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The Role of Nitrate Diffusion in Determining the Order and Rate of Denitrification in
Flooded Soil: I. Experimental Results1
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ABSTRACT presence and activity of denitrifiers. These factors have
The effect of NO3--N diffusion on the order and rate of de- been studied bv several workers, for example, Bremner and

nitrification reaction was studied in IS soils from various locations in Shaw (1958a, 1958b), Nommik (1956), Patrick (1960),
the U.S. The soils were amended with 0.5% rice straw and incubated Broadbent and Clark (1965), and Terry and Nelson (1975).
under saturated conditions without O2, either with no excess flood- The question is still open regarding the dependence of the
water or with a 3-cm overlying layer of floodwater. The disappear- denitrification rate on NO3~-N concentration. Earlier,
ance of added and native NO3--N and its conversion to N2 and N2O Patrick (1960), Broadbent and Clark (1965), and Keeney
followed apparent zero-order reaction kinetics when all the NO3"-N (1973) considered that the rate of denitrification was
was present in the active soil layer (no excess floodwater). When independent of NO3--N concentration (zero order), while
MO'- *°.TN W8S PreSe?t,,in "f *' floodwater °"d tbe soil tayer' other investigators have reported that denitrification fol-NOa -N disappearance followed apparent first-order reaction ki- , , ,- . ».. , ,. i » , • . fr,
netics. A decree in NC^-N concentration in the soil layer caused lo*[* ̂ ^f " Michaehs-Menten kinetics (Bowman
N03--N in the floodwater to diffuse into the soil layer (a first-order and Focht, 1974; Stanford et al., 1975a, 1975b; Kohl et al.,
reaction with respect to NO3~-N concentration) where it was de- 1976).
nitrified. Thus where NO3~-N loss involved both diffusion from the The usual experimental procedure for determining the
overlying floodwater and denitrification, NO3~-N disappearance order and rate of denitrification is to submerge the soil in a
appeared to be a first-order rather than a zero-order reaction. test tube or beaker and to then measure the disappearance

The rate of denitrification was faster in soils incubated with no of added NO3~-N and/or the appearance of nitrogen gases
excess floodwater compared to soils incubated under 3 cm of (Stanford et al., 1975a, 1975b; Bowman and Focht, 1974;
floodwater. One soil (Crowley silt loam), when incubated with no Koh] et £ ^ 1916) 7^ NQ3--N in Such a System is present
added carbon source and no excess floodwater, showed NO3--N Jn bo{h ^ floodwater ^d the soil layer Since de.

h^THt01 ®S7 ^""t* lunet'cs-^ x ̂  SOU ̂  nitrification occurs primarily in the soil layer (Engler and
IT^ord'er. ""^ d«sa«*arance Patrick, 1974), the diffusive flux of NOr-N from the

overlying layer of floodwater to the underlying soil layer
Additional Index Words: nitrogen loss, NOj'-N reduction, first- will influence the apparent order and rate of the reaction.

order kinetics, zero-order kinetics, submerged soil, anaerobic soil The objective of the investigation reported here was to
layer, floodwater. determine the effect of NO3~-N diffusion from the overly-

________________ ing floodwater to the soil layer on the order and rate of
denitrification. This paper presents the experimental results

T HE KINETICS of the denitrification process in soil are Of this study; interpretation and mathematical analyses of
influenced by several factors such as available carbon, these data are reported in a companion paper (Phillips et

temperature, pH, 02 concentration, redox potential, mois- al., 1978).
ture content, possibly NO3~-N concentration, and the
————— MATERIALS AND METHODS'Contribution from the Lab. of Flooded Soils & Sediments, Dep. of
Agronomy, Louisiana Agric. Exp. Stn., Louisiana State Univ., Baton Fifteen surface soils collected from various locations in the
Rouge, LA 70803, and Dep. of Agronomy, Uriiv. ofKentucky, Lexington u.S. were used in this study.3 Certain properties of the soils are
KY 40506. Received 28 Feb. 1977. Approved ,7 Nov. 1977. shown in Table 1 These soils had been stored air drv since'Post-Doctoral Research Associate, Professor.of Agronomy, Louisiana shown in 1 able_1. Ihese soils had been stored air dry since
State Univ., and Professor of Agronomy, Univ. of Kentucky. The first collection in 1975. All soil samples were ground to pass a 20-
author is currently with Biol. & Agric. Eng. Dep., North Carolina State mesh sieve before incubation. All soils were incubated with: (i) no
Univ., Raleigh, N.C. and the second author is currently with the Center overlying layer of floodwater (saturated condition), or (ii) a 3-cm
for Wetland Resources, Louisiana State Univ., Baton Rouge, LA overlying layer of floodwater. For soils 1 and 2, another treatment
7"?? '̂ . . . . j , - v / - o T i u r > » , r j - i . r » e consisting of a 6-cm overlying layer of floodwater was also
MS&ST^SES K'^iK•£££?££: includeAne soi.s were amendld 4h 0.5% rice straw prior to
A. E. Erickson, W. J. Upchurch, O. W. Bidwell, J. L. Young, and A. R. incubation to provide a readily available energy supply dunng
Swoboda for providing 12 of the soils used in the study. denitrification and 100 /tg NC>3~-N/g (oven dry basis) of soil. One
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Table 1—Certain selected properties of the soils collected
across the United States.

Soil type
1) Crowley sil
2) Mhoon sicl
3) Midland sil
4) Blount
5) Webster
6)Yolofsl
7) Muscatine
8) Lima sil
9) Teller 1

10) Decatur sil
11) Brooks ton sicl
12) Mexico sil
13) Smolan sicl
14) Dayton sil
15) Houston black c

State
Louisiana
Louisiana
Louisiana
Ohio
Minnesota
California
Iowa
New York
Oklahoma
Alabama
Michigan
Missouri
Kansas
Oregon
Texas

pH
5.6
6.8
6.2
5.9
7.6
7.3
6.9
7.4
5.7
6.4
6.6
6.8
5.7
4.7
7.4

%C

0.70
1.27
0.82
1.57
3.13
0.96
2.74
2.39
0.82
0.87
2.54
1.19
1.18
2.01
1.12

% Total N
0.079
0.104
0.081
0.139
0.275
0.108
0.235
0.137
0.097
0.093
0.241
0.125
0.126
0.195
0.099

NO.--N,
Cg/g
18.0
8.0
8.0

63.0
6.8

10.2
46.5
13.3
31.5
8.5
8.5
3.3
8.5

12.5
47.0

Table 2—Recovery of added labelled NOr-N as gaseous end
products at the end of 10-day incubation period. The

values are the average of three replications.t

treatment of Crowley silt loam soil was incubated with no added
carbon source.

Two different incubation procedures were used in this study.
Soils collected from Louisiana (soils 1-3) were incubated in large
Pyrex tubes (2 cm OD and 20-cm long), while the remaining soils
were incubated in smaller test tubes (1.6 cm OD and 15-cm long).
In the treatment using no overlying floodwater, the amount of
water needed to saturate the soil was predetermined. Twenty-five
grams of soil in the case of soils 1-3 and 8 g of each of the other
soils were placed in duplicate test tubes containing enough
NO3~-N solution to saturate the soil and provide 100 /xg NO3~-N/g
soil. Each of the tubes was then gently tapped against a hard sur-
face to remove any air bubbles present. Larger tubes were fitted
with rubber stoppers containing holes provided with serum caps.
Each of these tubes was purged with Ar to create O2-free condi-
tions above the soil surface. Soils incubated in smaller test tubes
were placed in large Mason jars provided with metal tops into
which serum caps were sealed and were then purged with Ar
through hypodermic needles in the serum cap. Separate jars were
removed at 3-hour intervals and analyzed for the amount of
NO3~-N remaining.

In the treatments with overlying floodwater, the amount of
water required to obtain a 3- and 6-cm thickness of floodwater
was determined prior to the addition of the soil. Soils 1-3 were
added to the larger tubes containing enough NC>3~-N solution (100
jag added NO3~-N/g of soil) to obtain either a 3- or 6-cm
overlying layer of floodwater. The ratio of relative thickness of
the overlying floodwater to the underlying soil layer was 1:1 and
2:1, for 3- and 6-cm overlying floodwater, respectively. The test
tubes were then purged with Ar to displace any 62 present above
the floodwater. For the soils incubated with a 3-cm floodwater
layer, about one-half of the added NO3~-N was present in the soil
layer and one-half was present in the floodwater. A similar
incubation procedure, as described above, was followed for the
soil samples incubated in smaller test tubes. At the end of each
incubation period, the floodwater was separated from the soil
layer. Nitrate N remaining in the floodwater and the soil layer was
determined separately.

In another experiment designed to study the movement of
NO3"-N from the overlying layer of floodwater to the underlying
soil layer, Crowley silt loam (with no added carbon source) was
incubated in PVC (polyvinyl chloride) columns as described
elsewhere (Reddy and Patrick, 1976). Duplicate soil columns
were preincubated with 2.5-cm overlying layer of floodwater
under O2-free conditions for a period of 2 weeks. At the end of
preincubation, 220 jug NO3~-N/ml was added to the floodwater
and further incubated for an additional period of 10 days. At the
end of 10-day incubation the floodwater was removed and
analyzed for any NO3~-N remaining. The soil columns were then
sectioned horizontally into 2-mm slices (Reddy and Patrick, 1976)
and analyzed for NO3~-N.

Labelled nitrogen, jig/g
Soil type N, N,0 Total
1) Crowley
2) Mhoon
3) Midland
4) Blount
5} Webster
6) Teller
7) Mexico
8) Dayton
9) Houston

88.7
101.9
95.7
95.8
94.2
77.2
88.6
86.2
94.4

3.7
5.7
6.6
5.2
8.8
7.4
0.0

10.9
0.0

92.4
107.6
102.3
101.0
103.0

84.6
88.6
97.1
94.4

1100 fig NOj~-N/g of soil was added at the beginning of the incubation
period.
The NO3~-N in the soil was extracted with saturated Ca(OH)2

solution and then analyzed using the phenoldisulfonic acid method
as described by Bremner (1965).

Nine of the soils were further incubated under O2-free at-
mospheric conditions to determine if denitrification was responsi-
ble for the nitrate disappearance. Twenty-five grams of soil (oven-
dry basis) was incubated in a 227 ml bottle with an equal amount
of water. The soil was treated with 0.5% rice straw and 100 fjLg
NO3--N/g (labelled with 10.085 atom percent I5N excess). The
bottle was tightly fitted with a serum cap and purged with Ar to
create an O2-free atmosphere in the bottle. The serum cap was
further sealed with paraffin wax and incubated in triplicate in an
inverted position at 30°C in the dark for a period of 10 days. At
the end of incubation the gas samples were analyzed with a mass
spectrometer for labelled N2 and N2O (Cady and Bartholomew,
1960; Van Cleemput et al., 1976).

The results of this preliminary study (Table 2) showed that
denitrification to N2 and N2O accounted for almost all of the
added NO3~-N. Immobilization of the added NO3~-N into the
organic N pool and reduction to NH3 were apparently minor
reactions under the experimental conditions.

RESULTS AND DISCUSSION

Effect of NO3~-N Diffusion on Denitrification
Rate and Order

The data pertaining to NO3~-N disappearance rate in the
soils incubated with and without floodwater are presented
in Fig. 1 and 2. The rate and order of denitrification
(expressed as NC>3~-N disappearance rate) was greatly
influenced by the presence of the overlying floodwater. The
results show that when soils were incubated under saturated
conditions with no excess floodwater, NC>3~-N disappear-
ance was faster than in the soils incubated with a 3-cm
overlying layer of floodwater. With no excess floodwater,
most of the NOs~-N was lost during the first 24 hours,
while with a 3-cm floodwater layer, 96 hours was required
to denitrify approximately the same amount of NC>3~-N
(Table 3, Fig. 1).

The apparent order of the denitrification reaction was
also affected by NOs^-N in the overlying floodwater as
long as readily oxidizable carbon was not limiting. When
NC>3~-N was present in the soil layer only (no excess
floodwater), the disappearance of NO3~-N tended to follow
a linear relationship with time, indicating a zero-order
reaction with respect to NC>3~-N concentration. However,
when added NC>3~-N was present in both the floodwater
and the soil layer, the overall NO3~-N disappearance rate
appeared to follow first-order kinetics. Two independent
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Fig. 1—Nitrate disappearance rate in different soils collected across
the U.S., as influenced by thickness of the overlying layer of
floodwater.

processes controlled the denitrification reaction in the soils
with excess floodwater: (i) diffusion of NO3~-N from the
overlying layer of floodwater to the soil layer, a process
which is concentration dependent, and (ii) denitrification of
diffused NO3~-N in the underlying soil layer. If carbon is
not limiting, the latter reaction appears to be zero order and
consequently independent of the NO3~-N concentration;

Table 3—Loss of NO, -N (;ig/g) after 24-hour incubation period
in the treatments with and without floodwater

______________in different soils.______________
Thickness of floodwater, cm

Soil series
la) Crowley (no added

rice straw)
Ib) Crowley
2) Mhoon
3) Midland
4) Blount
5) Webster
6) Yolo
7) Muscatine
8) Lima
9) Teller

10) Decatur
11) Brooks ton
12) Mexico
13) Smolan
14) Dayton
15) Houston

0
34

96
108T
98

161
107
110
143
111
128
101
107
103
91
96

147

NOr-N present at
3 6 the beginning
26 26

64 76
86t 90t
65

118
80
65

112
72
97
74
73
67
64
70

104

118

118
108
103
163
107
110
146
113
131
108
108
103
108
112
147

t The NOj"-N was lost during 21-hour incubation period.

'0 30 60 90 0 30 60 90 0 30 60 90
Time, hours

Fig. 2—Nitrate disappearance rate in the overlying floodwater and
underlying soil layer of different soils incubated under 3-cm
floodwater.

when these two processes are combined, however, the
overall denitrification rate in the soil system appears to be
first order (Fig. 1).

Although the evidence appears strong for zero-order
denitrification when an ample energy source is available
and when the effect of diffusion is removed, there is some
indication of a slight curvilinear nitrate reduction rate in the
Teller soil and perhaps in one or two of the other soils at
very low NO3~-N concentrations. If this is a real effect it
may indicate a change in the nitrate reduction order from
zero order to first order when the nitrate concentration
becomes so low that diffusion within the water-filled soil
pores becomes a limiting factor. This apparent change from
zero-order to first-order kinetics may also be due to the
relative unsaturation of the active site of enzymatic nitrate
reduction. Rees (1973) found that SO4

2~-S reduction
proceeded at a zero-order reaction rate at high SO42~-S
concentration, but changed to first-order kinetics at low
SC>42~-S concentration.

The data in Fig. 2 show NO3~-N disappearance in the
floodwater layer and in the underlying soil layer for the
different soils. The NO3~-N present in the soil layer was
rapidly lost during the first 24-hour incubation. This
resulted in a concentration gradient between the overlying
layer of floodwater and the underlying soil layer. The
NO3~-N in the soil layer at any given time was low. This
indicates that denitrification in the soil layer occurred at a
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Fig. 3—Nitrate concentration with depth after diffusion of NO3~-N
from the overlying floodwater to the underlying Crowley silt loam
soil incubated with no additional source of carbon for 10 days.

6-cm floodwater
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R2= 0.999
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Fig. 4—(a) and (b) Nitrate disappearance rate as influenced by
thickness of the overlying floodwater in Crowley silt loam soil
treated with additional source of carbon.

rate as fast or faster than the diffusive flux supplying
NOa~-N to the soil layer. The slow rate of NO3~-N
disappearance in the floodwater (Fig. 2) for different soils
reflects the slow rate of NO3~-N diffusion from the
floodwater to the soil layer. Most of the NC>3~-N which
diffused into the soil layer was probably consumed in the
surface soil layer and probably did not reach the lower part
of the soil column (Phillips et al., 1978). The movement of
NC>3~-N from the floodwater to the soil layer is dependent
on the NC>3~-N concentration gradient which in turn is
dependent on denitrification in the soil layer. When the
NO3~-N removal capacity of the soil layer is high, there
will be a greater concentration gradient established, result-
ing in a greater flux of NC>3~-N from the floodwater to the
soil layer. As shown in Fig. 3, the NO3~-N from the
overlying floodwater diffused down to a maximum depth of
2.4 cm into the soil layer, indicating that NC>3~-N was
removed only in the upper part of the soil column. If there
was an abundant supply of readily available energy material
in the soil column, the NO3~-N would probably be
denitrified in the surface few millimeters of the soil layer.

To study the effect of varying thickness of the overlying
floodwater on denitrification, Crowley silt loam and
Mhoon silty clay loam to which rice straw had been added

Fig. 5—(a) and (b) Nitrate disappearance rate as influenced by
thickness of the overlying floodwater in Crowley silt loam soil
treated with no additional source of carbon.

were incubated with 0-, 3-, and 6-cm depths of overlying
floodwater. As can be seen in Table 3 for Crowley silt
loam, 64 and 76 jug NO3~-N/g of soil was lost during the
first 24-hour incubation for the 3- and 6-cm floodwater
treatments, compared to 96 pig NO3~-N/g of soil in the
treatment with no excess floodwater. For Mhoon silty clay
loam, about 86 and 90 pig NC>3~-N/g of soil were lost
during the first 21-hour incubation period for the 3- and
6-cm floodwater treatments, respectively, compared to 108
pig NO3~-N/g of soil in the soil with no excess floodwater.
The loss of NC>3~-N from the system was influenced by
both the NOs'-N concentration in the overlying floodwater
and the NC>3~-N removal rate by the underlying soil layer.
Therefore increasing the thickness of floodwater above the
soil surface from 3- to 6-cm had little effect on NC>3~-N
disappearance rate (Fig. 4a and 4b).

Nitrate N Disappearance Rate in Crowley Silt Loam
Soil Without Added Carbon Source

The effect of NC>3~-N diffusion from the overlying layer
of floodwater to the underlying soil layer on the kinetics of
denitrification in Crowley silt loam not receiving an
additional energy source was also studied and the results
are reported in Fig. 5a and 5b. As was the case where
organic matter was added, the rate of denitrification was
faster in the samples with no excess floodwater compared
to the samples with 3- and 6-cm layers of floodwater. With
no excess floodwater, all of the added and native NO3~-N
had disappeared by the end of the 10-day incubation, while
in the samples incubated with 3- and 6-cm layers of
floodwater, 22 and 24 pig NC>3~-N/g remained in the
system. Treatments both with and without floodwater
snowed apparent first-order denitrification. The calculated
rate constants (Fig. 5b) were 0.37, 0.18, and 0.13/day for
the soil incubated with 0-, 3-, and 6-cm layers of floodwa-
ter, respectively. Organic carbon was very likely limiting
and controlled the order of the denitrification reaction.

CONCLUSIONS
This study has shown that the rate and apparent order of

denitrification is affected by the presence of an overlying
layer of floodwater. Under anaerobic conditions where no



excess floodwater was present, nitrate reduction proceeded
faster and followed zero-order kinetics compared to a
slower reduction rate and apparent first-order kinetics when
the soil was overlain by a 3-cm layer of floodwater.
Diffusion of dissolved NO3~-N from the floodwater layer
into the soil limited the supply of N03~-N to the soil,
thereby slowing the reduction reaction. A number of
studies in the literature have reported first-order kinetics as
a result of not considering the limiting effect of diffusion of
NC>3~-N from the water layer to the soil.
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