that which commonly occurs in the soii colunn. In the soil
colunn, the vertical distribution of 02 varies greatly depending upon
its flux into the soil and the rate at which O2 is used by respiration
in plant roots and soil nicroorganisms. Such O2 distribution throughout
the soil profile provides a good indication of nitrogen transformations
(nitrification and denitrification) which may occur, and thus is of
great inmportance in terns of the nitrogen econony of soils. If the soil

is in an oxidized state nitrogen tends to be nitrified with its gradual

accunulation in the NO3_ form. 1If the soil is in a reduced state nitro-

gen in the NO3 form tends to be converted to NO2 and eventually to N20
and Nz.

In the field or 4in soil colunrns in the laboratory there is only one
surface of the soil exposed to the atmosphere through which 02 can en-
ter. As atnospheric 02 is transported downward through the soil, mainly
by diffusion, it is consumed by respiratory activity of microbes along
the diffusion path. Consequently, there exists a depth w%thin a soil

colunmn at which all of the O2 has been used by microorganisms. The ex-




2
tent of O2 penetration into soil is thus governed by two opposing pro-

cesses, the ‘diffusion process’ whereby O, moves into the soil and the

2
‘consunption process’ whereby 02 is utilized.
The rates of diffusion and the respiratory consumption of O2 govern
the penetration of 02, and this penetration divides the soil colurn into
aerobic and anaerobic layers. Soil tenperature, moisture content, bulk

density and availability of energy for mnicroorganisns play inportant

roles in determining the 02 distribution and the depth of the boundary

between aerobic and anaerobic layers,
Nitrate cannot compete with O2 as an electron acceptor. As a result,

v, conpletely inhibits the reduction of N03-. Consequently, NO3- pro-

2

duced from NHa+-yie1ding fertilizers occurs in the oxidized zone, while

NO3- which diffuses into the unoxidized zone may be reduced. Thus, the
deternination of the depth of aerobic and anaerobic interface in a soil
column is very important in determining whether nitrogen will be nitri-
fied or denitrified.

Nitrate which crosses the boundary from the aerobic to the anaerobic
layer will be denitrified provided that there is sufficient denitrifying
activity within the anaerobic layer. Thus, the concentration and verti-

cal distribution of NO3- within the aerobic layer which govern the flux

of N03- across the aerobic-anaerobic boundary will deternine the nagni-

tude of denitrification. Unlike 02, NO3 can be reduced to several in-

ternediate products, such as, N02 and NZO' These intermediates, being

subject to further reduction, can compete with N03- as electron accep-

tors. In so0il, N20 which is a pas at normal tenperatures and pressures

has a diffusion cocfficient several thousand tines greater than that of




3
N03-. It is also stable under aerobic conditions. Consequently, sone of
the NZO produced in an anaerobic layer may escape to the surface. On
the other hand, N20 is unstable under anaerobic conditions and nay be
transformed into NZ'

The magnitude of denitrification, the production of Nzo and its enis~
sion from the so0il into the atmosphere resulting in the loss of nitrogen
applied to soil columns is not well understood. This investigation was
undertaken to determine and predict the 02 concentration profile in soil
columns consisting of reconstituted field soil profiles having different
moisture contents and bulk densities. In addition to determinihg the 02
concentration profile, the studies reported in this investigation in-
cluded deterninations of nitrification of urea within the aerobic layer;
denitrification of NO, derived fron urea near the aerobic-anaerobic in-

3

terface; stability and persistence of the NO3- applied within the aero-

bic layer; and kind and amount of denitrification products as affected

by the concentration of NO3-.




Chapter 11

LITERATURE REVIEW

2.1 MOVEMENT OF GASES THROUGH SOILS

The composition of gases in the soil at any time is controlled by the
relative rates of two processes operating simultaneously. The first

process deals with the production of CO2 and consumption of O The

2°
second deals with the rate of interchange between soil gases and the
overlying atmosphere. The composition of the gases in the soil is sub-
ject to fluctuation as a result of changes in either the rate of produc-
tion of CO2 or in the rate with which it may escape from the soil and be
replaced by 02.

Gases can move either in gaseous phase in the pores which are drained
of water or in dissolved form through the liquid phase. The diffusion
coefficient for gas in water is about 0.0001 times that in air (Bakker
and Hidding, 1970). Therefore, soil aeration is dependent largely upon
the volume fraction of air-filled pores.

Air filled porosity decreases with an increase in bulk density and
with an increase in the soil water potential. The decrease in air po-
rosity with increasing soil water potential depends on particle and ap-
gregate sizes. Grable (1966) concluded that the air porosity decreased
more in fine than in coarse-textured soils with an increase in soil wa-

ter potential from =31 to =-0.04 bars. Black (1957) also indicated that

air porosity 1s wusually less in fine than coarse soils at equal water
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potential. Other workers presented data showing a much greater decrease
in air porosity with small aggrepates than with larpe apgrepates as soil
water potential increased (Baver et al., 1972; Sedgley, 1962).

Two distinct mechanisms may be involved in the interchange of gas be-
tween the soil and the atmosphere. The first is mass flow of gas to and

from internal spaces in the soll, the second is paseous diffusion.

2.1.1 Mass Flow

Mass flow can result from the penetration of wind into large soil
pores or air removal due to wind suction (Russell, 1973), Mass flow can
also occur due to the expansion and contraction of the soil gases as a
result of changes in temperature or barometric pressure (Grable, 1966).
Bouyoucos (1915) (quoted by Grable (1966)) found that temperature fluc-
tuation may result in significant mass flow. He reported that about 30
ml of soil air plus water vapor were expelled from 1000 ml of moist soil
per 10°¢ increase 1in temperature. The same volume of air would enter
the soils when they cooled. In comparison, about 18 ml of air would be
expelled from soil containing no water, the difference in volume being
due to water vapor. The coefficient of expansion of dry air is approxi-
mately 1/275 per degree centigrade. However, the diurnal fluctuation of
soil temperature is only significant for the 0 to 20 cm depth (Baver et
al., 1972; Smith, 1932) and therefore the effect of temperature on mass
flow is restricted to shallow depths (Grable, 1966). Buckingham (1904)
indicated that changes in barometric pressure are too small to cause ap-

preciable gaseous transfer in soil.
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Another aspect of mass flow worthy of consideration is the renewal
of the so0il air caused by the infiltration of rainfall and irrigation
water. This results either from the displacement of air in the pores by
water which is subsequently displaced apain by air during drainage, or
from the air dissolved in irrigation or rain water. The air enters the
soil by diffusion and wvass flow in a volume equal to that of the water
lost from the soil (Baver et al., 1972; Grable, 1966). Water at 25°C in
equilibrium with the atmosphere (20.9% partial pressure of 02) contains
about 6 ml of dissolved O2 per liter. This is about the same amount of
02 as 1is used in one hour by 1 ¢ dry weipht of active roots (Gratle,
1966).

Mass flow is also an important mechanism for pas transport in soils
intermittently flooded with sewage water and septic tank effluent (Lance
et al., 1973; Thomas et al., 1968). For example, Lance et al. (1973)
found that O2 entering the soil by mass flow was about 0.7 times that
entering by diffusion when 5-day dry periods alternated with 2-day
flooding periods. Oxygen mass flow was about 0.5 times as much as diffu-
sion during 5-day dry periods alternating with 9-day flooding periocs.

Therefore, the renewal of the soil air as a result of rainfall is peri-

odic depending on the distribution of the rains.

2.1.2 Diffusion Flow

Diffusion is the molecular transfer of pases through porous media due
to a partial pressure gradient. According to the kinetic theory of pas-
es, molecules of pases are in a state of movement in all directions.

Two gases will readily mix as the molecules of each gas move into the
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Bpace occuplied by the other, Inasnuch as the soil air tends to contain
nore C()2 and less O2 than the atmosphere, diffusion in soil involves

primarily the nmovement of CO2 out of the s0il into the atnosphére and
the movement of 02 fron the atmosphere into the soil. An equilibriu~
would rarely be attained in s0il due to the fact that the production and
removal of C02 and replenishment of 02 fluctuate continuously with
changes in Structure, moisture content and tenperature of the soil,
Thus, both the CO2 and the 02 concentrations in the soil air are contin-
uously fluctuating (Russell, 1973).

The general equation of nass transport can be used to describe the O,
transport within the soil. The equation is a statenent of the law of
conservation of mass. Considering a sunall volume element of arbitrary

shape, the nect rate of accunulation of mass i in the element of volurie

can be expressed as
9 C, /ot =-v.Ji_-t€i (1)

where Ci = concentration of substance (i) in (nmole or g per
unit volune);

t = tine;

9i = anount of substance i produced or consured per unit tine
per unit volume which is considered to be negative when
consunmption is occurring and positive when production of the
substance is taking place;

and Ji = total mass flux expressed as mass current per unit

area per unit time.
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The symbol ¥ (del) 1is the vector differeﬁtial operator representing the
three-dimensional gradient in space.

Total mass flux can be obtained from dispersion theory which states

that

Jyo=- D, grad C, + v C, (2)

where Di is the dispersion coefficient of substance (i) and v is the av-
erage velocity of flowing substances as a whole. This equation states
that the mass flux of an element across a fixed plane is determined by
two quantities, one resulting from the dispersive flux caused by a con-
centration gradient and the other resulting from the convective flux.
When Eq. (2) is substituted into the equation of continuity (1) and ex-
pressed in a one-dimensional form under constant average velocity the

result is, the general mass transport equation (Cho, 1971)
3C,/at = (D, §c./3x%) - v 9C,/3x + o (3)
i i i i - 1

where x is the distance.
When the average velocity is equal to zero, the total mass flux from Eq.

(2) is reduced to diffusive flux or

Ji = - D, grad C, (4)

The above equation (Fick”s Law) states that the diffusive flux (disper-
sion coefficient becomes the diffusion coefficient) is a function of the
concentration gradient and the diffusion coefficient of the medium. For
gaseous movement in soil, 4in which the rate of mass flux due to convec~-

tion is negligible, (v aCi/ax = 0), Eq. (3) 1s reduced to

. 2
aC, /5t = D, §c1/3x + e, (5)




9

The diffusive transport of gases such as O. and CO. in the soil oc-

2 2
curs mainly in the pascous phase. Diffusion can also occur in the liquiag
fraction but would be much slower. The diffusion coefficient of a gas
in soil (D) cannot exceed the value for diffusion in atmosphere, and be-
cause of the tortuous nature of the diffusion path in soil, D is gencr-
ally less than the diffusion coefficient of a gas In air (Penman, 1940),

The solutions of this partial differential equation (5) with appro-
priate initial and boundary conditions, allows one to calculate the
novenent and distribution of gases. These solutions are mainly depen-
dent on the rates of gaseous production or consumption (Gi) and their
diffusion coefficient (D) which, 1in general, decrease with soil depth

(Wesseling, 1962). Therefore, these two parameters will be reviewed in

detail..

2.2 THE COEFFICIENT OF DIFFUSION

The effect of temperature and pressure on the diffusion coéfficient

can be represented by the equation (Bakker and Hidding, 1970)
1.75
Dl = D2 (TI/TZ) (PI/PZ) (6)

where T is the absolute temperature (OK), P is the the partial pressure

and D1 is the diffusion coefficient at TI and Pl'

The diffusion coefficient of 02 is about 1.25 times that of C02 in

both water and air (Grable, 1966). At 25°C and 101.3 kPa pressure the
solubilities of 02 and CO2 in water are 0.039 and 1.45 g/liter, respec-
tively. Thus, COZ is 37 times as soluble in water as 02. The preater

solubility of CO2 in water increases its concentration gradient and

therefore, in water it is transmitted from "inside to outside" in a hyd-
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rated system at a higher rate than O2 for equivalent distances, areas
and partial pressure gradients (Grable, 1966).

The diffusion coefficient of a gas 1in soil is commonly described by
a ratio, D/Da’ D being the coefficient of diffusion in the soil
(cmz/sec) and Da being the coefficient of diffusion of the same gas in
air at the same temperature and pressure (Penman, 1940). The ratio,
D/Da’ depends on the soil only and not on the gas used for diffusion
measurement (Currie, 1970; Lai et al., 1976; Penman, 1940). Therefore,

the CO2 diffusion coefficient, for example, could be obtained from the

O2 diffusion coefficient by the relationship

(D)C02 = (Da)C02 (D/Da)o . (7)

2
In other words, the soil system provides the same impedance to all gases
and modifies the fundamental transport constant for each component in
the same way (Currie, 1970).
A good deal of research has been done on trying to find a simple re-
lationship between the diffusion coefficient and the air porosity of
soil (E). Buckingham (1904) was one of the early scientists to studv

the diffusion of CO2 in soil. He derived the relationship
D/D_ = EZ (0.0 E  <0.7) (8)

Penman (1940) proposed a general relationship for both dry and moist po-

rous solids

D/Da = (I/Kl) E (0.25¢ E <0.6) (9)
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where Kl is the tortuosity factor and is equal to 21/2. Penman“s obser-
vations, however, all lie above E = 0.35, those of Buckingham above E =
0.25. Over the range stated, Penman”s data fitted the linear relation-

ship
D/Da = 0.66 E, (10)

that is, Kl remained constant for a number of porous materials both wet
and dry. But, evaporative loss of water during experiments on wet soils
could lead to erroneously high D/Da values at low air-filled porosities.
Other workers (Taylor, 1949; Van Bavel, 1952) obtained a similar rela-
tionship with the proportionality constant ranging between 0.60 and
0.67. The Penman concept has been modified to stress the importance of
the size distribution of pores in the diffusion process (Marshall,
1959). The relationship of D/Da to air porosity is expressed by the for-

mula

- 3/2
D/Da (1/K2) E=E (11)

where K2 = 5'1/2. However, Currie (1970) proposed a similar equation

for both dry sand and wet sand as follows:
4 3/2
D/Da = (E/Ep) " (Ep) (12)

where (ET) equals total porosity. This equation reduces to the Mar-
shall“s equation (11) for a dry system (E = ET). In this equation,
freedom from obstruction is considered to be a function of porosity
rather than tortuosity. The higher the porosity, the greater are the

chances of pore continuity. From the above equation it is clear that




12
when the air porosity becomes smaller than 0.43, the values of relative
diffusivity (D/Da) predicted by Marshall“s equation (11) are lower than
those obtained by the Penman formula (Eq. (9)). However, wvalues pre-
dicted by Marshall-“s equation are higher when the air porosity is great-
er than 0.43.

Millington (1959) considered both mass flow and diffusive flow to be
functions of the cross-sectional area available for flow and the in-
crease in path length or tortuosity. The area available for flow is de-
pendent upon the pore-volume distribution within the soil. The rela-
tionship for dry soil is expressed by the formula derived from particle

geometry

. o p4/3
D/Da (1/x3) E=E (13)

where K3 = l/E.l/3

. This treatment endows K3 with characteristics of
length and is an index of the number of pores per unit length. This
curvilinear relationship shows close similarity with that of Marshall”
equation (11). Millington also pointed out that there are deviations
from the Penman formula at air porosities higher and lower than 0.29.
Other exponential power relationships have been proposed by several
authors. Grable and Siemer (1968), for example, found the relative
diffusivity to be equal to (100 E)3'36 10-6. Lal et al. (1976) found
the relative diffusivity to be equal to (5)5/3. These differences in
the values of the exponential power could be attributed to the presence
of water films on the solid surface which not only reduces the air po-

rosity, but also modifies the pore geometry and the length of gas pas-

sage.
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For a narrow range of E values in which aeration becomes important,
the relationship can be described best by a linear equation of the form

(Bakker and Hidding, 1970)
D/D8 = a(E - b). (14)

The factor b is 1interpreted as the volume of blocked pores. D/Da be -
comes zero when E = b, provided the porosity (E) is constant. This re-
lationship was also used by Wesseling (1962) 1in his study of soil aera-
tion. Values for these factors (a and b) can be obtained from the

equation

D/Da = 0.9 (E - 0.12). (15)

Many workers (Blake and Page, 1948; Baver and Farnsworth, 1940, Tay-
lor, 1949; Wyckhoff and Botset, 1936) have found situations in which the
diffusion coefficient was practically zero for E, ranging from 0.1 to
0.15. It has élso been found that soil aeration is likely to become
limiting to plant growth when the air-filled porosity falls below about
this range (Baver and Farnsworth, 1940), though it must be realized that
it is the rate of exchange rather than simply the content of soil air
that is the decisive factor.

Soil structure also influences gaseous diffusion coefficient espe-~
cially at lower values of air porosity (Call, 1957; Blake and Page,
1948; Gradwell, 1961, 1965; Domby and Kohnke, 1956; Grable and Siemer,
1968). For example, Bakker and Hidding (1970) found that at equal air
porosity, diffusion coefficients in samples of puddled soils were con-

siderably lower than in samples of non-puddled soils. When E was 0.07,
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D in a puddled soils was about one-tenth that in non-puddled soils.
When E was 0.14, D in puddled soils was one-fourth that in non-puddled
soils. However, when E was 0.2 differences became negligible. Simi=-
larly Grable and Siemer (1968) found that 02 diffusion decreased to zero
at or near air porosities of 0.1-0.12 for the smallest agprepates and
the most compact soils. For large agpregates and non=compacted soil,
zero values of D/Da were obtained at air porosities of 0.18~0.29. Such
observations were explained on the basis that altering appregate size or

bulk density of so0il will alter its water desorption characteristics.

2.3 FACTORS AFFECTING RESPIRATION ACTIVITY .

Microbial respiration is greatly influenced by temperature, moisture
content and the amount of easily decomposable organic matter (Parr et
al., 1963: Parr and Norman, 1964; Parr et al., 1967; Nyhan, 1976; Lance
et al, 1973; Rusell, 1973). Tie effects of the environmental factors,

temperature and moisture, will be discussed in detail.

2.3.1 Effect of Temperature

The influence of temperatufe on the rates of biochermical processes is
exponential and is expressed by Arrhenius equation (Barrow, 1973; Dawson

and Murphy, 1972)
V= A e Ep/RT (16)

where V = reaction rate (i.e., mole/sec), A = frequency factor (same
unit as V), E, = activation enerpy (joule/mole), R = universal gas con-

stant (joule/mole/ox), and T = abhsolute temperature (OK).
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The plot of 1n V versus /T generally yields a linear relationship.
According to Focht (1974), 4t can be expressed directly in °¢ as fol-

lows;

Vey %7 (17)

where Y = A e(‘LA/273.15R)

and  Z = [L,/{R(273.15)%)]

Tenperature affects chenical and biological reactions differently.
Biological (enzyme) reactions are generally retarded at temperatures
higher than 65°C (Bremner and Shaw, 1958b) and lower than 5°C (Bailey
and Beauchanp, 1973a) whereas chenical reactions are not normally sub-
ject to thesc limitations. The rates of biological processes measured
by either NZ production or NOB- reduction over the tenperature range
fron 15 to 35°% obeyed the Arrhenius equation (Bremner and Shaw, 1955b;
Khdyer, 1973; Stanford et al., 1975), A sharp break in the curve was
frund below 10 to 15°C (Focht, 1974; Misra et al., 1974; Stanford et
al., 1975). The latter authors sugpested that this was due to tempera-
ture effects on solubility or diffusion, or to a differential influence
of tenperature on one of the sequential reactions. Cho et al. (1979)
stated that the observed deviation from the Arrhenius relation at low
temperatures was because biological activity ceased near 0°c (273 OK),
not at absolute zero (OOK).

The value of Q the ratio of the rates observed at temperatures

10°
differing from each other by 10°C, .. VT/VT—IO’ is also used to de-

scribe the effect of tenperature upon a biological process. Biological
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processes usually follow Van“t Hoff“s temperature rule having Q10 values
between 2 and 3 (Stevenson, 1965). It was suggested that Q10 is a 1in-
ear function of the reciprocal of absolute temperature when soil samples
are incubated in the laboratory at various constant temperatures, and
the QlO calculated by this relationship holds true only for temperatures
below 35 - 45% (Nyhan, 1976). The enhanced activity of thermophilic
and thermotolerant microorganisms from about 45 to 65°C results in in-
creased Q10 values in some experiments (Drobnik, 1962). However, for N2
production or NOB- reduction processes, Q10 in soil was found to be ap-
proximately two in the range 15 to 35°C (Cooper and Smith, 1963; Khdyer,
1978; Stanford et al., 1975). Focht and Chang (1975) calculated Q10
values from the data of various authors and found that most fell in the
vicinity of two to three. However, the lower limit of the temperature
range conforming to a QlO of two was estimated to be 11°C in waterlogged
soil. The rate of reaction decreased almost ten-fold as the temperature
dropped from 11 to 5°C (Stanford et al., 1975).

A change in temperature alters the species composition of the active
flora and at the same time has a direct influence on each organism with-
in the community. Each individual microbial species and the biochemical
capacities of the community ;s whole have temperature optima. Because
the composition of the flora varies from locality to locality and is in-
fluenced in a single site by species of plant residue returned to the
soil, a single optimum of microbial activity cannot be found (Alexander,
1977).

One of the procedures for preparing soil samples for biological study

involves freezing. Freezing brings about changes in so0il such that the
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rate of release of COZ increases (Mack, 1963; Soulides and Allison,
1961). Mack”s data suggests that the greater initial surge of CO2 evo -~
lution from the previously frozen soils was followed by a lower eventual
rate. This would account for the similar total CO2 evolution that was
obtained from frozen and non-frozen samples over prolonged periods of
time. For example, the results of repeated freezing and thawing on the
rate of respiration show that chilling to =1°c or freezing to -196°C re-
sulted in a surge of biological activity upon incubation at 24°¢, They
showed that the initial peak of activity for the two treatments de-
creased with each successive chilling or freezing and the rate eventual-
ly dropped below that for the control sample.

Most research concerning temperature effects upon microbial activity
has been carried out under constant temperature. However, temperatures
in the so0il are rarely constant as the surface soil layers undergo wide
diurnal and seasonal temperature fluctuations. Some investipators have
studied the effects of such fluctuations on microbial activity (Campbell
and Biederbeck, 1972; 1973; Biederbeck and Campbell, 1976). In these
studies the diurnal fluctuation was simulated by having in each 24-hour
period 9 hours at a maximum temperature and 9 hours at a minimum temper-
ature with two transition periods of 3 h each. They found that microbi-
al growth was considerably greater at a constant mean temperature such
as 7-5°C, than at diurnally fluctuating temperatures of 13°% during the
day and 2°C at night (T13/2) (average of 7.5%C). Campbell and Bieder-
beck (1973) found that an upward shift in temperature after 14 days from
T13/2 to T18/7 (simulating May temperatures) caused an increase in mi-

crobial population and increased the rate of N transformations. When the
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incubation temperature was shifted downward from T27/16 to TI18/7 (simu-
lating September temperatures), microbial populations decreased markedly
whereas ammonification and nitrification rates increased sipnificantly,
resultinpg in a temporary flush of mineral=-N. They hypothesized that a
sudden shift in soil temperature from optimal to suboptimal conditions
(e.p., during early fall in the surface layer of fields soils) caused,
at least initially, a “kill” of some microbial cells. This provided an N
substrate which was ammonified and nitrified by the surviving organisms.
This hypothesis was supported by a 4 years field study in which it was
found that at the beginning of the first cold spell each fall or follow-

ing late frosts in sprinp there were sudden flushes in NOB- production.

2.3.2 Effect of Moisture

The effect of moisture content on nicrobial activity in soil has been
the subject of many investigations. Drawing conclusions from these
studies is difficult because soil moisture content is expressed in a va-
riety of ways which cannot be compared easily, such as percentage of
maximum water-holding capacity, soil water potential etc.

A high moisture content may decrease indirectly the activity of ae-
robes and O2 consumption by hindering the movement of air, thus decreas-

ing the 0, supply and creating anaerobic conditions (Bremner and Shaw,

2
1958a; Bailey and Beauchamp, 1973b). For 02 consunption to reflect ac-
curately the respiratory activity of soil, it is necessary that the en-
vironment of the microorganism be completely aerobic. Under high mois-

ture, CO2 1s liberated but O2 is not consumed, and values of O2 uptake

under-estimate the extent of microbial activity. Even though extreme
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care may be exercised in order to maintain aerobic conditions, O2 may
still be limiting in some microenvironments around soil particles, where
the major portion of microbial activity in soil probably occurs (Stotz-
ky, 1960).

Rates of 02 consumption generally are highest at soil water poten-
tials ranging from ~0.5 to -0.15 bars (Wiant, 1967; Miller and Johnson,
1964). Miller and Johnson (1964) reported that the microbial activity at
zero water potential (water saturated soil) exhibited 1.1 to 1.3-fo01d
decrease relative to the maximum value. At a water potential of -3 bars
al.l to 1.5-fold décrease in respiration relative to maximum agtivity
was observed. At water potential lower than -50 bars (air-dry soil) a
12 to 13.5-fold decrease in respiration occurred.

The exact water potential for the maximum evolution of CO2 is influ-
enced by soil aeration. Bahumick and Clark (1947) showed that some free
02 was required for maximum production of C02. During 15 days incuba-
tion in which the surface to volume ratio of the soils was decreased so
that aeration would be retarded, maximum production of CO2 occurred at a
water potential of -0.01 bars. Miller and Johnson (1964) found that a
lag period was evident in the production of CO2 from soils incubated at
zero water potential. The lag period was related to the time required
for development of a population favored by anaerobic conditions. Maxi -
mum biological activity can then be expected to take place at higher wa-
ter potentials where water is available to the microorganisms but aera-
tion is sufficient. This relationship holds true regardless of the

length of the incubation period (Miller and Johnson, 1964).
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The extent of CO2 production or O2 consumption can be estimated qual-
itatively from organic matter deconposition. For example, losses of
tracer carbon from finely ground Blue grama grass in soil wcre assessed
and the results used to develop a multiple regression equation which
predicted percent carbon loss per hour as an exponential function of wa-
ter potential, tinc, tenperature, and the inverse of tenperature (Nyhan,
1876). Tnese data showed that variation in s0il water potential influ-
enced Blue grama decomposition patterns mnore than either tenpcrature or
time variations, They showed that at IOOC, when temperature was limit-
ing microbial activity, there was a pronounced decrease in rate of car-
bon loss with decrease in soil water potential. 1f the loss rate of
carbon at a watef potential of -0.009 bars for Blue granma soil mixtures
was given a value of 1.0U0 the loss rates of carbon for mixtures incubat-
ed at -0.6, =5.7 and -113 bars were 0.88, 0.32 and 0.003, respectively,
This carbon loss rate-soil water potential relationship occurred for
soil samples incubated at teuperatures of 3, 10, 25, 40 and 50°c.
Canmpbell and Biederbeck (1976) studied the relationships between
change in microbial population and the change in several variables such
as moisture content and soil temperature using forward selection nulti-
ple regression analysis. The relationships differed auong soils of dif-
ferent texture. For example, they found that in the heavier-textured
s0ils, the moisture change was the most important variable and it ac-
counted for between 40 and 80% of the nicrobial variability. In these
soils the influence of moisture change upon microbial population was a
function of maximun temperature. In the loam textured soil, relation-

ships were more complex. Generally, the changes in microbial population
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were directly related to moisture change and minipun temperature and in-
versely related to the initial moisture content and the naxiwum tenpera-
ture.

Estimates of the effect of O level on respiration measured by C0O

2 2
evolution indicated that CO2 loss was unaffected by O2 concentration at
levels as low as 2.5 percent (Parr and Reuszer, 1959), However, snall

changes in the concentration of CO affected microbial activity in soil

2
and hence inhibit carbon dissinilation (Nyhan, 1976).

The rate of CO2 evolution was enhanced when soil was exposed to a cy-
cle of drying and wetting, as compared to soils that were continuously
wet (Sorenson, 1975; Stevenson, 1956; Birch, 1959, 1960). When a soil
was air-dried and then rewetted there was a surge of biological activity
which declined within a few days. Lach successive re-wetting was accon-
panied by a surge of activity less than the previous one (Birch and
Friend, 1961). Sinilarly, a higher initial respiratory activity (u2
consunption) of the air~dried and renoistened soils as compared to fresh
sanples was reported (Stevenson, 1956). In the air-dried, rewoistened
soils there was a naxinum initial rate followed by a gradual decrease
approaching respiratory rate in fresh soils over a period varying fro:
as short as 1-2 hours to as long as 1-2 weeks depending on the soil
(Stevenson, 1956), Variation in the duration of the period of decreasec
and in the nagnitude of the enhancement in biological activity brought
about by drying followed by wetting could have resulted from variation

in the anount of soluble nitrogenous materials (e.g. anino acid) re-

leased upoh air drying (Stevenson, 1956; Mack, 1962).




22

2.4 SOLUTION OF THE 92 TRANSPORT EQUATION IN SOIL

The non-steady and steady state O2 concentration profiles must be de-

termined in order to determine the size and location of the aerohic zone
in an uniform soil column of length "L" closed at the hottom. If the
initial concentration of the O2 in the soil is CO, the O, concentration

2

at the soil surface is maintained at Co and O2 is being consumed in the
soil at a rate (8) grams per cubic centimeter per second, the equation

of O2 transport becomes (see Eq. (5))
2 2
aC/at = D aC/ax™ - 8 (1R)
with initial and boundary conditions

C(x,t) = Co for O<x<L and t = 0
Cx,t) =C_ for x =0 and t>0 (19)

9C(x,t)/ox = 0 for x =L and t>0,

while D and 6 are assumed to be constants. Papendick and Runkles
(1965) have solved the problem of finding the O2 concentration profile.
More detailed applications have been reported by several workers (Cratle
and Siemer 1968; Kowalik et al. 1979; Kirkham and Powers, 19}2).

The one-dimensional form of paseous diffusion in a porous mediun

without sink or production is given by
2 2
oC/at = D ( ¢/ %X ). (20)

It is convenient to transform Eq. (18) to the form of Eq. (20) because
there is a peneral solution for the latter (Kirkham and Powers, 1972).
To achieve this transformation, Kirkham and Powers (1972) made the fol-

lowing substitution;
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C(x,t) = u(x) + v(x,t), (21)

in which the function u does not involve t while the function v involves
both x and t. Substituting Eq. (21) into Eq. (18) and carrving out the

differentiation gives
sv/iat = b Sv/3x?+ 1 a%u/dx? - e (22)

where du/dt = 0,

By setting D dzu/dx2 - 6 = 0 (steady state condition), Lq. (22) beconmes
2 2
Sv/3t = D 3/ yx“. (23)

The transfornation yields Eq. (23) in a homogencous form, that is, v ap-
pears in each of the terms. By applying the method of change of vari-
able to the boundary condition where C(x,t) = Co for x = 0 and t>0, the

result is
C(0,t) = Co = u(0) + v(0,t). (24)

This equation is satisfied by choosing v(0,t) = 0; u(0) = Co' Also, if
Eq. (21) 1is differentiated with respect to x and 0C/3x = 0 is sub-

stituted for x = L and t>0, the result is
[ac/axlx=L = 0 = [du(0)/dx]__, + [3v(x,t)/3 X)L (25)

Equation (25) will be satisfied if [du/dx]ng = 0 and 3v(L,t)/3x = U,

thus, Eq. (22) becones
d%u/dx? = /D for O<x<L B (20)

for the boundary condition u(0) = Co, du(L)/dx = 0.
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To obtain the value of the first term (right side) of Eq. (21), Eq. (26)
may be solved as an ordinary differential equation. The value of u(x) is

substituted into Eq. (21) to give
C(x,t) = (8/2D)x2- eLx/D + C + v(x,t). (27)

In this equation, the initial condition C(x,t) = CO for O<x<L and t=0 is

assumed, and then rearranged to obtain
v(x,0) = '(G/ZD)X2 + (8L/D)x for  0O<x<L. (28)

Therefore, to obtain the value of the second term of the Eq. (21), the

problem can be restated as
dv/at =D gv/‘;x2 (29)
with initial conditions

v(0,t) =0 for t>0
[ov(L,t)/3x] = 0 (30)

v(x,0) = - (8/2D) x2 + (8L/D) x for 0O<x<L.

Therefore, 1t is possible to write the formal solution of Eq. (18) as
the sum of the solution for steady state diffusion, wu(x) a?d the solu-
tion for a case of non-steady stéte diffusion, v(x,t) where one surface
is maintained at zero concentration, i.e., v(0,t) = 0, t>0. The method
of separation of variables may be applied to obtain the solution of Eq.

(29) using the boundary conditions of Eq. (30) to give;

n= Qo
2
v = (168L%/ 130) > (B /(20-1)3) ) sin(Bax/ 1 )] (30a)

n=]
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where B = (2n - 1) n/2L.

Substitution of this solution into Eq. (27) gives the desired result

ns= oo
C(x,t) = C_ =~ ex(x-2L)/2D + (168L2/ 3D)Z {sin(nBx/ )
n=1

2
e("B D), on1y3 (31)

This solution describes the 02 concentration C(x,t) when the parameters
6, D, L and Co are known (Papendick and Runkles, 1965).

The applicability of this theoretical model was tested by comparing
02 concentrations measured in an experiment which satisfied the boundary
conditions with the concentrations computed from Eq. (31) for non-steady
state conditions. The ultimate or steady-state 02 concentration in the
soil at any distance O<x<L can be obtained from Eq. (31). Thus, as t

goes to infinity this equation is reduced to
C(x,00) = Co - 6x(2L-x)/2D. (32)

This equation gives the steady-state 02 concentration in the soil at-
mosphere as a function of depth with known values of 8, D, L and Co.
Papendick and Runkles (1965) found that the relative 02 concentration
approached its ultimate value rather rapidly. The theoretical soil O2
concentration was approximately 65 and 75 per cent of its ultimate value

at the 15 and 135 cm depths, respectively, in 16 hours.
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2.5 BIOLOGICAL DENITRIFICATION

Denitrification is the production of N2 or paseous nitropen oxides

through the reduction of NO3- (Wijler and Delwiche, 1954). Biolopical

denitrification is carried out by facultative anaerobhic bacteria under

anoxic conditions. According to Russell (1973), the reduction of NO3_

2
in the soil. The NOZ- produced is further reduced to N,0 or to Koo Un-

goes through the NOZ_ stage although NO normally does not accurulate
der certain conditions (in an anaerobic system) it may go through the
nitric oxide (NO) stage.

It is generally accepted that NZO and NZ are the major products and
their proportions depend on environmental factors. Thus, the steps in

NO3- reduction have been sugpested as

hO3 -—=> N02 -—> NZO -—> N

Clark, 1965).

2 (Cooper and Smith, 1963; Broadbent and

Althouph there is a generally accepted pathway for denitrification,
the kinetics of this sequence of reactions is not fully wunderstood.
There are conflicting reports concerning the effect of NO3- concentra-
tion on the rate of denitrification. The controversy concerns the ques=—
tion of which kinetic rate equation applies best to NO3- reduction. A
zero-order reaction rate would not be dependent on the NO3_ concentra-
tion, while that of a first-order reaction would. Some workers (Bouldin
et al., 1974; Stanford et al., 1975) reported the process of NOB— disap-
pearance to resemble a first order reaction. However, other workers
(Bowman and Focht, 1974; Focht, 1974) reported the process to be zero

order at high and first order at low NO3- concentrations. Thus, it would

be similar to the Michaelis-Menton type reaction. In a Michaelis-Menton
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type reaction the rate depends directly on the amount of enzyme present
when the subtrate is at a8 saturation 1level (Conn and Stumpf, 1967).
When the enzyme concentration remains constant an increase in substrate
results in an increase in reaction rate. But, the increase in reaction
rate becomes progressively smaller with each increase in substrate con-
centration until a maximum constant rate is attafned. At low substrate
concentrations, the reaction follows apparent first-order kinetics,
while at high substrate concentrations it seems to follow zero-order ki-
netics,

Khdyer (1978) studied the disappearance of NO3--N from three flooded

Manitoba soils, and found that with NOB“-N concentrations of 100 to 200

ug/g the initial rate of disappearance was independent of NO3- concen-

tration. Similar findings were obtained from addition of 50 to 200 ug

NO3--N/g soil at moisture contents of 30 and 67% (2 mm layer of stagnant

water) (Cho and Sakdinan, 1978). Nicholson (1979) found that the rates

of NO3- loss and N, production in an agitated lake sediment were inde-

pendent of NO3 concentration in the range of 2.5 to 10 ug N03--N/m1 so-

lution. On the other hand, rates of NO3- loss and N2 production were de-

pendent on NO3 concentration in the non-agitated lake sediment with the

same range of added NO3-. He concluded that denitrification was zero-

order (agitated sediment) due to the uniform distribution of NO3_ in the

sample. Similar zero-order rates of NOB- loss were obtained during the
denitrification of stirred soil suspensions (Patrick, 1960).
Cho and Sakdinan (1978) stated that variations in initial NO3- con-

centration of soil affected the production, reduction, and accumulation

of denitrification intermediates, although the rate of NO3' disappear-~
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ance was zero-order. Their experimental results showed that increased
initial NO3- concentration increased the magnitude and duration of maxi-

mum N20 accumulation. Similar results were obtained by Khdyer (1978) in

flooded soil and by Nicholson (1979) in lake sediment. In their work N2

3

concentrations. A similar observation was also made by Blackmer and

was produced earlier at lower concentrations of NO3- than at higher NO

Bremner (1978). They found that the reduction of NZO to N, was inhibit-
ed by a high concentration of NO3-. In other words, the initial rate of
molecular nitrogen formation was dependent on initial NO3- concentra-
tion.

Several Michaelis-Menton type equations were used to describe the
disappearance of NO3-, the formation and disappearance of denitrifica-
tion intermediates (NO,”, N,0), and the production of N, (Cho and Mills,
1979). Some characteristic features of denitrification obtained by Cho
and Sakdinan (1978), Khdyer (1978), Nicholson (1979), and Cooper and
Smith (1963) agreed with those of the Michaelis~Menton model. They are
(1) the independence of the rate of disappearance of NO3- with respect
to NO3- concentration; (2) the constancy in the initial rate of N,0 for-
mation irrespective of the NOB- concentration; (3) the delay in appear-
ance of NZO maximum with an increase in NO3- concentration; and (4) the

delayed and slower rate of N, production due to an increase in NO3- con-

centration.

Most denitrification studies are carried out 1n closed systems
which permit measurement of evolved gases. Such systems are quite dif-
ferent than that operating in the field. The diffusion of gases depends

on concentration gradients from the soil system to the atmosphere or
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vice versa. Nitrous oxide was observed in the absorption hands in the
7.8 pm repion of the solar spectrunm (Adel, 1946), but knowledpe of its
life cycle is still very incomplete because few measurements of its
concentration are available and there 1is limited information of sources
and sinks. Brice et al. (1977) reported evidence that the soil may act
as a significant sink for N20° They observed a repular diurnal varia-
tion of N20 concentration in the air at 5 meters above ground level. A
minimum (0.233 pe N/ml pas) was néarly always recorded in the early
hours of the morninpg and a maximum (0.315 pe N/ml pas) was recorded in
the late afternoon or evening with an average of 0.278 pe N/ml gas.
Such a diurnal variation can be explained either by some process which
increases the NZO concentration durinp the day, or alternatively de-
rletes the NZO concentration at nipght (Brice et al., 1977). However,
Freney et al. (1978) found in both the laboratory and the field, that at
s0il moisture contents less than field capacity, NZO was emitted fror

so0ils. There was no evidence that soils in the field ever ahsorhed NZO.

2.6 EFFECT OF OXYGEN DIFFUSION ON THE DENITRIFICATION PROCESS UNDER
FLOODED CONDITIONS

Factors which decrease the supply of O2 to soil microbes usually pro-

mote biological denitrification since NO3- is utilized as a terrinal
electron acceptor in place of 02. Factors which affect the O2 diffusion
rate (ODR) also affect the diffusion of nitrogenous pases. If NZO dif-
fusion is slow or it has a large distance to move through the soil, it

is more likely to be further reduced to N2, especially in cases where

N03- or NOZ- have been depleted (Cady and Bartholomew, 1961).
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The supply of 0, after a soil 1s flooded depends upon molecular dif-
fusion through the interstitial water (Ponnamperuma, 1972). The rate of
02 diffusion from the flooded water is usually much slower than the rate
of 02 consumption in the flooded soil. Oxygen diffusion during incuba-
tion of soil was greatly reduced by a 2-cm layer (100% water) of stag-
nant water (Khdyer, 1978), and there was little difference between the
02 flow through 3 mm than through 10 mm of standing water above the soil
surface (Cho and Sakdinan, 1978).

The requirements of facultative anaerobic and true anaerobic organ-
isms for electron acceptors upon depletion of O2 result in the reduction
of several oxidized compounds in the soil. Nitrate, NOZ-, the higher
oxides of Mn, hydrated ferric oxide or sulfate can be reduced 1if an en-
ergy source is available to the microorganisms. Therefore, conditions
favoring the activities of denitrifying microorganisms are established
and NO3- and NO2- become much less stable in flooded soil.

Flooded soils are characterized by two distinct soil layers;

1. A surface aerobic, light-coloured, reddish-brown zone which mayv

range in thickness from a few mm to 2-3 em (Patrick and Mahaptra,
1968); and
2. An underlying anaerobic (reduced) soil layer, dark gray or green-
ish-gray colour (Pearsall and Mortimer, 1939; Alberda, 1953; How-
eler and Bouldin, 1971; and Patrick and Delaune, 1972).
The thickness of the oxidized zone is determined by the 02 supply and 0,
consumption rates. 1In systems low in organic matter and open to the at-
mosphere, the depth of the surface aerobic layer may increase with time

(Bouldin, 1968). The addition of readily available organic matter usu-
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ally decreases the depth of the light-coloured upper zone (Engler and
Patrick, 1974; and Reddy et al., 1978).

Five mathematical models for describing the diffusion and consumption
of 02 in submerged soils were reported by Bouldin (1968) and Howeler and
Bouldin (1971). The first two models describe the situation where res-
piration by microorganisms in the oxidized zone consumes all of the 02
which crosses the soil-water interface, and the thickness of the oxi-
dized zone remains constant with time. As a consequence, microbial res-
piration in the whole oxidized zone also remains constant with time.
These are referred to as steady-state models. The other three models
describe situations in which no microbial respiration occurs, but 02 is
consumed by instantaneous chemical reactions at the interface between
the oxidized and reduced zone. At time zero, the soil is uniformly re-
duced and no oxidized zome is present. Thereafter the concentration of
02 at the soil-water interface is maintained at a constant level, and 02
diffusion and chemical reactions occur simultaneously. These are refer-
red to as transient-state models where reductants such as ferrous and
manganous ions were considered to be non-mobile (02 must diffuse to the
reductant for reaction to occur), mobile (as reductant reacts with 02,
concentration gradients of reductant are created resulting in the diffu-
sion of reductant toward the interface between reduced and oxidized
soil), or both mobile and non-mobile.

The best example of a chemical reductant which reacts instantaneously
with 0, is Fet?. oOther examples are Mn*? and 572, However, the Fet? is

probably the predominant chemical reductant in most situations (Howeler

and Bouldin, 1971). They reported that all of the above models have
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shortcomings of various kinds, the most serious being that none consid-
ers both microbial respiration in the oxidized zone and chemical con-
sumption at the interface between oxidized and reduced soil. Further-
more, they concluded that a model which combines both of these O2 sinks
was so complex with so many parameters involved that it was not very
useful in terms of interpreting the results of their experiments. How-
ever, for the static-oxidized zone where the depth of the oxidized zone
does not change with time, the following equations are used to describe

the system;

2 2
oC /ot = D, 3C./ ax kC (33, Model I)

2 2
9C./ ot = D, §C./ ax" -8 (34, Model II)

s

with the boundary condition

c, = cs°, x =0, t>0
C.=0, x0 ,t=0 (35)

Cs=0,x=ao,t>0

where Cs is concentration of 0, in soil solution at distance x below the
interface; Cso is the concentration of 0, in solution at the interface;
k is the proportionality constant relating 02 consumption per unit vol-
ume of soil to concentration of 02; kcs and 8, are first and zero-order
rates of 02 consumption in soil solution, respectively; DS is the diffu-
sion coefficient of 0, in the soil solution; and t is the time.

The physical meaning of the boundary conditions corresponds to a sit-
uation where soluble 02 is continually supplied to a soil-water inter-

face and the soil profile does not contain 02, In Eq. (33), Model I,
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microbial respiration is proportional to the concentration of O2 in each
microvolume of soil and hence varies with distance from the soil-water
interface. 1In Eq. (34), Model II, the microbial respiration is indepen-
dent of 0, concentration and hence independent of distance from the
soil-water interface (Howeler and Bouldin, 1971).

The essential conditions for Model I are as follows:

1. The solution at the soll-water interface 1isg maintained at a con-

stant 02 concentration;

2. The rate of consumption of 02 per unit volume in an incremental
volume of soil is proportional to the concentration of 02 in so-
lution in that incremental volume (and remains constant);

3. The diffusion coefficient of O2 in the soil 1is constant; and

4. A steady-state condition exists, that is, the concentration of 02

at any given point in the flooded-soil remains constant with

time.
Under these conditions, the following equations describe the concen-
tration of 02 as a function of distance from the interface, the flux

across the interface and the total quantity of O2 which crosses the in-

terface in a given time period;

ColCe” = 1/2 exp {-x (/D)2 ertc [x/2 (ep )12 o eeyV/2) 4 10

exp [x (k/DS)l/z]erfc [x/2 (tDs)l/z + (k)2 (36)
do/de = €% (0 k)2 fers (kt)1/? 4 ekt (k172 (37)

Q= C° /1017 (ke +1/2) erf (k)12 4 (reymyl/2 okt (38)
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where - Ds [dCs/dx]x.O = dQ/dt = flux of 0, which crosses the inter-

face, Q = quantity of 02 which crosses the interface,

z
2
and erfc z = 1 - erf z = 1 = 2/(ml/2 \ -y dy.
0
When kt is sufficiently large then erf (kt)l/2 =1, and Eqs. (36),(37)

and (38) become

c/cs° = exp {-x (k/DS)l/z} (39)
- O 1/2

dQ/dt C.° (D k) (40)

Q= mi)l/? (¢ + 0.5/ (41)

Derivations of these equations from the transient-state equation were
described by Danckwerts (1950). The non-steady solution is most conven-
iently obtained by applying the Laplace transformation. Cho (1971) re-
ported the general solution for the non-steady state equation for con-
vective transport of N compounds with first-order reaction kinetics for
the N-transformations. This general solution can be applied to the
non-convective 0, transport by setting the average velocity of flowing
system at zero. The average velocity was defined in Eq. (2).

The steady-state 02 transport equation with constant consumption of

02 per unit volume per unit time (Model 1I) can be reduced to
2 2
D = 2
g d Cs/dx 98 (42)

by setting QCs/at =0,

The equations describing this system are

2 o 1/2 o
Cs = 6gx /ZDs - x(ZCS es/Ds) + Cs (43)

dQ/dt = (2¢° @_p y!/2 (44)
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- o 1/2
Q t(2Cs GDS) (45)

where es is the rate of consumption of O, per unit volume of flooded

soil per unit time and other symbols are the same as for Model I.

From Model I (Eq. (39)) if we define the thickness of oxidized zone,

XO.OI as the distance from the water=-soil interface to where CS/CSo =

0.01, x0.0l can be calculated from

x5 o1 = (- In 0.01) (b /k)}/2 (46)

Therefore, 1t can be seen that reducing the value of k from 1.3 1073 to
1.3 1072 per sec (100 times) causes an increase in the thickness of the
aerobic layer from 0.2 to 2 cm (10 times) (Bouldin, 1968).

The thickness of the aerobic layer can be defined in a similar way

for Model 1I
LI 0 1/2
X (2Cs Ds/es) (47)
*
where x = X at Cs = 0.

These steady state models were evaluated by Howeler and Bouldin (1971)
by calculation of &  and k, using equations for dQ/dt and x . Their
data were described better by a square-root relationship between dQ/dt
and Cso as predicted by Model II, than a linear relationship as predict-
ed by Model I. They also concluded that soils with high es and k val-
uves had low «x* values and vice versa. Soils with a high organic matter
content tended to have a high microbial respiration rate and thin oxi-
dized zone. The measured 0, flux was fairly well correlated with organ-

ic matter content of the soil (r = 0.64) but was much better correlated

with the content of fulvic acid (r = 0.87).
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Many of the changes occurring in flooded Bystems can be explained by
diffusion of both ions and molecules. Oxidation of reduced ionic spec~-
ies in the wupper aerobic layer creates concentration gradients and mo-
bile ions diffuse upward in response to these gradients (Patrick and De-
luane, 1972).

Some authors (Patrick and Tusneem, 1972; Patrick and Gotoh, 1974)
concluded that appreciable denitrification occurs in flooded so0ils if
both 0, from the atmosphere and NH4+ from the flooded s0il are availa-
ble. They showed that a little nitrogen loss occurred in flooded soils
supplied with ammonium sulfate in an oxygen-free atmosphere. However,
an increase in the 02‘content of the atmosphere to 5 or 10% resulted in
formation of a thin aerobic zone which led to substantial nitrogen loss.
An increase in the O, partial pressure from 20 to 80% 1increased the
thickness of the aerobic layer, but did not Increase the nitrogen loss
appreciably (Patrick and Gotoh, 1974).

The amount of N, produced usually greatly exceeded the amount of NH4+
and NO.~ present in the aerobic surface layer at any one time (Patrick

3
and Deluane, 1972; Patrick and Reddy, 1976). It was proposed that NHA+

and NO3- diffused in opposite directions, up and down the soil column,
respectively, 1in response to their concentration sradients (Patrick and
Deluane, 1972). This was later verified using labelled NH4+-N (Patrick
and Reddy, 1976). Nitrate, unlike ammonium, is not strongly adsorbed to
organic or clay micelles, and hence the diffusion coefficient for NOB_
is about six-fold greater than NH4+ diffusion and it is relatively free
to respond to a concentration gradient (Engler et al., 1976; Patrick and

Reddy, 1976). Approximately one-half of the nitrogen involved in the
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nitrification-denitrification process was originally present in the sur-

face aerobic soil or water layer with the remainder diffusing up from

the underlying anaerobic layer.




Chapter III

MATERIALS AND METHODS

3.1 SOIL SAMPLES

Eight samples from a Wellwood so0il (Lepal 1location SE 30-11-14),
ranging in depth from O to 60 ecm and increasing in pH with depth (ph
6.45-7.73) were used for all investigations. Samples from the 0 to 20
cm depth were taken at 5-cm intevals, and from 20 to 60 cm depth at
10~cm intervals. The samples were air dried and crushed to pass through
a 2 mm sieve. Some of the physical and chemical properties of the soil
samples are shown in Table 1. The averapge value of particle density for
the eight samples was 2.55 g/cm3. This value was used to estimate the

air porosities of soil columns as described later.

3.2 INCUBATION STUDIES WITH CLOSED SYSTEMS

The effects of soil moisture and incubation temperature on the rates
of O2 consumption and CO2 production were studied using closed systems
(experiment 1). Incubation tubes (Fipg. 1) with internal volumes of ap-
proximately 60 ml were made from Taper Standard ¥ 24/40 Joints, 2 mn
bore high vacuum stopcocks, and § 10/18 cone joints. All stopcocks and
Joints were connected to each other using Corning high vacuum grease. In
order to analyze quantitatively evolved gases, sets of tubes were ad-

Jjusted to the same volume by the addition of glass beads.

- 38 -




TABLE 1

Some physical and chemical properties of Wellwood soil profile samples
(Legal location SE 30-11-14).

—-—---_——--—_--———----_-—-——__---_—_--_—___----_—_-_—_-——--

Soil CaCo pH Particle EC Organic
depth equivalent density matter
(cm) %) (g/cm™)  (mhos/er) (%)
0-5 Trace 6.45 2.41 0.53 3.9
5-10 Trace 6.46 2.46 0.41 3.6
10-15 Trace 6.84 2.54 0.34 3.2
15-20 Trace 6.86 2.56 0.28 2.9
20-30 0.26 7.35 2.57 0.46 2.6
30-40 0.38 7.40 2.59 0.47 2.4
40-50 0.91 7.50 2.53 0.45 2.4

50-60 1.31 7.73 2.59 0.40 2.1
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Ten-gram samples of soil were incubated at moisture contents of 5,
10, 15, 20, 25 and 30X on dry soil weight basis with urea-N at rates of
40, 80, 120, 160, 200 and 240 pg/g oven-dried soil, respectively. These
rates of urea were equivalent to 786 pe N/ml soil solution. The mois-
tened soil sample was placed in the 1incubation tube and the pressure of
the incubation atmosphere was lowered to 650 mm Hg (86.7 kPa) by evacu-
ating a small amount of air. This was done to accommodate the produced
gases. These soil samples were incubated at 35°C for the desired period
of tize in a horizontal position to maximize soil surface to soil volume
ratio.

Gas sample tubes, each having about 50 ml internal volume, were con-
structed from right angle 2 mm stopcocks and ¥ 10/18 socket joints (Fig.
2). Two gas sample tubes were used to collect the evolved gases from
each incubation tube. One gas sample tube contained about 5 g of potas-
sium hydroxide as & water and CO, absorbent. The other contained 3 ml of
concentrated sulfuric acid to absorb water.

After the sample had been incubated for the required time its atmos-
phere was sampled. The gas sample tubes were vigorously shaken after
sampling and were shaken periodically for an hour to ensure maximum ab-
sorbence of moisture. The gas was introduced into a VG-Micromass 602c
mass spectrometer and scanned from atomic mass unit (a.m.u.) 28 to 46.
Quantitative estimation of the gases was carried out as described later.
The soil samples after incubation were tranferred to an Erlenmyer flask
with 50 ml 2N KC1 solution and mechanically shaken for 1 hour for pH de-
terminations. The pH values were used in the quantitative estimations

of total dissolved CO2 as described later.
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In a similar incubation study, another set of sanples was incubated
at tenperatures of 10, 20 and 40°C at a -ofsture content of 25% and an

urea N concentration of 200 ug/g oven-dried soil.

3.3 COLUMN STUDIES: GENERAL PROCEDURES.

Experiment 2 concerned the influence of air porosity on gaseous dif-
fusion and denitrification of NO3- derived from urea whereas experiment

3 concerned the effect of NOB- concentration on denitrification. Bott
experinments were conducted with colunns designed to sinulate the ficld
conditions. The soil colunns were enclosed in plastic tubes either 3¢
or 60 cm in length with an inner dianeter of 4.4 cn. Fach of the tubes
had small openings covered with a rubber scptun along the length of tie
tube for gas sampling (Fig. 3). Each of the long columns (60 cn) had
gas sanpling ports at 2.5, 7.5, 12.5, 17.5, 25, 35, 45, and 55 cn with
an impernmeable layer at 60 cm . ELach short column (30 cm) had gas san-
pling ports at 2.5, 7.5, 12.5, 17.5, and 25 em with an inperneable laver
at 30 cm. The soil colunns were filled with increments of 5 or 10 cn to
reconstitute the soil profile as.it was in the field. For exanple, the
in'reents were 60 to 50, 50 to 40, 40 to 30, 30 to 20, 20 to 15, 15 to
10, 10 to 5 and 5 to O em for the 60 cm colunn. As each increment of
soil was added the column was compacted to provide the desired bulk den-
sity. The bulk density was estimated from the weight of s0il and the
volume it occupied. The bulk densities wused for colunn studies were
homogeneous throughout each column. The top of each soil colunn was
covered with a plastic film which had several small openings to provide

gaseous exchange while minimizing water loss. A small pan of water was
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placed above the soil surface to maintain the relative humidity above
the soil surface near 100X.

Gas sampling involved extracting 1 ml of soil air through the rubber
septum with a medical syringe and transferring the sample to 8 gas sam-
SO

ple tube which contained efther KOH or H 4 Afir contamination during

2
the sampling stage was minimized by using 1 ml of distilled water in the
syringe and keeping the syringe in a vertical position (the needle in
the bottom) to prevent direct contact between the gas sample and £he air
atmosphere through the needle. Transfer of the gas was carried out by
using a special transferring tube. One end of the transferring tube had
a rubber septum and the other was made from B 10/18 socket joint with
glasswool in between. The gas sample tubes and the transfer tube were
connected to a vacuum line and the pgas was transferred after the system
had been evacuated. The plasswool was used to absorb the water in the
syringe during the gas transfer. The gas sample tube was connected to
the mass spectrometer and the analysis was carried out by scanning
a.m.u. from 28 to 46.

A separate soil column was constructed with several short pieces of
plastic tubes in order to determine inorganic forms of nitrogen in the
soil. The column was identical to the gas sampling columm except that
gas sampling ports were absent. After the s0il column had been incubat-
ed for the required time, the soil column was sectioned into 8 layers.
The contents of each layer were mixed and divided i{nto three portions.
These three porti;ns of so0il were analyzed for N03- and NOZ-, gravime-

tric water content and NH4+, respectively, as described in the physical

and chemical analyses section.
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3.3.1 EXPERIMENT 2: Effect of air porosity on gaseous diffusion and
denitrification of nitrate derived from urea.

Variation in air porosity was acconplished by using four combinations
of moisture content and bulk density. Moisture contents were 23, 25, 30
and 30X and the respective bulk densities were 1.2, 1.32, 1.32, and 1.35
g/cm3. Percent total pPorosity was calculated from values of bulk densi-
ty and average particle density (2.55 g/cm3). Air porosity was calcu-
lated by subtracting the volumetric water content from the total porosi-
ty. Average values of volumetric water content for the incubation
period were used in these calculations (sce section 4.2,.1). These four
conbinations gave air porosities of 25.6, 16.2, 10.5, 8.54, respective-
ly. All colurns were incubated at 20°¢ with 200 pg urea=k/g oven-dried
soil labelled with N-15 at 52.6 atou percent enrichnent, Long colunns
(60 cn) were used for this treatnent with the exception of 10.5% air po-
rosity where a short colurm (30 cm) was used. Gas sanples from various
sampling ports were taken regularly for analysis as described earlier.
Similarly, several colunns (for the inorganic-N study) were incubated
with non-labelled urea at a rate of 200 pe N/g soil and sectioned for
inorganic nitrogen and moisture deterninations as mentioned before. The

duration of incubation was 60 days.

3.3.2 EXPERIMENT‘Q: Effect 2£ nitrate concentration on denitrification
12 s0il colunmns.

Three levels of N (50, 100 and 200 pg N/g soil as NaNO3) in short
soil columns (30 cn) were used to study the effect of N03- concentration

on denitrification. The nitrogen was 15N labelled (52.6 %). The N03

was nixed uniformly in the 0 to 20 cnm layer of the soil colurns. The
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columns were prepared to obtain an air porosity of 10.5% (30% moisture
and 1.32 g/cm3 bulk density). A previous experiment showed that the up-
per 20 e¢m of the soil column was aerobic when air porésity was 10.57.
The columns were incubated from 12 to 22 days (depending on the concen-
tration) at 20°%. To follow the transformation of inorganic nitrogen,
sets of soil columns (10.5% air porosity) were incubated with non-la-
belled NOB- at the same concentrations as indicated above. The columns

with non-labelled N were sectioned for inorganic nitrogen and moisture

determinations.

3.3.3 Quantitative estimation 2£ 92, Ez and EZQ in the incubation
atmosphere - - -

The method of Cho and Sakdinan (1978) was used to calculate the par-
tial pressure of the gases in the incubation atmosphere from the mass
spectrometric peak height. The gases in the sample container were in-
troduced into the mass spectrometer following removal of water and CO2
with KOH. The peak heipht of argon (a.m.u. 40) was chosen as a standard.
Before each scan, a.m.u. 40 was selected and its intensity was adjusted
to a predetermined peak height by varying the inlet pressure. The peak
height of a.m.u. 40 was considered to be 100 and the other measured peak
heights were normalized to this value. An air sample without denitrifi-
cation products was identically scanned. The contribution by air to each
a.m.u. in the sample scan was deducted in calculating the peak height of
pases produced (Cho and Sakdinan, 1978). Standard curves were developed
to obtain a relationship between partial pressure and peak height by
scanning known amounts of different pases mixed in varying proportions

with air. From the calculated partial pressure of 02, N2 and NZO in the
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incubation atmosphere, the quantity of these pases dissolved in water
was calculated using Henry“s Law constants. The weiphts of 02, N2 and
NZO in the incubation atmosphere and in the solutfon were calculated and

totalled as the net gas consumption or the net pas production (Khdyer,

1978; Christenson, 1978; Nicholson, 1979).

3.3.4 Quantitative estimation of 992 production.

The peak height of C02 was calculated from the difference in the pro-
duction of a.m.u. 44 between pas containers with HZSOA and KOH. To es-

timate the C02 dissolved in the soil solution at any temperature, the

effect of temperature on the equilibrium constants for the reactions

CO, + H,0 = H

2t By 20

3’

+ -
H2C03 = H + HCO3 , and (48)

- + -
HCO3 = H + CO3

with their respective mass action equations
Ky = (100307 Pep»
+ -
Ky = (B) (HCO5 )/(H,C0,), and (49)
K, = (KT) (C0,"2)/(Hco,”)
2 3 3

were taken into account. In the above equations, KH is Henry“s Law con-

stant, PCO is the partial pressure of 002, the parentheses indicate the
2

activity of each species, Kl is the dissociation constant of H2C03 and

KZ is the dissociation constant of HCO3--




49
The basic relationship between the equilibrium constant and

temperature is

In (K '/k%) = 25%/R (1/T, - 1/1) (50)

*® ok
where K 1is the equilibrium constant of the reaction at T1 (°K), K 1is

the equilibrium constant of the reaction at T2, R is the universal gas
constant and 2l1° {s the standard molar enthalpy of the reaction (j/mole)
which 1s equal to the sum of the molar enthalpies of formation of prod-
ucts minus the sum of molar enthalpies of formation of reactants. The
equilibrium constants at various temperatures were calculated using Eq.

(50). The total dissolved CO2 was calculated from the equation

-2 -
Total dissolved CO2 - CO3 + HCO3 + H2C03. (51)

"2 HCO." and H.CO. and

By solving the mass action equation (49) for CO3 . 3 €04

substituting them into Eq. (51) the result is

+ +. 2
Total dissolved co2 = K, Pcoz{l + KI/(H ) + K1 xz/(H )7} (52)

3.4 PHYSICAL AND CHEMICAL ANALYSES

Nitrate-N and NOZ--N concentrations were determined by mixing thirty
grams of moist soil with 50 ml of distilled water and stirred vigorously
for 1 hour. The suspension was filtered through Whatman No. 42 filter
paper and the N03--N and NOZ--N concentrations in the filtrate were de-
termined in a Technicon autoanalyser using a modified procedure of Kamp-
hake et al. (1967). Nitrite-N initially present in the sample was deter-

mined by a conventional diazotization-coupling reaction. In order to

determine the amount of N03--N, NOZ--N was removed from another portion
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of sample by reacting 0.3 nl of 3% sulfamic acid solution with lU nml of
sample for one half hour. The NOB- in the solution was quantitatively
reduced to NOZ- with hydrazine sulfate and the Noz_ determined by the
sane diazotization-coupling reaction.

The NH6+ was extracted by shaking 50 g of the moist soil in 50 1.l of
2N KCl solution for 1 hour. The 2N KCl extract was distilled into 25 to
50 nl of 0.IN HZSOA containing methyl red indicator and the NHA+-N con-
tent determined with standardized 0.lN haOil.

Organic C was determined by the Walkley-Black method as described by
Allison (1965), The CaCO3 content was deternmined by the manonetric
nethod of Skinner et al. (1959). The electrical conductivity of a 1:1
soil:water mixture nmeasured with a Radiometer conductivity meter. Kjel-
dahl-N was deternined by the method described by Bremner (1965). The pil

of a 1:1 soil:water mixture was determined using a pH meter and Fislier

glass-body combination electrode.




Chapter 1V

RESULTS AND DISCUSSION

4.1 EXPERIMENT 1: EFFECT OF SOIL MOISTURE AND INCUBATION TEMPERATURE
ON THE RATES OF OXYGEN CONSUMPTION AND CARBON DIOXIDE PRODUCTION
IE WELLWOOD PROFILE SAMPLES (CLOSED SYSTEM)

Oxygen consumption of the surface (0-5 em) soil samples, incubated at
several moisture levels at 35°C, is shown in Fig. 4. The amount of O2
consumed was related directly to the time of incubation allowing calcu-
lation of the 02 consumption rate (OCR) (pmole/g soil/day). At all
moisture levels the amount of O2 consumed durinp the incubation period
of 3 days was related to the time of incubation and could be described
by zero-order kinetics with determination coefficient (r2) values ranp-
ing from 0.96 to 0.99 (Table 2). The OCR increased with soil moisture
content from 1.30 pmole/g/day at 5% moisture to & maximum value of 9.36
vmole/g/day at 202 moisture. The OCR did not increase any further as
the moisture content was increased from 20 to 30% even though this in-
crease in moisture should have resulted in increased microbisl activity.
Thus, 4t is possible that the O2 supply became the most limiting factor
for microbial activity at moisture contents greater than 20%.

The 02 consumption rates of the remaining layers as influenced by
s0il moisture were also measured at 35°C (Fig 5). The results with soil
samples from the 10-15 and 15-20 cm layers were combined because they

were nearly identical. 1In the upper three layers the OCR increased lin-

early as the soil moisture increased up to 20%. By extrapolation it was

- 5] -
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Figure 4: Oxygen consumption in the 0-5 cm layer as related to moisture

content, T = 350C.
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TABLE 2

Oxygen consumption rateofor surface sample of Wellwood soil (0~5 cm
layer) at 35°C, as related to moisture content

—----——_-----—-.——---—-.-_—-—--_-----_—--——----—-—----_--—_—-—-——§——----_--_

Moisture OCR Coefficient
content of

) (pmole/g/day) determination
5 1.30 0.99

10 4.11 0.99

15 6.53 0.99

20 9.30 0.99

25 S.18 0.99

30 9.36 0.96
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estimated that zero OCR would occur at 2.5X moisture. The OCR did not
change in these layers as moisture content was increased from 20 to 30%.
The OCR increased linearly in the lower layers (20-50 cm) as soil mois-
ture increased from the threshold value of 5X up to 15% but did not
change as the s0il moisture content was further increased. The maximum
OCR occurred at a moisture content of 10% in the 50-60 cm layer. The
maxipum OCR values (i.e., between 20 and 30% moisture contents) de-
creased with soil depth and were 9.3, 8.4, 3.9, 2.0, 1.5, 1.1 and 1.0
pmole/g/day for samples from average depths of 2.5, 7.5, 15, 25, 35, 45
and 55 cm, respectively.

Production of CO2 in the surface layer (0-5 cm) incubated at 35°C as
influenced by moisture level is shown in Fig. 6. The amount of CO2 pro-
duced during the first day of incubation increased from a value of 7.5
pmole/g at 5% moisture to 39 pmole/g at 25% moisture. Although there
was & linear relationship between the amount of CO2 produced and incuba-
tion time, similar to the 02 consumption pattern, the linear regression
analysis for CO2 showed that the intercepts or the extrapolated values
of C02 produced at zero time were greater than zero (Table 3). These ex-
trapolated values increased with increasing soil moisture. Similar re-
sults were obtained by other workers (Miller and Johnson 1964; Cho et
al., 1979). High intercept values could indicate that there was a high
C02 production rate 4nitially, before steady value was achieved. Sever-
al authors (Stevenson, 1956; Birch, 1959, 1960; Miller and Johnson,
1964; Sorenson, 1975) found that the microbial activity reached a maxi-
mum in the early stage of incubation, dropped slightly, and then re-

mained constant.
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Carbon dioxide production rate for surface sample of Wellwood soil (0-5

TABLE 3

cm layer) at 3s5° C, as related to moisture content
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—---———-—--—-——---_--——----_—-—---—--—--—-—-_—-_-_—---_--_——-——-—--—_—__

CO2 intercept Production rate Coefficient
Moisture at zero of
content time determﬁnation
2) (pmole/g s0il) (pmole/g soil/day) (r*)
5 6.30 1.89 0.98
10 7.83 5.11 0.98
15 7.25 10.43 0.99
20 13.01 11.75 0.96
25 24.92 13.30 0.96
30 26.28 15.84 0.92
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The CO2 production rates (R*) of subsurface Wellwood s0il sanples
were measured similarly. The CO2 Production rate increased sharply as
the soil moisture content increased from 5 to 20% for the upper three
profile samples (Fig. 7). By extrapolation it was found that the
threshold moisture content for the CO2 production in these sauples was
2.5%.  An increase in soil moisture content from 20 to 30% resulted in
the CO2 production rate increasing slightly in the 0-5 and 5-10 cn lay-
ers. It did not change in the 10-20 ¢n layer. However, except for the
40-50 cn layer the COZ production rate increased in the lower layers as
the so0il moisture level increased from 5 to 15%, but it did not change
with further increases in the soil nmoisture.

The 02 consunption and CO2 production rates of the profile sanples
were neasured at three additional incubation tenperatures (10, 20 and
40°C) at 25% noisture. Semilog plots of OCR versus the average soil
depth at various temperatures are shown in Fig. 8. The OCR as related to
soil depth was senilog linear with a negative slope for soils which were
incubated at 40, 35 and 20°C. However, for the soil samples which were
incubated at lO°C, there was a deviation from linearity in the seniloy
plot at depths greater than 25 cn. Such a deviation at 10°C coulcd sug~
pest a different pattern of OCR versus soil depth.

If one considered only the linear pattern of the semilog plot, the
following functional relationships between the OCR and the soil depth at

20, 35 and 40°C were obtained by regression analyses;

OCRZU = 4,598 EXP (-0.045x)

OCR35 = 9,766 EXP (-0.048x)

OCRI‘0 = 12.407 EXP (-0.047x)
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where OCRZO, OCR35 and OCR‘.0 are the OCR (pmole/g/day) at 20, 35 and
40°C, respectively, and x is the average depth (cm). The OCR value ex~
trapolated to zero average depth (numerical value in front of exponen-
tial term) was the maximum OCR. This value increased as the incubation
temperature increased.

The semilog plots of CO2 production rate (pmole/g/day) versus soil
depth indicate that similar to the OCR, the CO2 production rates de-
creased exponentially with depth at incubation temperatures of 20, 35

and 40°C (Fig. 9). The functional relationships are described by

*
RZO = 9,091 EXP (-0.053 x)

R35* = 13.915 EXP (=0.054 x)

*
RéO = 18.596 EXP (=0.053 x)

* * *
where RZO R R35 . Rao stand for the C02 production rate at 20, 35 and

40°C, respectively. The C02 production rate extrapolated to zero aver-
age depth was the maximum C02 production rate at each temperature. This
value also increased with increasing incubation temperature. The aver-
age values of slopes of the semilog plots for OCR and R* versus soil
depth are -0.047 and -0.053, respectively. The similarity in the slope
values indicate that the change in biological activity with soil depth
can be measured from the change in OCR or from the change in CO2 produc-
tion rate. Thus, it was concluded that microbial activity was responsi-
ble for biological 02 demand and CO2 production, and that microbial ac-
tivity decreased exponentially with depth.

The molar ratios of C02 production rate to OCR for various incubation

temperatures and moisture contents were in the range 1.3-1.6 (Table 4).
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Figure 9: Semilog plot of CO production rate (R ) as function of soil
depth, for various“temperatures at 25% moisture.
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The ratio of CO production rate (R ) to O consumption rate (OCR) at
various incubation temperatures ang

TABLE 4

moisture contents
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----—-—--......-.—____-....-..-----_._--_-———--.—.-——-_-_‘_-_--—-—-—---_--_-_-—_

Incubation Moisture R*

temperature content ——
(OC) (2) OCR Variance
20 25 1.64 0.06
35 25 1.42 0.02
40 25 1.32 0.03
35 5 1.31 0.11
35 10 1.42 0.09
35 15 1.39 0.03
35 20 1.41 0.05
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Each value of R*/OCR was an average of eight profile samples. It is not
known why the molar ratios were greater than the theoretical ratio of
one for aerobic oxidation of soil organic carbon. Stanford et al.
(1975) found that the molar ratio of glucose~C consumed to NOB--N re-
duced was 12 times the theoretical ratio of 1.5 for complete oxidation
of glucose to 002 utilizing the nitrate as a final e acceptor.

The OCR values of the profile samples were plotted against tempera-
ture (Fig. 10). If it is assumed that a linear relationship existed be-
tween OCR and temperature at incubation temperatures below 20°C as was
observed experimentally by Cho et al. (1979), then the threshold temper-
ature (extrapolated value to zero OCR) can be calculated. Thus, the
threshold temperature for O2 demand was 3°C. The threshold temperature
for NO3- reduction was reported as 2°c (Bremner and Shaw, 1958), 2.8°C
(Cho et al., 1979), and 5°C (Bailey and Beauchamp, 1973a). However, the
relationship between OCR and temperature at higher temperatures (>20°C)
indicates that the OCR increased exponentially with increasing tempera-
ture. The natural log of OCR against the reciprocal of the absolute
temperature was plotted (Fig. 11). The Arrhenius plot is a linear rela-
tionship in the temperature range of 20 to 40°C. Similarly, a number of
workers (Bremner and Shaw, 1958b; Stanford et al., 1975; Misra et al.,
1974; Focht, 1974; Khdyer, 1978) found that the rates of biological pro-
cesses which are measured by either Nz production or NO3- reduction over
the temperature range of 15 to 30°¢ obeyed the Arrhenius equation.

The activation energies (EA) which were calculated from the slopes of
the Arrhenius plots for OCR (Fig. 11) are shown in Table 5. The average
value of EA for all profile samples was 8264 cal/mole with a standard

deviation of 741 cal/mole.
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TABLE 5

ihe activation energy of 0 consunption ratc and coefficient of
determination of Arrheniug plot for Wellwood profile sanples.

_—_--..—-—_-.._-——-—--_-__--——.__----____..-.-.___-—__—--_—-_---_——-—----_-_

Average Activation encrgy Coefficient
dej.'h (EA) of determination
(cm) (Cal./mole) (rz)

2.5 8543 0.99

7.5 8632 0.99
15.0 8322 U.99
25.0 8479 0.99
35.0 8862 0.99
45.0 6633 .99
55.0 8777 0.97

—-.__—___-—--—---—_——--—_-—___—_—.—_-—_——_-——_-——-—_----

__-_-—-——_-—--——--—---—--——-—__-———-_—.._-_-.—__-—_———-—-—-_——_-—--—_—-——
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Similar results were obtained for the Arrhenius plots of the CO2
production rate in the same temperature range (Fig. 12). Average acti-
vation energy for the eight profile samples was 6877 cal/mole with a
standard deviation of 373 cal/mole (Table 6). It was not known why
there was a difference in EA values for 02 consumption and CO2 produc-—
tion rates. However, several other workers (Focht, 1974; Khdyer, 1978;
Stanford et al., 1975; Misra et al., 1974) also found some variations in
EA vealues for biological processes. For example, Focht (1974) and
Khdyer (1978) reported an activation energy of about B000 cal/mole and
8570 cal/mole, respectively, for the dissimilatory Nz production process
in soil. However, activation energies (10376-11431 cal/mole) were ob-

tained using NO3 disappearance rates (Stanford et al., 1975; Misra et

al., 1974),
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TABLE 6

The activation energy as calculated from CO production rate for
Wellwood soil profile sampfes.

e e T . o o 0 (B T 0 . e . v o e e o . (o e o e = e e o % . . o . " " . .~~~ ——— o ~ —

Average Activation enerpy Coefficient
depth (EA) of determination
(cm) (cal./mole) (r2)

2.5 6710 0.98
7.5 6173 0.98
15.0 7210 0.96
25.0 7018 0.98
35.0 6879 0.96
45.0 7303 0.98
55.0 6845 0.98

s o T - 0 T > W e G - - - ——— - - . - = e - - o - -
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4.2 COLUMN STUDY (EXPERIMENT 2): FFFECT OF AIR POROSITY ON GASEOUS
DIFFUSION AND DENITRIFICATION OF NITRATE DERIVED FROM UREA

4.2.1 Oxygen Transport At Various Air Porosities

The influence of incubation time upon soil moisture content at vary+
ing depths in Wellwood soil for initial moisture levels of 23, 25 and

30% and bulk densities of 1.2, 1.32 and 1.32 g/cm3, is shown in Tables

205-21-and-22; respectively, in the appendix. Theé moisture content de<
creased slightly with time in the surface layer (not more than 5%) most
likely as a result of evaporation. The averape moisture levels over the
entire incubation period for all depths were taken to be 22.5, 24.0 and
28.3% for the three moisture+bulk density treatments. These averape
values were used to calculate the averape volumetric water content and
air porosity values. The respective averape air porosity wvalues were
25.6, 16.2 and 10.5%. A fourth treatment (8.5% air porosity) was ob+
tained by increasing the bulk density to 1.35 g/cm3 from 1.32 g/cr3
(10.5% air porosity) without changing the moisture content.

Oxypen concentrations at varying soil depths during & weeks of incus
bation at air porosities of 16.2, 10.5 and 8.5% are shown in Tables 23,
24 and 25, respectively (see the Appendix). Although there were small
increases in O2 concentration with time, especially near the surface, O2
concentrations after one week were not much different from the average
values obtained after two months. Thus, a steady state with respect to
02 transport through the soil was established after incubation for one
week. The slight increase in O2 concentration between one and eight
weeks might have been related to an increase in 02 diffusion coefficient

due to loss of a small amount of water from the surface layer. In addi+
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tion, there might have been some decrease in the biological activity
with time of incubation. Profiles of average O2 concentrations over two
months at varying depths in Wellwood s8o0il for air porosities of 16.2,
10.5 and 8.5X appear as dotted lines in Fig. 13 whereas profiles of cal~-
culated 02 concentrations appear as solid lines. Oxygen concentrations
making up the profile for 25.6Z air porosity were averaged for a period
of 2 weeks (Fig. 13). The 25.6% air porosity treatment was terminated
after 2 weeks since the 02 concentration did not reach zero at any depth
(no denitrification). The minimum 02 concentration of 6.5 pmole/ml of
soil air space occurred in the 30=40 cm layer and O2 concentrations were
very similar at depths greater than 40 em. In contrast to the 25.6% air
porosity treatment, O2 concentrations approached zero (<0.2 pmole/ml) at
$5, 25 and 17.5 cm in depth for air porosities of 16.2, 10.5 and 8.5%,
respectively.

The steady state O, transport equation in one-dimensional form under

2
isothermal conditions was solved in order to predict the O2 concentra=-
tion profile under the steady state condition. The steady state equa=-

tion is
2 2
D d°C/dx“ = OCR(x) P (53)

where, D i8 the 0, diffusion coefficient (cmzlday), C is the 02 concen-

2
tration (pmole/ml), P is the soil bulk density (2/cm3) and OCR(x) 1s 0,
consumption rate as function of soil depth (x) in pmole/g/day. The ex-
perimentally obtained relationship between OCR and average soil depth

(x) can be expressed as follows (see Fig. 8);

OCR = A EXP (=bx) (54)
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where A is the maximum OCR value extrapolated to zero average depth and
b (1/em) 48 the slope of the semilog plot of OCR as function of soil
depth. The value of b was independent of soil temperature over a range
of 20-40°C (see Fig. 8). If Eq. (54) is substituted into Eq. (53) and A
times P assumed to equal At or the maximum OCR wvalue in pmole/cmalday,

the following equation is obtained;

*
D GZC/dx2 = A EXP (=bx). (55)

It is required to calculate C(x) in a soil column of infinite length
with uniform moisture content under isothermal conditions under the fol-
lowing boundary conditions;

C=C,x=0
o
*

C=0, x=x ' (56)

and dc/dx = 0 x = x*.

The boundary conditions assume that the O2 concentration at the surface
is always kept at a constant value, Co or the ambient 02 concentration,

8.75 pmole/ml; that there is a depth, x*, at wvhich the 02 concentration
in the s0il atmosphere i1s equal to zero; and that there 1s no O2 flux
and no concentration gradient of O2 at the depth x = x*. By solving the
ordinary differential equation (55) wunder the boundary conditions (Eq.

(56)), the followinpg relationships are obtained;

[ ]
D= {a*/bc_} (b7} - 7> x* + v~ 1y} (57)

and

*
* * - - -
¢ =c_ - a"/mb?) + A%/Dbix X 4+ b7 7). (58)
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Thus, by measuring x*, i.e. the depth of zero 02 concentration under
certain conditions, the diffusion coefficient can be estimated from Lq.
(57). The steady state O2 concentration at any depth can then be calcu-
lated by using the mneasured values of A* and b and the estimated value
of the diffusion cocfficient. Values of x* were used to calculate the
diffusion coefficients usihg Eq. (57) for 8.5, 10.5 and 16.2% air poros-

ity treatments (Table 7). The diffusion coefficient at an air porosity

of 75.6waaswcalcu1atcdwbywusingqu;WW(SB)“”assuming that the concentra-

tion of O2 at 35 cn was 6.5 pnolec/ml (Fig 13). Thus, the deteruination
of diffusion coecfficient was carried out by taking into account soil
respiration activity under boundary conditions (Eq.  (56)) that are fre-
quently encountered in the field. However, several workers (Papendick
and Runkles, 1965; Grable and Siemer, 1968) determined the 02 diffusion
coefficienut from concentration neasurements using the non steady-state
02 transport equation (18). In their studies, they had to adjust the
initial conﬁitions experimentally by removing all of the faseous O2 fron
the systen. Also, their work was carried out in short tern experinents
in which respiration activity was assumed to be negligible. This as-
sunption may have led to erroneous results especially for soils having
high biological activities.

The estimated diffusion coefficient values were used to predict O2
concentration profiles which appear as solid lines in Fig. 13. Therce
was good agreement between measured and calculated values except for the
high air porosity (25.6%) treatment near the surface (0-10 cn).

The measured steady state 02 concentration profiles for an air poros-

ity of 10.5% (moisture content of 30% with bulk density equal to 1.32




The depth of zero O2
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TABLE 7

concentration and estimated diffusion coefficient
as related to air porosity.

- - - = - > S - > - - ——— A = -

\ Depth of zero Fetimated
Afir porosity 02 concentration diffusionzcoefficient
(%) (cm) (cm®/day)
8.5 17.5 62.92
10.5 25.0 85.96
16.2 55.0 211.07
25.6 - 1380.20
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g/cn3) at tenperatures of 20 and 35°C appear in Fig. 14, Values of x*

were 25 and 17.5 cm for the soil columns incubated at 20 and 35°C, Te-
spectively.

The cffect of temperature on the diffusion coefficient of O2 in the

air can be represented by the equation (Bakker and Hidding, 1970)

1.75
D1 Dz{ TI/TZ }

where T equals the absolutewtemperaturew(KQ)~”and Dl Is the diffusion

coefficient at Tl' If it is assumed that the ratio of the diffusion
coefficient in soil to that in air is constant at a particular air po-
rosity and tenperature, the above relationship can be extended to calcu~
late the 02 diffusion coefficient in the soil at any temperature (Bakler
and Hidding, 1970).

The depth of zero 02 concentration can be estimated using Eq. (57)
fron the values of diffusion coefficient, b and A* at any tenperature.
The calculated values of x* are shown in Table 8. With this information
and using Eq. (58) the 02 concentrations used in constructing the pro=-
files which appear as solid lines in Fig. 14 were calculated. The cal-
culated steady state O2 concentration profiles suggest that the varia-
tion in x* was mwore pronounced at low than at high temperatures.
increasing the temperature from 20 to 3S°C, for exanple, caused a 70
decrease in the value of x* whereas increasing the tenperature froon 35
to 40°C caused a 12% dcrease in the value of x*.

The open system incubation studies were performed at 20°C, a tenpera-
ture which was higher than the pean sunmer soil temperature__of 12°%C at

30 cn depth 1n the southern half of Manitoba (Mills et al., 1977). High

*®
values of X would be expected at low incubation temperatures. Thus,
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Figure 1l4: Measured (dotted line) and calculated (solid line) steady
state O, concentration profiles of soil column (10.5% air
porosity) incubated at various temperatures.
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TABLE 8
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The estimated diffusion coefficient, volumetric O consumption rate and
depth of zero O2 concentration at air porosity of 10.5X as related to
soil temperature.

.—---‘—------—-——-‘-_---—--—‘---—--—----—--———-----—‘--——---—--—---—----

Soil Diff. coeff.
temperature
(D)
(°c) (em?/day)
20 95.96
35 104.71

40 107.73

. - T - e - ——— - - -

02 consumption

Depth of zero 02

rate concentration
(A) x")
(pmole/cm>/day) (cm)
6.46 25.0
12.89 14.7
16.38 13.1
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using 8 low incubation temperature to represent field conditions would
require a very long column, which would be difficult to construct and
maintain at constant temperature. For this reason an incubation tempera-
ture of 20°C was used.

One can define the steady state flux of O2 through the so0il surface

q, (pmole/cmz/day) as
9, = -D{dC/dx}x_o. (59)

By intepgrating Eq. (55) between {dC/dx)x - 0 and {dC/dx}x - x* , &nd

putting {dC/dx}x - x* = zero, q_ can be expressed as

*
q = A /b { 1= Py (60)

Values of qo were calculated from Eq. (60) wusing values of b and A*
measured at various 8o0il temperatures and moisture contents and values
of x* estimated from Eq. (57) by Newton”s approximation method (Table
9). The maximum flux occurred at higher temperatures because of a high-
er biological O2 demand and at higher air porosities which allowed a
higher 02 penetration (Table 9). The maximum flux of 299 pmole/cmz/day
occurred at 40°C and 25.6% air porosity. Measured rates of O2 consump-—
tion reported in the 1literature range from 2 to 12 pliter 02/g/h at 25
to 30°C, with the higher rates occurring soon after 4initial wetting
(Miller and Johnson, 1964; Papendick and Runkles, 1966). Assuming a
uniform soil 30 cm deep and an average bulk density of 1.32 g/cm3, the
02 consumption rates of 2 to 12 pliter/g/h correspond to 9, values of
80 to 480 pmole/cmzlday. Respiration rates reported by other investiga~

tors are usually lower than those given above or those shown in Table 9




TABLE 9

The steady state flux of O, at the soil surface at various incubation
temperagures and air porosities

U R S St S . . e e S T . — T Wi 4B S S T S, S . S S . Sl . Sl Yo S i S . S U

Oxygen flux

Alr (q,)
porosity
20°¢ 35°C 40°¢
(2)  —mme—— (pmole/cmzlday) -----
8.5 65.4 113.5 131.1
10.5 90.2 132.4 155.3
16,2 116.6 188.11 221.1

25.6 118.2 235.7 299.6

- . o S - ——— = " . —— ——
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primarily because measurements were made after several wettinp and dry-
ing cycles. Anderson and Kemper (1964) found that about 0.3, 0.7 and
1.0 pliter Oz/g/h were consumed after incubation of soil for several
weeks at temperatures of 17, 23 and 30°C, respectively. The respective

values of 02 flux were 12, 28 and 40 pmole/cmzlday.

4.2.2 Inorganic N Distribution.

ConcentrationsVofwwNHa+fN,at”wvaryinngepthsf~inwcolumnsw of--Wellwood
soil (25.6% air porosity) incubated with urea at a rate of 200 pp N/g
soil are shown in Table 10. Hydrolysis of urea was evident durinp the
first week of incubation as indicated by the recovery of N as N”A+° In
a study with relatively high urea concentration (500 pe N/g soil), Obi
(1981) found that complete hydrolysis of urea occurred within 6 days in
eight Manitoba soils with pH values ranging from 5.8 to 7.7. The maxi-
mum accumulation of NH4+ (179 pg N/g s0il) occurred after 7 days of in-
cubation in the 50-60 cm layer where nitrification was very slow. The
amount of NH4+-N decreased with time especially in the 0-5 cm layer
where all of the NH4+ disappeared after 20 days of incubation. After 42
days appreciable decrease in NH4+-N occurred even in the 40~60 cm layer.
It is evident that nitrification was more rapid in the surface layer

as indicated by the high accumulation of NO3 (Table 11). In the 0-5 cm
layer the amount of NO3- reached 278 pg N/g soil after 20 days of incu-
bation. There was a further small increase in NO3--N between 20 and 42
days. The maximum value exceeded that which would be expected from com-
plete nitrification of added urea (200 pg N/g soil) plus the 25 pg
N03--N/g soil oripginally present. Some of the NO3- at the surface may

have come from mineralization of soil nitrogen. Cassman and Munns




TABLE 10

Concentration of NH T during incubation of soil columns (25.6% air
porosity) with 200 pe urea-N/g soil, at 20°c.

Soil 7 days 20 days 42 days
depth
"""}:_;;"""::ZI::};;T:;;;‘:;};:;}};Z:ZZI: °°°°°°°

0-5 121.6 0.1 5.5

5-10 125.8 18.3 4.0

10-15 163.8 6.5 8.3

15-20 162.8 36.0 30.6

20-30 159.5 78.0 55.6

30-40 162.1 90.3 82.9

40-50 179.6 123.4 135.7

50-60 179.7 158.1 130.3




84

TABLE 11

during incubation of soilocolumns (25.67
200 pg urea-N/g soil, at 20°C.

Concentrations of NO. and NO

air poros?ty) withz

7 days 20 days 42 days
Soil - - - - _
1 -\ -\ - - \J - -
depth h03 N N02 N NO3 N N02 N h03 N NOZ N
(em) = (pe/g s011)===momoccaemo

0-5 88.6 0.8 278.3 0.5 288.7 0.1
5-10 89.7 1.4 179.3 0.5 241.3 0.1

10-15 36.3 2.0 92.7 0.5 221.3 0.1

15-20 25.1 6.2 53.6 16.5 133.1 0.1
20-30 9.4 3.0 67.2 3.4 128.8 0.1
30-40 4.7 1.0 59.7 2,3 155.8 0.1
40-50 3.7 0.8 26.7 2.2 126.7 0.1

50-60 3.7 0.8 9.1 2.4 113.0 0.1
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(1980) found that the estimated relative contribution of the surface
layer to the total N mineralized in a 108~cm soil colunmn was higher than
the contribution from subsurface layer. Their data 1indicate that the
total N mineralized in the 10B=cn s0il column were 60, 25 and 15% for
0-36, 36-72 and 72-108 cn layers, respectively, assuming uniform bulk
density throughout the soil profile. Some of the NO3- in the 0-5 ci,
layer could have also come from lower layers via convective flow as wa-
ter evaporated from the soil surface. Such movenent of NU3- was likely
very suall since only a small amount of water evaporated fron the sur-
face (Table 20).

The maximum accunulation of NOZ- which occurred in the 15-20 en layer
was 6.2 and 16.5 ps N/g soil after 7 and 20 days of incubation, respec-
tively (Table 11). Such a low accunulation probably did not allow loss
of N by chemical denitrification which takes place only when an appreci-
able amount of NOZ- has accunulated under acidic conditions (Christian-
son et al., 1979; Smith and Chalk, 1980).

Anmoniunm concentrations at varying depths 1in Wellwood soil colurmns
having 16.2% air porosity incubated with 200 pg urea=-N/g soil at 20°¢
are shown in Table ]2. Apparently nost of the urea was hydrolyzed after
10 days of incubation. The amount of NH4+ increased with soil depth fron
a low value of 14 pg N/g soil in the 0-5 cm layer to 178 peg N/g soil in
the 50-60 cn layer after 10 days of incubation., The amount of NH4+-N
decreased with time in all layers but the decrease was less pronounced
in the 40-50 cm and 50-60 cn layers than near the surface. The persis-
tence of Ni ¥ below 40 cn depth could have been related to a low 02 con-

4 .
centration (Fig. 13) as well as low nitrifier population.




TABLE 12

Concentration of NH + during incubation of soil co]ugns (16.2% air
porosity) with 200 pg urea~N/g soil, at 20°C.

-___-____-__-___--_-____--_-._‘_-________,___--_-_--______---

Soil 10 days 20 days 30 days 52 days

depth
'";";""'""IIZIZIIZZ}"';{,"Z;}""}I}:ZIZ:Z:Z"

(3 pe NR, R 80

0-5 14,0 10.1 14.0 7.0
5-10 118.9 19.5 16.7 3.6
10-15 169.5 81.6 64.2 35.6
20-30 195.5 147.1 129.0 128.0
30-40 172.9 166.1 170.3 147.2
40-50 187.1 145.4 174.8 145.7

50-60 178.5 178.1 177.5 156.4
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Nitrification was more rapid in the 0-5 ¢n layer as indicated by an
accumulagion of N03- which reached 340 pg N/g soil after 20 days of in-
cubation and renained essentially unchanged until the end of incubation
(Table 13). Nitrate accumulation in the 0-5 cn layer was higher with
the 16.2% air porosity (25% moisture content) than with the 25.67% air
porosity (23% moisture content). This could have been related to a high-
€r net mineralization with 16.2% air porosity, Several autliors (Robin-
son, 1957; Reichnan et al., 1966; Miller and Johnson, 1964; Stanford and
Epstein, 1974; Cassman and Munns, 1980) reported that the mineralization
was greatest at approximately field capacity (25% noisture content).
Furthermore, Cassman and Munns (198u) found a sharp decrease in the net
N nineralization between 25 and 197 mnoisture and then a gradual decline
below this range, Low NO3- accunulation (<13 B N/g soil) was observed
below 40 cn (Table 13)., This could have been due to a low biological
activity and 02 availability below 40 cn depth.
There was no accumulation of NO,~ in the first 10 days of incubation

2
(Table 13). However, NO_~ appeared by the 20th day with maxinunm values

2

in the 15-20 cnm layer. HNitrite level declined between 20 and 52 days of
incubation except in the 0=5 e and 5-10 en layers. No chenical deni-
trification was detected by mass Spectrometry even though NOZ- accunula-
tion reached 83 pg N/g soil. The pH in the 15-20 cn layer was 6.86 (Ta-
ble 1). An investigation using ISN labelled NaNO2 at a rate of 200 pg
N/g soil denonstrated no tendency for chemical denitrification for sone
Manitoba soils which had PH values greater than 6.3 (obi, 1981).

Anmonium became the predominant inorganic N species when gir porosi-

+
ty was decreased to 10.5% (Table 14). The concentrations of nna in the

s0il column ranged from 186 to 235 pg N/g soil after 10 days incubation.




TABLE 13

Concentrations of NO.” and NO,” during the fncubstion of sofl columns
(16.22 air po;o:ity) vgth 200 pe ures=-N/g soil, at 20°.

10 days 20 days 30 days 52 days

Soil
depth N03 -N NOz =N NO3 -N N02 -N N03 =N NOZ =N NO3 -N N02 =N

(em) (pe/g soil)

0-5  255.3 =* 33906 0.3 344.0 = 3466 5.9
5-10  75.1 - 248.3 4.7 195.4 - 2333 10.7
1015 67.2 - 63.3  65.0  78.6  26.4  153.7  14.1
15-20  40.8 - 29.7  83.0  79.0  77.5  112.1 25.1
20-30  30.8 - 16.7  61.8  62.0  13.3  B84.6 0.2
30-40  28.5 - 10.4 1.8 8.4 - 32.4 0.1
40-50 "13.5 - 9.7 - 3.7 - 9.3 0.1
50-60  13.4 - 7.0 - 2.4 - 1.7 0.1

* Not detected.
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TABLE 14

Concentration of NH,* during incubatfon of soil colugns (10.5% air
porosity) with 200 PR urea=-N/g soil, at 20°.

.-’_‘---—------‘-—--—-----------‘----s—-—----—‘----—----——..

Soil 10 days 20 days 30 days 40 days
depth
’“"""""""""“"""",“I", """"""""""" -
(em) e (pe KH, =K/g §041)==o-mcmmmeae
0-5 186.3 98.9 51.5 20.8
5-10 235.0 122.8 165.6 98.6
10-15 223.1 196.4 227.7 215.4

20-30 186.3 203.3 230.5 199.1
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The NH4+-N level remained more or less unchanged during 40 days of

incubation below 10 em depth. This fact as well as the 1low NOB- and

2

duced nature of soil at these layers. For the 0-5 cm layer the NH4+ was

NO, concentrations in the 15-30 em layer (Table 15) indicated the re-
high (186 pg N/g Boil) for the first 10 days of incubation and then de-
creased to 20.8 pg N/g soil after 40 days of incubation.

Nitrate concentrations were 69 and 15 pg N/g soil after 10 days incu~-
bation in the 0-5 and 5-10 cm layers, respectively when the air porosity
was 10.5% (Table 15). Nitrate continued to accumulate after 10 days in-
c-hation and reached maximum values of 248 and 184 pg N/g soil after 40
days of incubation 1in these two layers, respectively. However, the

amount of N03- accumulation at greater depths was very small even after

40 days incubation. This could have resulted primarily from 02 defi-
ciency. Oxygen concentration was less than 1.3 pmole/ml below 15 em
depth in soil having 10.5% air porosity (Fig. 13). The extent of NO3-
accumulation in the 0-5 cm layer was smaller in soil having an air po-
rosity of 10.52 (302 moisture content) than in soil having an air poros-
ity of 16.2% (25% moisture content) (Table 13 and 15). Net mineraliza-
tion decreased as the moisture content increased from 25 to 33% at
temperatures in the range of 15 to 30°¢ (Cassman and Munns, 1980).

The amount of NOZ--N was very small throughout the soil column, ex-
cept in the 0-5 and 5-10 c¢m layers after 20 days incubation and in the
5«10 ¢m layer after 30 days incubation (Table 15). The maximum accumu-~
lation of NOZ- was also in the 15-20 cm layer at higher air porosities
(16.2 and 25.6%). Thus, the depth of maximum nitrite accumulation was

related to the air porosity and occurred close to the surface of the

so0il column as air porosity was decreased.




TABLE 15

Concentrations of NO. and Noz- during incubation of soil columns (10.5%
air poros;ty) with“200 pg urea-N/g soil, at 20%.

10 days 20 days 30 days 40 days

Soil - - - - - - - -
depth NO3 -N NO2 -N N03 =N NOZ -N N03 =N NOZ -N NO3 =N NOZ -N
(cm) - (pe/r soil)

0=5 69.4 6.9 165.5 19.0 219.0 1.9 248.1 0.5
5-10 15.2 0.9 55.7 23.6 50.8 3.0 184.5 0.2
10-15 2.0 0.1 9.4 3.2 9.4 4.6 71.5 0.3
15-20 3.0 0.3 4.1 5.0 1.9 2.3 4.6 0.2

20~30 3.3 0.3 2.6 0.2 1.7 2.1 2.5 0.2
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4.2.3 Distribution of Gaseous Nitrogen

No denitrification was observed at an air porosity of 25.67 since
enough 02 penetrated the soil column to maintain a concentration of ap-
proximately 6.5 pmole 02/m1 in the 30-60 cm layer (Fip. 13). However,
at an air porosity of 16.2% denitrification occurred as indicated by N2
accumulation (Fip. 15). Althouph the data are not presented in Fig. 15,
a8 small amount of N2 was detected during the first 3 weeks of incuba-
tion. In the fourth week there was a relatively larpe increase in N2
concentration with a maximum accumulation of 0.7 pp K/g soil 1n the
40-50 em and 50-60 cm layers where O2 concentration approached zero
(Fig. 13). A low N2 accumulation could have been related to a low accu-
mulation of NO3- and NOZ- below 40 cm depth (Table 13). The accumulated
N2 would have diffused in both directions due to the concentration gra-
dient. Diffusion downward was prevented because of the impermeable lay-
er. Upward diffusion was noticeable as the concentration of N2 de-
creased exponentially with the distance from the denitrification zone
(maximum NZ accumulation). The maximum accumulation of Nz increased fror
1.2 to 2.0 pe N/g soil after 5 and 6 weeks incubation, respectively. It
decreased sliphtly to 1.9 pe N/g soil after 7 weeks incubation.

Distribution of N20 in soil at 10.5% air porosity is shown in Fip.
16. After 5 weeks of incubation, there was a small N20 accumulation
with a maximum of about 1.8 pe N/g soil in the 15-20 em layer. The N20
concentration increased to 2.3 pp N/g soil at 7 weeks and then de-

creased. After 7 weeks the maximum amount of the NZO occurred in the

10-15 em layer.



Soil Depth (cm)

N2 Concentration (pgN /g soil)

05 1.0 1.5 20
T T T )

0.0

S

5

0——0 4 Weeks
b—4 5 Weeks
o——0 6 Weeks
*—=% 7 Weeks

Figure 15: Concentration profiles of nitrogen gas during incubation of
soil Solumn (16.2% air porosity) with 200 pe vrea=-N/g soil,
at 20°C.
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Figure 16:

$—>¥ 5 Weeks
O———0 7 Weeks

&——4 B Weeks
0—0 9 Weeks

Concentration profiles of ni
soil column (10.5% air poros
at 20°.

trous oxide during incubation of
ity) with 200 pg urea-N/g soil,
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The maxinum accunulation of NZ (0.2 pg  N/g soil) in soil columns at
10.5% air porosity occurred in the 20-30 ecm layer after 4 wecks incuba-
tion (Fig. 17). The maxinum accunulation of N2 increased further until
the 8th week when it reached 1.7 pg N/g soil and then decreased. The
rapid increase in Nz concentration observed at the 7th weck of incuba-
tion was coincidental with the accunulation of NZO observed at the 5th
and 7th weeks of incubation (Fig. l6). As was shown earlier, therc was
a sharp decrease in NO3- and N0, with s0il depth near and below the

2

zone of maxinun NZO accurulation (Table 15). It is possible that HZU
became the major e acceptor at greater depth, This could suggest that
sone ”20 was diffused downward from its zone of production and reduced
to “2'

Increasing the bulk density to 1.35 g/cm3 from 1.32 g/cn3 without
changing the noisture content caused a decrease 1in air porosity fron
10.5 to 8.5%Z. It also caused a shift in the denitrification zone toward
the surface. The depth of zero O2 concentration at 8.5% air porosity was
17.5 cn as conpared to 25 cm at 10.5% air porosity (Fig. 13). Nitrous
oxide was not detected in the soil ‘column at 8.5 air porosity even af-
ter 9 weeks of incubation. Nitrogen was the only gas produced via deni-
trification (Fig. 18). Maximum accumulation of “2 after 4 weeks of in-
cubation was 0.6 yg/g soil and occurred in the 10-20 em layer. At this
depth N2 continued to accunulate and by the end of the 9th weck had
reached 1.2 pg N/g soil. By the 4th week of incubation, N2 distribution
was characterized by a decrease toward the surface and toward the in-

permeable layer at 60 ecn (Fig 18). In the latter stage of incubation

greater amounts of N2 were found below 20 cm. In fact, after 9 wecks of
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Concentration profiles of nitrogen pas during incubation of

soil column
at 20°.
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(10.5% air porosity) with 200 pg urea-N/g soil,
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Figure 18: Concentration profiles of nitrogen pas during incubation of

soil golumn (8.5% air porosity) with 200 pg urea-N/g soil,
at 20°C.
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incubation there was nearly as much N2 in the 50-60 e¢m layer as in the
10-20 c¢m layer. Thus, the gradual accumulation of N2 below the 20 ecm
depth could have been related to the contribution of N2 via diffusion
from the depth of maximum accumulation (denitrification zone). The
amount of time required to accumulate Nz below 20 c¢cm was the greatest
for the 8.5% air porosity treatment. This may have been related to the
diffusion coefficient of gases in the soil. As was previously shown,
the lowest gaseous diffusion coefficient was obtained in s0il columns
having an air porosity of B8.5% (Table 7).

The method sugpested by Cho and Sakdinan (1978) was used to differen-
tiate between nitrogen (NZO and/or Nz) formed via a random combination
of labelled ions (biological denitrification) and that formed via an as~-
socliation of one soil nitrogen atom and one N02-~N atom (chemical deni-
trification in which only NZ is produced). MacGregor (1972) suggested
that biological denitrification has occurred when the N-15 content in

5

NZO and N, is the same. In this study, the 21 N enrichment values of

N20 and N2 at 10.52 air porosity were almost fdentical (Table 16). The
average values over all depths were 37.3 and 36.2 for Nzo and NZ’ re-

spectively. Thus, it could be concluded that N2 was derived solely from

Nzo. The 1SN content of the NZ was less than that of the urea-lSN

(52.6%) originally added. This indicates that there was some isotopic
dilution by nitrogen from other sources. Two possible sources of unla-
belled N could have contributed to this isotopic dilution of ISN.

Firstly, the NO, originally present in the soil (25.8 pe N/g soil near

3
the surface decreasing to 0.5 pg N/g soil in the 50-60 cm layer) could
have diluted ZISN of N03- derived from urea (Table 16). Secondly, min-

eralization of organic=N could have diluted 1SN of urea derived NOS—'




TABLE 16

Initial concentration of NO_ percentage of N-15 in N, and N,O during
incubation of s0il columns ?three levels of air porosigy) wit% 200 pp
urea-N/g soil, at 20°C.

e o . S - - ————— T — —— . > - T - — — —— s = - - " —— - o~ o " -

8.5% 10.5% 16.27%
Alr porosity Adir porosity Air porosity
Soil No3’-N N-15 N-15 N-15
*
depth conc.
Ly LA S LA LA
(er) (pe/g s0i1) ——--=-----mee == (Z)==m==mmmeseee

0- 5 25.6 - - - -

5-10 19.7 22.8 34.7 34.3 -
10-15 12.5 22.1 35.3 34.3 -
15-20 9.5 21.7 36.9 37.2 -
20-30 6.6 21.5 42.1 39.1 -
40-50 1.0 21.2 - - 38.7
50-60 0.5 21.2 - - 39.2
Average 21.7 37.3  36.2 39.7

G ——————— — — ———— - - -———— - —— - ———— -

* Original Concentration
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In either case, maximum isotopic dilution of inorpanic N derived from

urea should have occurred near the surface. Therefore, one would expect

5

that Zl N of N2 derived from the denitrification zone of 10-20 cm (at an

air porosity of 8.5Z) have been lower than 215

N of N2 derived fror the
40-50 cm layer at 16.2% air porosity. The averape values were, in fact,

21.7 and 39.7%, respectively.

4.3 COLUMN STUDY (EXPERIMENT 2): EFFECT OF NITRATE CONCENTRATION ON
DENITRIFICATION IN SOIL COLUMNS. -

4.3.1 Inorganic~N Distribution

At the end of incubation period in the O0-~5 cm layer 113 and 190 pe
NO3_-N/g soil were recovered 1in the 50 and 100 pe NO3-—N/2 soll treat-
ments, respectively (Table 17). These values exceeded that which was
expected from 50 and 100 pe N/g soil added as NaNO3 plus the 25 pg N/g
soil of NO3- oripinally present in this layer. The accumulation of NO3-
in amounts in excess of that added indicates that mineralization of or-
panic-N took place in the 0-5 cm layer. A small amount of NO3- could
have also moved into the 0-5 c¢m layer from a greater depth as water eva-
porated. In the 15-20 cm layer 25.4 pg N/g soil was recovered as NO3—
in the 100 pp N/g soill treatment. Rowever, the added NO3- almost cor-
pletely disappeared (3.3 pp N/g soil remained) in the 50 pg N/p soil
treatment in the 15-20 c¢m layer. In both treatments NOZ- accumulation
was small and at the end of dincubation the NOZ- concentration did not
exceed 2.0 pp N/g soil.

Inorganic=N distribution where NO3- at the rate of 200 pg N/p soil

was uniformly mixed in the 0-20 cm layer of soil columns at 10.5% air

porosity and where columns were incubated for periods ranging from 3 to
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TABLE 17

Concentrations of NO -_and NO., in soil columns (10.52 air porosity)
treated with 50 pg_Na =N/g 8011 (12 days of incubation) and 100 pe
N03 =N/g soil (16 days of incubation).

T S e i e T s " G . T~ T — — - — " i 2~ o 7 oo > T

Soil depth 50 per/g soil 100 pe/g so0il
treatment treatment
e D03 TN MO TR NOs N Mo K
(em) e (pe/g s0il)-~-=——=memm
0-5 113.6 0.8 190.8 0.5
5-10 93.2 0.7 139.4 0.6
15-20 3.3 0.9 25.4 1.2

20-30 1.2 0.5 3.8 0.7
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9 days is shown in Table 18. The level of NOB- near the surface (244 yy

N/g soil after 9 days) exceeded the amount on NO3- added. This could

have been due both to mineralization of organic N and to convective flow
of soil water resulting from surface evaporation. In the 20-30 ci layer
there were 16 pg N/g soil after 3 days incubation and the arount re-
nained unchanged during 9 days of incubation. In the 200 ¥ N/ g soil
treatment as in the 50 and 100 pg N/g soil treatments, maxinun disap=-
pearance of NO3- was obscrved in the 15-20 cn layer where the K03— con-
centration dropped to 96 pg N/g soil after 9 days of incubation.

More NOZ- accumulated in the soil colunn containing 200 pE NO3_-H/g
soil (Table 18) than in the colunns containing 50 and 100 yg NU3-—N/g
soil (Table 17). The NOZ- which was found in the 15-20 cm layer disap-

peared gradually. The amounts of NOZ— in the 15-20 cn layer were 28.6,

21.1 and 13.1 pg N/g soil after 3, 5 and 9 days incubation, respective-

ly. In the 20-25 cn layer (anaerobic conditions) the NOZ— was present

after 3 days but had alnost conpletely disappeared by the 9th day. The
pli values of the soil below 15 cm depth were greater than 6.8 (Table 1).

The disapperance of NOZ— in the anaerobic soils at a neutral and alka-

line pH was related to biological activity (keuss and Smith, 1965; Bol-
lag et al., 1973). However, at shallower more aerobic layer (0-15 cu)

NOZ_ accumulated slowly throughout the 9 days of incubation. The accu-

mulation of small amounts of NOZ- in 0-15 cm layer (aerobic condition)

was not known, but may have been due to diffusion from the zone of naxi-

nun production (15-20 en layer).




TABLE 18
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Concentrations of NO. and NO. during incubation of soil columns (10.'5%

air porosit?) with 260

pe N/g soil as NaNO3, at 20°C.

- - T — - = - —— T S — - — . ———————— -~

3 days 5 days 9 days
Sofl  —---mmmemmeso-e —e- et ity -
depth NO3 <N NOz N03 -N N02 =N NO3 =N NO2 -k
ey S S (R BO1T )Sess S era et ees
0-5 219.6 0.4 238.9 3.1 248.7 5.9
5-10 222.6 4,2 231.3 17.8 242.6 19.23
10-15 209.5 9.5 211.1 9.5 217.9 14.0
15-20 175.8 28B.6 155.7 21.1 96.3 13.1
20-25 16.0 19.2 16.0 11.0 15.5 2.2
25-30 0.5 5.3 2.1 0.1 0.7 0.1
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4.3,2 Oxygen and Carbon Dioxide Distribution.

The concentration profiles of 02 and CO2 obtained when 50 pe N/g soil
as NaNO3 were unifornly mixed in the 0-20 cn layer are shown in Fig. 19,
Oxygen concentration data were averaged over 7 days of incubation (dot-
ted line), The calculated stecady state 02 concentration profile (solid
line) was obtained by using Eq. (58) at an air porosity of 10.5%. The

02 concentration decreased with soil depth fron 7.5 pnole/nl in the (-5

cn layer to less thanwl~pmole/ml~in'the 15=20¢en layer. Maxinun accunu-

lation of C02 after 1.5 days incubation was 4.5 pmole/ml and was ob-
served in the 15-20 en layer. The maxinum accunulation of C02 increased
with incubation duration and reached a value 20.] prnole/nl after 3 days
incubation reraining at that level for 7 days. Carbon dioxide concen-
tration after 3 days of incubation decreased sharply toward the s0il
surface and toward the inperncable layer, It is obvious froy Fig. 19
that the concentration .y CUQ in the 20-30 cn layer never excecded that
in the 15-20 ¢n layer. For exanple, the C02 accunulation after 3 days
incubation was 7.0 pmole/nl in the 20-3¢ cn layer. This was lower than
naxinun accunulation of 20.1 prnole/nl in the 15-20 cn layer. However,
after 7 days of incubation the CO2 accunulation in the 20-30 cn laver
had nearly doubled (13 poole/nl). Therefore, it is possible that CU
accumulation in the anaerobic layer resulted Primarily fron diffusion of
C02 from the zone of maximum accumulation,

Carbon dioxide production in the anaerobic zone could have resulted
fron NO3- or the intermediates of denitrification, such as, NOZ- or hzo

replacing the O2 a5 a terminal electron acceptor in the oxidation of or-

ganic matter to CO (Wijler and Delwiche, 1954), However, the rate of
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C02 production via this mechanism would have been smaller than the rate
of C02 production under aerobic conditions (Cho, 1981). This may have
been at least partially responsible for the lower CO2 accumulation in
the anaerobic layer (20-30 cm) than in the aserobic=-anaerobic interface
(15-20 em) in this treatment.

No attempt was made to predict CO2 distribution as a function of soil
depth. The CO2 concentration profile would have been hard to predict
mathematically since at the depth of zero O2 concentration in which the
flux of 02 would have been practically zero, the C02 flux would not have
been zero and there would have always been a driving force (concentra-
tion gradient) causing CO, to diffuse below this zone .

The measured 02 concentration profile for the soil column treated
with 100 pg NO,"-N/g soil (10.5% air porosity and 20°C) shown in Fig. 20
was constructed from 02 concentrations which had been averaged over the
period of 3-8 days. The profile of calculated steady state 02 concen-
tration which also appears in Fig. 20 was slightly less than the meas-
ured profile. For example, the calculated zero O2 concentration occur-
red at 25 em for 20°C and 10.5% air porosity (Table 8). However, the
measured 02 concentration was 0.5 pmole/ml in the 20-30 cm layer. Such
a slight variation could have been related to the initial 02 distribu-
tion (after 3 or 4 days) which possibly had not reached steady state.
Maximum accumulation of C02 in the 15-20 cm layer was increased with in-
cubation duration. An increase in CO2 concentration of 8 pmole/ml was
observed in the 20-30 cm layer during the first 3 days of incubation.
The C02 concentration in the 20-30 cm layer increased to a value almost

identical to the maximum accumulation in the 15-20 c¢m layer. There was
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some accumulation of CO, below the 20 cm layer, likely resulting from s
downward diffusive flux of C02 from the aerobic-anserobic interface.
Some C02 also may have been produced by anaerobic respiration with NO3-
and/or N,O utilized as the 0, source.

The concentration profiles of 02 and co2 in columns receiving 200 pg
N/g soil as N8N03 uniformly mixed in the 0-20 cm layer are shown in Fig.
21. The air porosity of 10.5% was the same as in the 50 and 100 pg N/p
soll treatments. The measured vslues of O2 concentration were averaged
over the period of 3-7 days. As with the 100 pg N/g soil treatment,
there was a slight discrepancy between the measured O2 profile and the
calculated profile. The trend of CO2 distribution for different incuba-
tion times was slightly different with this treatment (200 pe N/g soil)
than for the 50 or 100 pg N/g soil treatment after 3 days of incubation.
The maximum accumulation of CO2 in the 200 pg N/g soil treatment was
slightly lower (17 pmole/ml after 3 days in the 15-20 cm layer) than in
columns receiving less NO3'. This value did not change much after 5
days of incubation for the 200 pg N/g soil treatment. After 7 days of
incubation maximum accumulation of COZ shiftedyto a greater depth. Car-
bon dioxide concentration increased approximately 10 pmole/ml between 5
and 7 days incubation, with the C02 accumulation reaching 28 pmole/ml in
the 20-30 em 1layer. This shift the maximum accumulation of CO2 to a
greater depth could have resulted from some CO2 production occurring at
the greater depth due to the presence of NO3' and Nzo which were trans~-
ported deeper due to a high concentration gradient din the 200 pg N/g

soll treatment. A significant amount of NOB- (16 pg N/g soil) was ob-

served only with the 200 pg N/g soil treatment in the 20-25 cm layer
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(Table 18). Thus, a greater contribution of NOB- to C02 production be-
low the 20 cm depth was expected in the 200 than in the 50 or 100 pe N/g
so0il treatments.

4.3.3 NMitress Oxide and N, €as Distributfen.

The maximum accumulation of Nzo in the 50 pg No3--N/g soil treatment
after 3 days incubation was 10.2 pg N/g soil and occurred in the 15-20
co layer (Fig. 22). At four days of incubation the maximum accumulation
of NZO was 6till in the 15-20 em layer and increased further to 20.0 pe
N/g soil. However, 1location of maximum accumulation moved toward the
s0il surface after 4 days. At 7 and 9 days of incubation the maximum
accumulation occurred in the 10-15 cm layer with peak values of 9.1 and
2.3 pg N/g s8oil, respectively. By 12 days of incubation all the NZO had
disappeared. The shift in the 1location of maximum accumulation toward
the soil surface during disappearance of NZO could have resulted from

the low level of NO, near the depth of initial maximum accumulation of

3
N20 (15-20 cm layer). The low level of NO3- near the zone of denitrifi-
cation would cause NZO to be a major e acceptor. Cho and Sakdinan

(1978) and Khdyer (1978) found that & high rate of Nzo reduction and
production of N2 in two Manitoba soils 1in closed systems was related to
low N03- concentration. Thus, Nzo near and below the zone of denitrifi-
cation was likely reduced to NZ while that above the zone was stable due
to the presence of 02. Such 8 non~-symmetric consumption of N,0 from the

center of its production would have caused a shifting in the peak toward

the soil surface.
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Figure 22: Concentration profiles of nitrous oxide during incubation of

soil column (10.5% air porosity) at 20°C, with 50 pg
NO3 -N/g soil.
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Maximun N2 accunulation was observed at the sane depth as maxiuun Nzu
accuniulation at 3 and 4 days of incubation (Fig. 23). This indicates
that the N2 was produced locally due to NZO reduction, The conversion
of N20 to N2 was found to be of biological cause (Cady and Bartholonew,
1960; McGarity, 1961; Bollag et al., 1973). As was shown earlier, the

naxinun CO2 level was also observed at the depth of maxinun N20 accunu-

., pro-

lation. Thus, a very small contribution via NZO reduction to Coz

duction at greater depths would have been expected with this treatnent,
50 pe NO3--N/g soil (Fig. 19). There was no shift in the location of
maximun N2 accunulation with time. The maximun concentration of NZ re-
mained in the 15-20 c¢m layer, increasing fron 15.5 Ps N/g soil at 4
days to 35.2 ps N/g soil at 7 days of incubation. This increase occurred
during the same stage of incubation as the rapid decrease in nzo. Dur-
ing this period the NZO naxinun decreased fron 20.0 Fs N/g soil at 4
days of incubation to 9.1 pe N/g soil at 7 days of incubation. The naxi-
oun concentration of N2 increased only slightly to 37 pe/s soil at Y
days of incubation.

The “20 profiles in the soil columns receiving 100 P8 n03'-N/g soil
at 3, 4, 9 and 10 days incubation are shown in Fig. 24. The HZO distri-
bution at 3 and 4 days were almost identical to that in soil receiving
50 Ps N03--N/g soil. The maximum accumulation of N20 occurred in the
15-20 cm layer and was 8.9 and 21.9 ps N/g soil for 3 and 4 days of in-
cubation, respectively, almost identical to the values in the 50 py N/y
s0il treatment during the same period of time (see Figs. 22 and 24).
Thus, N20 distribution in the soil column was independant of“the initial

concentration of N03- as long as complete depletion of NO3- did not oc-
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Figure 24: Concentration profiles of nitrous oxide during incubation of
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cur. However, during later stages of incubation NZO distribution in the
column receiving 100 pe N03'-N/g s0il differed from that in soil receiv-
ing 50 pg N/g soil. In the 100 pe N/g soil treatment the maximum accumu-
lation in the 15-20 cm layer persisted after the 4th day of incubation,
decreasing only slightly from 21.9 pg N/g soil at the 4th day to 19 pe
N/g soil at the 9th day. The maximum accumulations of N,0 were 16.6 and
9.7 pg N/g soil for incubation periods of 10 and 12 days, respectively
(results of 12th day were not drawn in Fig. 24). There was no shift in
the maximum peak toward the soil surface in the 100 pg N/g soil treat-
ment even after there was a decrease in NZO concentration. It was not
until 16 days of incubation that all of the N20 had disappeared.

Maximum Nz accumulation with the 50 pg N03--N/g soil treatment occur-
red at the same depth as maximum N20 accumulation (15-20 em). However,
in the soil column receiving 100 pg NO3--N/g soil the location of the
maximum concentration of N2 remained in the 20-30 em layer throughout
the incubation (Fig. 25). The maximum accumulation of NZ was very low
(2.6 pg N/g so0il) at the 3rd day of incubation but it increased with
time. The increase in N2 accumulation after the third day of incubation
in the 20-30 cm layer could have been related to the Nzo accumulation
which was observed during the same period of time in the 15-20 cm layer.
Diffusion of Nzo downward from the depth of maximum accumulation would
have led to N, accumulation as N,0 would have been further reduced to
NZ' Nitrate and N20 are known to compete as electron acceptors. The re-
duction of N20 to Nz in the presence of N03- is governed by a& number of
factors, such as N°3- concentration and pH (Cho and Sakdinan, 1978).

These authors concluded that there was a delayed and slower rate of N2
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reduction with an increase in NO3- concentration. Thus, & relatively
high N03- concentration in the 15-20 cm layer with 100 pg N/g soil as
compared to 50 pg N/g soil treatment at end of incubation (see Table 17)
gives indirect evidence that NZO was not immediately reduced at the site
of formation. Downward diffusion of N20 would have also led to & high
CO2 accumulation at & greater depth as NZO was further reduced (see Fig.
20).

Concentration of NZO at varying depths in soil column receiving 200
pE NO3-°N/g soil after 3, 4, 6, 13 and 14 days incubation are shown in
Fig. 26. At 3 days of incubation the maximum concentration of NZO was
9.8 pg N/g soil and occurred in the 15-20 em layer. This maximum value
increased to 15.4 pg N/g soil by the next day but dropped slowly to
11.0, 10.0 and 7.7 pg N/g soil at 6, 13 and 14 days of incubation, re-
spectively. The rate of further Nzo disappearance was slow and 1t was
not until 22 days that N20 completely disappeared. Although Nzo per-
sisted for a longer period of time (22 days in the 200 pg N/g soil
treatment as compared to 16 days in the 100 pg N/g soil treatment), the
maximum Nzo accumulation was lower at the earlier stages in soil receiv-
ing 200 pg NO3--N/g soil. The lower accumulation of N20 in the so0il re-
ceiving 200 pg N/g soil may have been related to the accumulation of
NO,” in the denitrification zone (Table 18). No such accumulation of

2

NOZ- took place in the 50 and 100 pg N/g soil treatments (Table 17).

This observation is consistent with the report of Cho and Mills (1979),
who found that the initial rate of NZO formation, as described by compe-

titive Michaelis=-Menton type enzyme kinetics, was slower when NO2 accu-

pulated. Thus, 1t could be suggested that the formation rate of Nzo
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from one step reduction (NOB-———>N20) wi thout NOZ- accumulation should

be higher than the formation rate of Nzo from two steps reduction

(Nos--——>N02---->N20) with N02 accumulation.

Bailey and Beauchamp (1973a) concluded that in systems containing

both NO.  and NO,~, provided there 15 no NO, =induced inhibition of den-

3 2 2

itrification, NO3- is preferred to NOZ' as e acceptor. Furthermore,
Cho and Sakdinan (1978) reported that a high concentration of NO3- and/
or NOz- caused a decrease in the rate of NZO reduction. In other words,

NOB- and NOZ- were preferred to NZO as e acceptors. Thus, the accumu-

lation of NO3- and NOZ- in the 1520 cm 1layer (Table 18) would have
caused a smaller rate of N20 reduction. The formed NZO' thus, bhad a
longer half 1ife in the presence of high concentration of NO3- and NOZ-
and it could diffuse downward and be reduced further to N2 as indicated
by the maximum accumulation of N2 at a greater depths in the soil column
receiving 200 pg N03--N/g soil (Fig. 27). The maximum accumulation of
N2 increased with time of incubation. The initial maximum N2 accumula-
tion (first 4 days) in the 200 pg N/g soil treatment occurred in the
20-30 cm layer and was the highest of the 3 treatments (30 P& N/g soil
in the 200 pg N/g soil compared to 11 and 15 pg N/g soil in the 100 and
50 pg N/g soil treatments, respectively). Unlike the low N03- treat-
ments, the value of N2 accumulation in the 20-30 co layer with 200 pg
N/g soil treatment was double the maximum value of NZO accumulation in

the 1520 cm layer in the early stages of incubation. Therefore, there

i8 a possibility that N2 was also produced from the reduction of NO3-

2
were relatively high accumulations of NO3- and Noz- in the 20-25 cm

and/or NO, which had accumulated in the anaerobic zone. Also, there
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layer at 4 days of incubation in the 200 pg N/g so0il treatment (Table

18). Such observations provide evidence that NOJ-, NOZ- or N20 diffused

deep into the anaerobic zone to produce N2 when the addition of NUJ-

into the aerobic layer (U to 20 cm) was high (200 ps N/g soil).

The isotopic composition of N20~N and N2 evolved during incubation of

15

NOB--N is shown in Table 19, The average values of Z°°N in 1.0 for 10

2
different incubation times and over the soil depths, were 45.8, 49.0 and
48,5% for the soil colunmns incubated with 50, 100 and 200 pe NU3-N/ 4

soil, respectively. Comparable values for the N. were 46.6, 47.7 and

2
48,92 for the 50, 100 and 200 pg N/g soil treatments, respectively.,
Since the values of ZISN for NZO and N2 were almnost identical and were
close to ZISN of the added NO.~ (52.6%), 4t was concluded that N.CU was

3 2
solely derived fron NO3--N and NOZ--N and was mainly duec to the biologi~
cal reduction of N03-. Values of the HN-15 content of NZO evolved fron
the 100 and 200 ps N/g soil treatnent were slightly higher than those
from the 50 pge N/g soil treatment especially at greater depths. All
values are slightly less than the 52.64 N-15 content of the nitrogen
originally added. This difference was attributed to isotopic dilution

by NO3 originally present in the soil.
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TABLE 19

*
The N-15 contents of N_O and N2 evolved from s01l columns incubated
with varying amounts of added NO, ~N.

3
"k Standard

Soil N-15 deviation
depth Added (%)

(cm) NO., =N N0 N N.O N

(pg/g so0il) 2 2 2 2

5-10 50 47.1 47.2 2.0 1.4
10-15 50 45.3 46,3 1.0 1.5
15-20 50 45.0 47.1 2.3 1.0
20-25 50 45.6 2.0
Average 45.8 46.6

5-10 100 47.7 44,0 2.5 0.2
10-15 100 49.4 47.1 0.6 1.9
15-20 100 49.9 49.7 0.3 1.5
20-25 100 49.8 0.4
Average 49.0 47.7

5-10 200 46.3 49.00 4.9 1.0
10-15 200 48.8 45.8 1.5 2.6
15-20 200 49,8 49.6 1.3 2.6
20-25 200 48.9 51.0 1.7 1.3
Average 48.5 48.9

* Averape value of N-15% for 10 different days of incubation.

b Percent N-15 of added NOB- was 52.6%.
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Chapter V

SUMMARY AND CONCLUSIONS

The main objective of this investigation was to determine the loca-
tion and magnitude of denitrification within a reconstituted column of
Wellwood soil as affected by so0il moisture and nitrogeneous materials

added. The stability of both nitrification products and added NO3- in

3 into the anaerobic lay-

er with the formation of gaseous denitrification products were followed.

the aerobic layer and also the transport of NO

Two kinds of investigations were undertaken. Firstly, so0il samples
taken from varying depths up to 60 em in a Wellwood soil were incubated
in closed containers with air atmospheres for various periods of time
with various moisture contents and temperatures. Oxygen consumption and
CO2 production were followed as a function of time. This provided in-

formation regarding the rate of O consumption as related to soil depth

2
and moisture content. This information was used to predict the steady-
state 02 concentration profile at different air porosities, and to esti~-
mate the apparent thickness of the surface aerobic layer as related to
air porosity and temperature. Secondly, studies were conducted with
columns of Wellwood soil to determine the effect of the O2 concentration
profiles on the zone of denitrification. The soil samples were packed
to reconsititute the original soil as it occurred in the field. Bulk

density and moisture content of the soil columns were varied to provide

different air porosities (i.e. 25.6, 16.2, 10.5 and 8.5%). The N-15 en-

- 123 -
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riched urea was mixed uniformly throughout the soil columns at & rate of
200 pg N/g soil. Additional studies were conducted with soil columns in
order to determine the effect of NO3- concentration on the vertical dis-
tribution of various gases resulting from NOB- reduction. An air poros-
ity of 10.5X was chosen resulting in an apparent surface aerobic layer
20 cm in thickness. The N-15 enriched NO3- (at rates of 50, 100 and 200
pg N/g soil) was mixed uniformly in the aerobic layer of so0il column
(0-20 cm).

The results obtained from the closed system indicated that the O2
consumption rate (OCR) increased linearly with an increase in soil mois-
ture content from 2.5 to 20X. For most soil samples the maximum OCR was
observed at a 20% water content and did not change as the moisture con-
tent was increased to 30%. Carbon dioxide production rate followed a
similar pattern for the same moisture range. The maximum OCR and CO2
production rate (at 25% moisture) plotted as functions of soil depth in-
dicated that these rates decreased exponentialy with soil depth at iemp-
eratures range between 20 and 40°¢.

The temperature dependency of respiration as measured by the OCR and
the CO2 production rate indicated that the threshold temperature for
respiration was approximately 3°c. The respiration over the temperature
range from 20 to 40°¢ obeyed the Arrhenius equation with activation en-
ergies of B264 # 741 cal/mole for the 02 consumption rate and 6877 + 373
cal/mole for the CO, production rate.

A steady state 0, concentration profile was established after 7 days

of incubation in the column studies. At an air porosity of 25.6X O2

penetrated to the bottom of the soil c¢olumn (60 cm). This was not the
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case at lower air porosities where there was always a depth at which the
02 concentration approached zero (x*). The OCR as related to soil depth
(closed incubation study) and x* (column study) were used to estimate
the diffusion coefficient of 02 at specific air porosities and incuba-
tion temperatures. The values of x* and 0 diffusion coefficient in-

2

creased with increasing air porosity, The estimated diffusion coeffi-
cient was used to predict the 02 concentration profile. The parareter,

®
X which was assunmed to be governed by the capacity of soil profile for

02 consunption was used to calculate the flux of O through the soil

2

surface (qo). This flux (qo) increased with increasing incubation tenp-
erature and increasing air porosity. Increasing the tenperature caused

a higher biological 02 demand and increasing air porosity caused a

greater 02 penetration into the soil profile.

Inorganic- N distribution in the soil column in which wurea had been
unifornly mixed throughout the soil colunn indicated that hydrolysis of
urca took place within the first week, indicating that urease activity

was probably independent of 02 concentration. The nitrogen was recov-

*
ered as ammonium both above and below the zone of x . Persistence of

NH4+ was observed at greater depths especially at high bulk density.

Accumulation of NOZ- was not appreciable at high (25.6%) and low (10.5%)

air porosities. However, at 16.2% air porosity there was a larger accu-

nulation of NOZ- and it persisted for a longer time. Despite this accu-

nulation of NOZ-, loss of nitrogen by chemical denitrification did not

occur, There was a large accumulation of NO3- near the soil surface at

16.2% air porosity (257 moisture content). On the other -hand, only

- - *
small amounts of NO3 and NO2 were found near the x . This together
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with the persistence of ammonium near the¢ anaerobic layer indicated that

+ -
the NHQ was not oxidized to NO3 near the reduced zone.

There was no evidence of N2 or NZO formation in the soil colunn hav-

ing an air porosity of 25.6%. However, denitrification of NO3- derived

froo urea-N was evident at lower air porosities as indicated by Nz accu-
mulation. The depth of maxipum accunulation of N2 (zone of denitrifica-
tion) was related to air porosity and was observed at shallower depths
as air porosity decreased. The maxinum accurulation of NZ did unot ex=
ceed 2,0 ps N/g soil for any of the porosity treatments. This could
have been reclated to low nitrification activity near the x* (low ho3-
accunulation). Nitrous oxide was detected only in the coluun having an
air porosity of 10.5% and even here it did not appear wuntil 5 weeks of

incubation.

Inorganic-N distribution in soil columns in which NO3_ was uniforuly

nixed in the 0-20 em layer indicated that very little N02 =N accunulated
when the concentrations of applicd N03--N werce 50 and 10U Pu i/ osoil.
3--H/g soil, a higher accunulation of Hoz- occur-
red in the 15-25 cm layer. Unlike the 50 and 100 Pe N/g soil treatnents

llowever, with 200 B NO

a significant amount of NUB- from the 200 P& N/g soil nixed in the 0-20

cn layer was recovered at greater depths (20-25 cm).

Both NZO and N2 were produced in the N03- treated soil columns. The

isotope contents of these gases indicated that they were derived fron

NO3-. Maxinmun N20 production was observed in the depth at which 02 was

*
depleted (near the x ). The initial NZO distribution in the soil column

was unaffected by the initial concentration of NU3--N when there was no

2 accumulation. There was a shift in the depth of maxinun uzu

accunulation toward the soil surface for the lowest N03- treatment.

na jor NO
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This shift was probably related to an asymmetric reduction and
production of NZO due to competition by NO3-, the concentration of which
was not uniform near x*.

Maximum accumulations of NZO and N, for the 50 pg NO3--N/p soil
treatment were observed in the same zone (near x*) which indicates that
the N2 was produced locally by NZO reduction. However, when 100 and 200
PE NO3--N/g soil were applied the maximum N2 accumulation occurred at
greater depths, indicating that only a small amount of NZO was reduced
at the zone of production, and most of the Nzo di ffused downward and re-

duced further to N2. Anot her possible cause for accumulation of N2 at

greater depths could have been the reduction of NO3- and NOZ- which ac-

cumulated below the aerobic layer in the high NO3 treatment. As with
NZ’ maximur accumulation of CO2 occurred near the aerobic=-anaerobic in-

terface (zone of maximum accumulation of NZO) in the lowest N03 treat-

ment . However, in high NO " treatments the zone of maximum CO2 accumu=~

3
lation was observed at greater depths (20-30 cm), indicating that the
contribution of N,0 and inorganic nitrogen (NO3- and NOZ-) to CO, pro-
duction was higher in high NO3- treatments.

The following conclusions can be drawn from the investigation;

1. Maximum respiration activity occurred when the moisture content
of the Wellwood soil used in these investigations was near field
capacity. The respiration activity decreased linearly with de-~
creasing moisture content below field capasity.

2. Threshold temperature for respiration activity was approximately

3°C and 1t obeyed the Arrhenius equation over a temperatures

range from 20 to 40°¢.
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Air porosity and respirat‘-n activity were the most dimportant
factors controlling the deqth of the oxidized zone and O2 flux
into soil columns.
The 02 diffusion coefficient in so0il columns could be determined
from the depth of the apparent serobic layer for a steady-state

0, profile.

Placement of NH +-yielding fertilizer below the zone of aerobic-

4
anaerobic interface decreased the rate of its oxidation to NO3'
and NO, and hence the danger of loss by denitrification. The

2

depth of maximum accumulation of N2 (denitrification zone) occur-
red near the aerobic-anaerobic interface. This zone occurred at 2
greater depth as air porosity was increased and as incubation
temperature was decreased.

When NO, =N was uniformly mixed in the surface aserobic layer, the

3
average position of NOB- reduction and NZO formation was near the
aerobic-anaerobic interface. However, because NO3_ and NZO like-
ly competed as e acceptors, reduction of N20 to N2 was probably
governed by the local concentration of NO3-. When there was a
lova03- concentration, the position of N20 reduction was near
the aerobic-anaerobic interface. On the other hand, when the
concentration of added N03- was high, N20 reduction occurred at a
greater depth. This change in the position of NZO reduction due
to a chanpe in NO3- concentration affected the probable NZO flux
from the soil surface, since the majority of Nzo present above’

the zone of reduction was stable and tended to diffuse toward the

soil surface.
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In the lowest NO3- treatment the maximum CO2 accumulation occur-
red in the same zone as NZO or N2 accumulation. As the concen-
tration of added NO3- was increased, more NZO and NO3- were
transported deep to the anaerobic zone for further reduction.

This contributed to CO2 accumulation causing a shift in the maxi-

mum C02 accumulation to & greater depth.
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TABLE 20

Soil moisture contents during incubation of soil columns at 20°C with an
initisl moisture content of 23% and air porosity of 25.6%.

Cser T Motetore (1)
depth (cm) 10 days ---;6-;;;;-- 30 days
0-5 22.5 22.3 22.2
5«10 22.4 22.2 22.4
10-15 22.5 22.7 22.4
15-20 22.5 22.6 22.5
20-30 22.6 22.6 22.5
30-40 22.6 22.7 22.4
40-50 22.7 22.7 22.3

50-60 22.9 22.7 22.4
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TABLE 21

Soil moisture contents during incubation of soil columns at 20°C with an
initial moisture content of 25X and air porosity of to 16.2%.

L R L L R N Y T R N X

Soil Moisture (%)

depth ececsccccmea-

(cm) 20 days 30 days 42 days 52 days
v-5 24,1 23.3 22.9 22.8
5-10 24,5 23.9 23.6 23.6

10-15 24,3 23.8 24.1 24.0
15-20 24.3 24.1 24,2 24.0
20-30 24,1 24.3 24.1 24.1
30-40 24 .4 24.3 24.2 24.1
40-50 24,1 24,2 24.2 24.6

50-60 24.5 24.1 24.2 24.2

- D R e R D R S R TR e R R S W Y S T S SR D G R S D P T S R e e D A e
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TABLE 22

Soil moisture contents during incubation of soil columns at 20°C with an
initial moisture content of 30X and air porosity of to 10.5%.

Soil Moisture (%)

depth ececscrccccas

(cm) 20 days 30 days 42 days 52 days
0-5 28.2 28.0 27.8 27.8
5-10 28.9 28.1 28.0 28.1
10-15 29.1 28.7 28.3 28.1
15-20 2902 28-6 2802 2803

20-30 29.0 29.0 28.2 28.6

- . D - D D D R D R D S R D D G D S D D D S D S R R e
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TABLE 23

Concentration of O, as related to soil depth during the 1ncubationoof
soil columns (8.52 air porosity) with 200 pR urea-N/g soil, st 20°C.

-------------------------------------------------_--_--- ......................

O, concentration
(pmole/ml)

rescarone .-

Soil Average Standard
depth 1 2 3 4 5 6 7 8 deviation
(em)

------—-----------—---------_-------------------------------------------------

0-5 5.03 3.26 4.86 3.89 6.02 6.55 6.45 7.92 5.50 1.53
5-10 0.95 1.07 0.60 0.55 0.69 1.03  1.43 1.68 1.00 0.39
10-15 0.41 0.39  0.45 0.14 0.21 0.40 0.68 0.51 0.40 0.16

15-20 0.41 0.32 0.25 0.34 0.28 0.34 0.38 0.17 0.31 0.08

----------‘--------------------------------------------------- ................




TABLE 24

Concentration of O, as related to soil depth during the incubstion of
soil columns (10.52 air porosity) with 200 pp urea-N/g soll, at 20°.

144

L L L L L R e e T it L L L L L L L Ll Ll bl -—---

0, concentration
(pmole/ml)

Soil Average Standard
depth 1 2 3 4 5 6 7 8 deviation
(cm)

0-5 5.86 6.29 6.57 7.58 6.59 7.19 6.80 6.95 6.73 0.53
5-10 2.89 4.33  4.94 5.12 4,40 5.44 5.01 5.31 4.68 0.82
10-15 2.56 4.03 3.04 1.84 2.91 2.48 2.32 2.72 2.61 0.88
15-20 1.50 2.04 1.06 1.25 1.50 1.13 1.31 1.71 1.31 0.56
20-30 0.37 0.13 0.07 0.13 0.18 0.18 0.20 0.13 0.17 0.08

PR PR RS SR P etk bttt D L L L L L L Ll L Lt




Concentration of O
soil columns (16.2;

as relsted to soil depth during the incubation of
air porosity) with 200 pg urea-N/g soil, st 20°¢c.

TABLE 25

e Ll L L L L L el ittt kol el

5-10

10-15
15-20
20-30
30-40

40-50

5.99

5.29

3.57

2.83

2.34

1.35

0.27

7.81
5.82

3.61

1.83
0.83

0.21

02 concentration

7.59
5.80

4.85

(pmole/ml)

D A ot L L

7.08

6.27

4.63

3.01

7.50
6.74
4.83
3.87
2.03
0.95
0.20

0.05

2.90

2.03

1.00

0.31

Average

7.32
5.75

4.38

Standard
deviation




