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Abstract : The estimation of available nitrogen in paddy soil is important in order to evaluate rice productivity
and to improve fertilizer management. In this study, a simplified model is proposed for estimating nitrogen
mineralization in paddy soil based on incubation experiments. The main factors considered are soil moisture
percentage on dry weight basis before submergence (§) and temperature (T). Soil samples were collected from
an experimental paddy field (Alluvial, SL) at Kyoto University. Incubation experiments were conducted for wet
and air dried soil under four different temperatures of 15°, 20°, 25° and 30°C. To investigate the effect of
preflooding soil moisture on N mineralization, we set eight levels of soil moisture before submergence, after which
samples were subjected to a similar incubation experiment. Mineralized N in wet soil (Ny) increased linearly,
while the drying effect (Np), defined as a difference in N mineralized between air-dried soil and wet soil, was
found to have an equal ceiling value over the incubation temperature conditions, though the rate toward the
asymptote varied with temperature. We employed the following equations to express the N mineralization rate :

dN/dt=dNy/dt+dN,/dt

dN,/dt=K,

dN,/dt=KyNgexp (—Kyt)
where, Ky, and K, are temperature dependent rate constants expressed by the Arrhenius’ equation, of which the
apparent activation energy was 24,803 and 14,058 cal » mol~!, respectively. No is the maximum effect of soil
drying expressed as a function of # before submergence as follows :

No=7.171-0.66640.01542, 6<19.56%,

=0 6 >19.569,

The present model was able to estimate satisfactorily the amount of NH,—N mineralized under specific
conditions. Increasing the model generality is a subject for further study.
Key words : Drying effect, Model, Nitrogen mineralization, Paddy soil, Soil moisture before flooding, Soil
incubation, Temperature.
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Nitrogen is the most important nutrient in
rice (Oryza sativa L.) production. It is the
element required in a large quantity and the
one most commonly limiting to rice yield.
Nitrogen is also associated with the quality of
environment because the fraction of N lost
from the paddy can be a source of environ-
mental pollution. Therefore, a number of
studies have been conducted to improve crop
productivity and N use efficiency. The con-
ventional approach for the study of N man-
agement has been field experiments with dif-
ferent levels and methods of N application.
However, results obtained from these experi-
ments are often erratic and difficult to repeat
basically because of the complex and variable
nature of the rice production system.

Crop simulation models can be powerful
tools to study the effects of weather and
agronomic practices on rice yield. It also
enables us to quantify the energy and nutrient
flow in the soil-plant system, which in turn
can be used for the evaluation of potential
productivity and N efficiency. The imperative
part of the model taking into account the
effect of N is the estimation of N availability in
soil. In paddy rice, a relatively large portion of
crop N is derived from mineralization of soil
organic matter. In fact, 4-10g/m? of N is
absorbed without inorganic fertilizer>!®!%),
This amount is almost comparable to that of
fertilizer usually applied during the whole
growing period. As a consequence, accurately
estimating the amount of N mineralized from
soil organic matter becomes of prime impor-
tance. Soil N mineralization is a result of
microbial activity influenced by various fac-
tors such as weather, soil conditions and types
of residues incorporated in the soil. In a simu-
lation model focusing on crop growth and N
balance, however, the component of soil N
processes should be relatively simple but yet
cover major factors that influence mineraliza-
tion of N with a small number of inputs.

There have been a number of studies con-
cerned with the formulation of the amount of
N mineralized in paddy soil. Yoshino and
Dei'” developed a mineralization model using
accumulated effective temperature. Sugihara
et al.?, Ando and Shoji”, an Ando et al.?
expressed the accumulated nitrogen mineral-
ized by a first order rate equation with Arr-
henius’ equation. Toriyama et al.'? found a

quantitative relationship between soil moisture
before flooding and the amount of N mineral-
ized.

This study attempted to intergrate the find-
ings obtained in those early studies and results
of additional experiments on N mineralization
into a simplified dynamic model for estimating
N mineralization in paddy soil that could be
integrated into a rice simulation model for
growth, development, yield and N balance.
The main factors considered in this study were
soil moisture before flooding and temperature
during the incubation period.

Materials and Methods

Soil samples were taken from the plow layer
of four randomly chosen plots at an experi-
mental paddy field at Kyoto University
(Alluvial, SL, CEC=15.6 meq/100g dry soil,
C=3.099,, N=0.2249,, C/N=13.8, Phos-
phate Absorption Coefficient =500 mg P,0O;/
100g dry soil) in May of 1989 by a cylindrical
soil sampler (430 cm). In this field 1.2 kg/m2
of stable manure was applied annually after
harvest. The sample was mixed for uniformity
and passed through a 2 mm seive in order to
remove the debris and stones. The soil mois-
ture percentage on a dry weight basis was
449, at sampling.

Experiment 1

A 14.4 g of wet soil (10 g on the dry wight
basis) was weighed, put into the test tubes
(¢18 mm, 150 mm depth) and mixed by
adding 20 m/ of distilled water, after which the
test tubes were covered by a rubber cap and
incubated for 8 weeks under four temperature
conditions of 15, 20, 25, and 30°C. NH,-N was
measured at 0, 3, and 7 days after flooding,
then at one week interval till days 56.

Experiment 2

The same sample as in Experiment 1 was air
dried, then flooded and incubated in the same
way as in the previous case. The soil weight in
each tube was 10 g on a dry weight basis.

Experiment 3

The same sample was gradually air dried to
eight preset levels of soil moisture!?. The
samples were then subjected to the same
procedures as Experiment 1. The test tubes
were kept at 30°C. NH,-N was measured after
21 days.

Each treatment in all the experiments con-
sisted of four replications.
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Weeks
Temporal changes of nitrogen miner-
alization in wet soil, Ny, at different incu-
bation temperatures.
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Fig. 1.

NH,-N determination

The sample was washed into a 250 m/ sam-
ple vial with 30 m/ of distilled water. Then 50
m! of 209, KCl was added. After 1 hour
vibration, the sample was left for settling
overnight. The sample was then centrifuged to
provide a sample for analysis by the indo
-phenol colorimetric method®.

Results

Figure 1 shows the time course of NH,-N
release from the wet soil (Ny) under four
different temperature conditions. Ny in-
creased linearly with time at each tempera-
ture ; the slope was highly dependent on tem-
perature. In this experiment, we did not
observe a saturating response during the 8
week incubation.

Figure 2 presents the temporal change in
mineralized nitrogen from the air dried soil
under four different temperature conditons.
Mineralization rate at each temperature was
initially very high during the first 2 weeks but
steadily levelled off to reach a constant value
depending on the temperature.

The constant rates obtained after the rapid
increase phase were very similar to those in
wet soil at respective temperatures. In fact, the
accumulative drying effect (N,), defined as
the difference between the nitrogen mineral-
ized in wet soil and the one in dried soil,
reached an asymptote, which was about the
same value for all the temperatures studied
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Fig. 2. Temporal changes of nitrogen miner-
alization in air dried soil, N.
®:300C ©0:25°C m:200C 0O:15°C
The lines indicate the estimated N by Eqgs.
(7) & (8).
(Fig. 3), though the rate towards the

asymptote varies with temperature. Unlike
Nw, Np seems to have an upper limit which
was determined by soil moisture conditions
before submergence.

The relationship between the effect of
drying and soil moisture percentage on .dry
weight basis (§) was studied in Experiment 3
and the results are presented in Fig. 4. Above
19.569, of 6, no soil drying effect was obser-
ved under the incubation temperature 30°C.
Below the threshold 6 at 30°C, the drying
effect increased as the initial § decreased.

The above observations indicate that the
nitrogen mineralization process consists of two
different responses with respect to time:a
linear response with no upper limit (Ny) and
an asymptotic response with a preset upper
value determined by the soil moisture condi-
tions before submergence (Np). This can be
written as :

dN dN, , dN, (1)

dt dt dt
dN,,/dt is expressed as a function of tempera-
ture as follows :
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Fig. 3. Temporal changes of Ny, at the differ- Fig. 4. Relationship between mineralized N
ent incubation temperatures, where Ny, is after 21 days of incubation at 30°C and
the effect of drying on N mineralization soil moisture percentage on dry weight
measured as the N increment in air dried basis before submergence.
soil before flooding over wet soil. @ : values obtained in Experiment 3.
®:30°C 0:25°C ®:200C 0O:15C O :a value in Experiment 2.
The lines indicate the estimated N by The line was fitted to the data of Experi-
Eq. (4). ment 3.
dNy =K, (2) tures given in Fig. 3, the relationship between
dt K, and temperature T was obtained and

Ky =Ayexp(—Eaw/(R(T+273))) (3)
where, Ay, is a constant for wet soil, Eaw is
apparent activation energy for Ky, T is tem-
perature in °C, and R is a gas constant (1.986
cal » deg™! « mol~!), respectively. Fitting the
Arrhenius’ formula to the data shown in Fig. 1
gave the parameter values of Ay =1.07 X 10"
mg N/100 g dry soil/day and Eaw=24,803
cal » mol~! (Fig. 5).

The time course of Ny, at different tempera-
tures shown in Fig. 3 can be summarized by a
set of saturation curves with respect to time :

din =KpNyexp (—Kpt) (4)
in which, N, is the maximum (or asymptotic)
effect of soil drying and K, is a rate constant.
The relationship between N and soil moisture
percentage on dry weight basis (4) before
flooding, obtained from Experiment 2, can be
well approximated by the following equation
(Fig. 4) :

N,=7.171—0.664 X §+0.015 X §2

6<19.569, (5)

Ny,=0 6 =>19.569

By fitting the integrated form of Eq. (4) to
the mineralization curves at different tempera-

presented in Fig. 6. This is well approximated
by :

Kp=Apexp(—Ead/(R(T+273))) (6)
where A} is a constant and Ead is the appar-
ent activation energy for K. The estimated
values were 3.01 X10° d-! for A, and 14,058
cal * mol™! for Ead, respectively.

Integrating Eq. (2) and Eq. (4), we obtain
the following equations, respectively :

Ny =N, + Kyt (7)

Np=Ng{l—exp(—Kpt) } (8)
where, N, is the initial available N.

The estimated values of Ny, by Eq. (8) with
N, calculated by Eq. (5) are indicated by the
lines in Fig. 3. They are in good agreement
with the measured data. The time course of
total N mineralization can be estimated by
adding Egs. (7) and (8). The curves present-
ed in Fig. 2 are the calculated time courses of
total N mineralization for the condition of
Experiment 2, which also agreed well with the
measurements.

Discussion

In this study, a constant rate function (Eq.
(2)) with respect to time was employed for
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Fig. 5 Nitrogen mineralization rate of wet
soil as a function of temperature.

Ny. Other studies used the first order rate
equation with a preset upper limit or mineral-
ization potential, based on the saturating
response in the incubation experiments®!®,
The first order rate equation explains well the
pattern of N mineralization from various kinds
of soil and organic matter, where no N recov-
ery is expected. In actual field conditions,
however, paddy soil recovers much nitrogen
during the flooded period”!!!4!® This sug-
gests that the upper limit for Ny is likely to
increase during submergence, so that the rate
of Ny in an actual paddy field is mostly lim-
ited by microbial activities which are re-
presented by the rate constant. From a practi-
cal point of view, a constant rate function as
Eq. (2) can be used to estimate N mineraliza-
tion from wet soil under field conditions,
which provides a great simplicity in the model.

Most models so far developed have dealt
with air dried soil and wet soil separately. This
has limited the applicability of such models for
the estimation of N mineralization dynamics
in various preflooding moisture conditions. In
this study, we employed Eq. (1) to express
nitrogen mineralization for soils with different
moisture before submergence, based on the
observation that a constant rate of N mineral-
ization after the initial rapid phase in air dreid
soil is quite similar to the rate in wet soil at
each temperature. Yoshino and Dei'”, Inubu-
shi et al.¥, Toriyama et al.'? and Ando et al.
found a similar relationship between Ny, and
N (air dried) in many kinds of soil types

0.30 =

0 1 1 1 J
15 20 25 30

Temperature, T (°C)
Fig. 6 Temperature dependence of K, the
rate constant for soil drying effect (Np).

under the temperature range of 15°C to 30°C,
suggesting the assumption underlying the
present model is valid in this temperature
range. However, it was also found that this
relationship dose not hold for the temperature
exceeding 30°C*!". Therefore, the application
of this model has to be confined to the temper-
ature range of 15 to 30°C.

The relationship between the effect of
drying (Np) and 6 obtained in Experiment 3
was consistent with what was found by Tor-
iyama et al.’® and Ueno et al.'®, although
Toriyama et al.'® used a Ist degree linear
function under the threshold 4. Because
threshold § as well as other parameters is
specific for a given soil type, experiments with
several soil moisture levels have to be conduct-
ed. We also need to take into consideration the
effect of the drying history of soil before sub-
mergence to improve the model applicability.

In this study, the temperature functions
(Egs. (3) and (6)), were obtained from con-
stant temperature conditions. Stanford et al.®
and Yoshino and Dei!” have reported that the
temperature function determined from con-
stant temperature experiments can be applied
to fluctuating temperature conditions. On the
other hand, Ando and Shoji" suggested that
the apparent activation energy estimated from
the field incubation (soil temperature ranging
from 10 to 24°C) was higher than that
obtained from the constant temperature incu-
bation (20, 25, and 30°C). The model valida-
tion would be necessary under fluctuating
temperatures to apply the model to field condi-
tions. It should also be noted that because we
had only 1 temperature treatment for the
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relationships between N, and # (Experiment
3), the temperature function for K, (Eq. (6))
was assumed to be independent of the level of
6 or N.

In conclusion, the present simplified model
can successfully explain the amount of NH,
-N mineralized for a specific soil type with a
given # that was attained by a specific drying
process. In order to increase the generality of
the model, however, it is necessary to deter-
mine the effects of soil properties and drying
history before flooding on the mineralization
rate parameters.
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