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Abstract A number of approaches have been used to
model and thus describe N mineralization Kkinetics in
soils. In this paper, we review and present a comparative
evaluation of some approaches to modelling adopted for
this purpose. These may broadly be categorized as: (1)
simple functional approaches to predict net N mineral-
ization and, (2) mechanistic approaches that include a
description of microbial biomass processes to predict
long-term C and N turnover in soils. The following con-
clusions emerged. First, the simple functional models try
to quantify one or more active fractions of organic mat-
ter with associated rate constants to predict net N miner-
alization. A minimum of two organic N fractions are
considered essential to significantly contribute towards
N mineralization. Second, the mechanistic models have
the advantage that model algorithms represent the basic
mechanisms believed to influence mineralization. The
input parameters of the models could be obtained inde-
pendently of the test data. However, it is difficult to vali-
date the models as some of the presumed functional
pools cannot be quantified by physical, chemical and bi-
ological techniques. Consequently, the models have to be
calibrated by adjusting the rate coefficients and pool siz-
es (site-specific) to fit the measured data. Generally, the
performance of a model depends on site-specific calibra-
tion. In future, a major chalenge will be to free simula-
tions from site-specific calibration and to devise experi-
mental methods for providing initial values to run a
model. The amount of N mineralized during laboratory
incubation experiments and the parameter estimates for
different models depend on methods used to pretreat the
soil prior to incubation and their exposure to experimen-

D.K. Benbi ([ ])

Department of Soils, Punjab Agricultural University,
Ludhiana 141004, India

e-mail: dkbenbi @yahoo.com

Tel.: +91-161-401960 ext. 317, Fax: +91-161-400945

J. Richter
Institut flr Geographie und Geodkologie,
TU Braunschweig, Langer Kamp 19c, Braunschweig, Germany

tal conditions (such as temperature, soil moisture con-
tent) during the incubation. To obtain comparable values
amongst studies it is, therefore, necessary to standardize
methods of sample pretreatment as well as incubation
conditions.

Keywords Nitrogen mineralization - Modelling -
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Introduction

Estimating an optimum dose of N fertilizers for crops is
important from an economic as well as an environmental
point of view. The application of amounts of fertilizer
exceeding the optimum level leads to low N recoveries
in crops, NO;~ accumulation in the soil profile (Jolley
and Pierre 1977; Benbi et al. 1991) and increased leach-
ing of NO5~ into streams or groundwater. Estimates of
fertilizer rates depend on crop N requirements and the
soil's ability to supply N, which is difficult to quantify.
Problems stem partly from the fact that both the soil or-
ganic N and the microbes that mineralize N are poorly
characterized. This situation is exacerbated by the fact
that a number of soil and environmental conditions con-
trol the rates and products of mineralization in a poorly
understood way (Seyfried and Rao 1988).

Mineralization is the process of conversion of organic
forms of N to NH5 or NH,* and NO;~. The first step in
the process, called ammonification, is an enzymatic pro-
cess, and involves the conversion of organic N to NH. It
is carried out exclusively by heterotrophic microorgan-
isms that utilize C substances such as polysaccharides as
an energy source and both C and N to build-up microbial
biomass including microbial metabolites. The subse-
quent conversion of NH; to NO4—, termed nitrification, is
mediated primarily through two groups of autotrophic
bacteria (Nitrosomonas and Nitrobacter). Mineralization
is always coupled with immobilization which operates in
the reverse direction, with the soil microbia biomass as-
similating inorganic N forms and transforming them into



organic N constituents in their cells and tissues during
the oxidation of suitable C substrates. However, immobi-
lized N is likely to be available subsequently for miner-
alization due to the turnover of the microbial population.
The continuous transfer of mineralized N into synthe-
sized organic matter and the release of immobilized N
back into inorganic forms is known as mineralization-
immbolization turnover or MIT (Jansson and Persson
1982). Immobilized N is primarily derived from the
NH,* pool; however, small organic compounds such as
amino acids may also be immobilized at a microsite
scale (termed as Direct Hypothesis).

Total release of NH,* through microbial activity, prior
to any immobilization back into the organic forms, is
termed gross mineralization. The difference between
gross mineralization and immobilization constitutes net
mineralization (or net immobilization). Since gross min-
eralization is difficult to measure, most often it is the net
mineralization that is measured or estimated.

Modelling N mineralization kinetics in soil usually
involves the prediction of an active fraction (Jansson
1963) of the total or organic N (termed as potentialy
mineralizable N) and a rate constant to predict the rate of
mineralization. Approaches to modelling differ accord-
ing to the level of detail at which the above processes are
considered, and may be classified into the following two
main groups:

1. Simple functional approaches to predict net N miner-
alization

2. Mechanistic approaches for simulating mineraliza-
tion-immobilization turnover in soils.

In the present paper, we review some of the approaches
used for modelling N mineralization kinetics.

Simple functional approaches

Simple functional approaches do not take into account
the basic processes influencing mineralization. Models
predict net N mineralization and do not consider the pro-
cesses of ammonification and nitrification separately.
The parameters for the models are obtained from labora-
tory incubation studies by fitting N mineralization data
to the time of incubation.
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Single-fraction approach

Stanford and Smith (1972) defined soil N mineralization
potential as the quantity of soil organic N susceptible to
mineralization at arate of mineralization (k) according to
first-order kinetics:

dnv
= M

where N is the amount of mineralizable substrate (N),
and t istime. Integration of this equation between time t,
andt, yields:

N; = Noexp (—kr)

—kN

(2)

where, N, is the initial amount of substrate or the poten-
tially mineralizable N and N, is the amount of substrate
at time t. The equation may be modified by substituting
Ni=(Ng—N,,), where N, isthe N mineralized in timet, as:

Nm = Ny (1 —exp(—kr)) (©)]

Using Eq. 3, Stanford and Smith (1972) found that the
estimated values of N,, at 35°C, for 39 soils from the
USA ranged from 18 to 305 mg kg soil. Values of k
ranged from 0.035 to 0.095 week-1 with aweighted aver-
age of 0.054 week-1, Similar average k values for soils
from Chile (Oyanedel and Rodriguez 1977) and Queens-
land in Australia (Campbell et al. 1981) have been re-
ported. However, widely varying k values have been re-
ported for different soils (Table 1). This shows that soils
differ not only in the amount of active organic N but also
in their microbial turnover rate.

The first-order kinetic model has been used to de-
scribe N mineralization kinetics of soils under different
land use, crop and climatic conditions (Griffin and Laine
1983; Campbell et al. 1984; Hadas et al. 1986; Carter
and Macleod 1987; Cabrera and Kissel 1988a). In con-
trast, Lindemann and Cardenas (1984) found the first-
order kinetic model to be inadequate for the description
of N mineralization kinetics in soils treated with sewage
sludge. In Chaparral soils (Marion et al. 1981), the fit to
the data was improved by adding an exponent (b) to the
time variable in the equation:
log (Ng — Ny) = log No — ke? (4
A number of studies have demonstrated the inadequacy
of the single pool first-order model to describe N miner-

Table1 Range of parameter
estimates for single-compart-

ment first-order kinetic model
as documented in different
studies. N, Initial amount of
substrate or potentially miner-
alizable N, k mineralization
rate constant

Site/soil description No (mg kg?1)  k(week1) Reference
USA s0ils (39) 18-3052 0.035-0.095 Stanford and Smith (1972)
Chaparral, San Diego county 9.8-542 0.042-0.073 Marion et al. (1981)
Red earth, black earth, prairie soil 67-256 0.058 Campbell et a. (1981)
Connecticut sewage sludge 145438 0.024-0.081 Griffin and Laine (1983)
Dark grey, black 35-255 0.036-0.164 Jumaet al. (1984)

and dark brown Chernozems
Conestogo loam 67-106 0.121-0.139 Beauchamp et al. (1986)
Arctic tundra soils 121-1610 0.226-0.382 Marion and Black (1987)
Chaouia region, Morocco 120-241 0.060-0.274 El Gharous et a. (1990)
Thin black Chernozem 103-153 0.097-0.167 Campbell et al. (1991)

aDetermined by alinear
method
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alization kinetics in soils (Molina et a. 1980; Nuske and
Richter 1981; Deans et a. 1986; Diaz-Fierros et al.
1988; Matus and Rodriguez 1994). There were systemat-
ic deviations between first-order fitted curves and
measured values. The model under-estimated mineraliza-
tion at the beginning and end of the incubation period,
and overestimated it at intermediate times (Bonde and
Rosswall 1987; Seyfried and Rao 1988).

The linearized form of Eq. 3 was applied to obtain
values of N, giving the best linear fit for the regression
of log(Ng—N,,) on t (Stanford and Smith 1972; Oyanedel
and Rodriguez 1977; Sinha et al. 1977; Herlihy 1979;
Campbell et al. 1981). With the logarithmic transforma-
tion, undue weight is given to data from the end of incu-
bation (Talpaz et al. 1981) and errors in the data are also
log-transformed (Daniel and Wood 1971; Gold 1977).
This makes it difficult to precisely evaluate the fit of the
data to the model. The non-linear least square (NLLS)
method provides more accurate estimates of N, and k rel-
ative to the linear least square (LLS) method (Smith et
al. 1980; Reynolds and Beauchamp 1984). Recently,
Benedetti and Sebastian (1996) reported that the NLLS
method gave the best fit to the N mineralization data as
compared to the maximum likelihood and LL S methods.

Multi-fraction approaches

Various authors (Molina et a. 1980; Juma and Paul
1981; Nuske and Richter 1981; Van Veen and Frissel
1981; Deans et a. 1986) have suggested that more than
one fraction of soil organic N may be directly mineral-
ized, each with its specific rate of decomposition. Mod-
els have been developed that describe net N mineraliza-
tion by dividing the mineralizable soil organic N into
different fractions, each of which is then assumed to
mineralize according to first-order kinetics. This may be
generalized as:

Nm = ZNOI' {1 _exp(_kit)] (5)

i=1

where i represents a specific N fraction, n is the total
number of fractions, Ny, is the potentially mineralizable
N in the i-th fraction and k; is the mineralization rate
constant for the i-th fraction.

In the simplest form of the multi-fraction approach,
two main fractions of organic N are assumed to mineralize
at different rates (Nuske and Richter 1981; Nordmeyer
and Richter 1985; Deans et al. 1986). One fraction con-
sists of N compounds of easily decomposable plant ma-
terial (DPM), e.g. residues mainly from the last crop,
while the second fraction represents the more resistant or
recalcitrant plant material (RPM), which accumulates
within the soil. The DPM mineralizes at a faster rate than
the RPM. This model may be described by a double ex-
ponential equation:

Nm = Nppm [1 — exp(—kppmt )]
+ Nrpwm [1 — exp (—krpmt)]

(6)

where Nppy and Ngpy represent potentially mineraliz-
able N in the easily decomposable and resistant organic
N fractions, respectively, and kppy and kgpy are the cor-
responding rate constants. Various authors have con-
firmed that the double exponential model is superior to
the single exponential model in describing N mineraliza-
tion (Lindemann and Cardenas 1984; Deans et al. 1986;
Cabreraand Kissel 1988a; Diaz-Fierros et al. 1988).
Beauchamp et al. (1986) argued that the apparent
presence of a small extra pool of mineralizable N (that
mineralizes relatively fast) may be an experimenta arte-
fact as a consequence of drying and rewetting the soil
rather than due to N mineralization from a separate soil
organic N fraction. This “artefact mineralization”, could
be accounted for by modifying the first-order kinetic
model so that a fitted curve through the data points does
not pass through the origin but intercepts the y-axis at

e

Nm = Ne+ (No — Ne) (1 —exp(—kt)) (7
The model is based on the assumption that the killed mi-
crobial biomass N pool (N) is effectively used up by
7 days (usualy the time by which the first measurement
is made) and N mineralized subsequently originates en-
tirely from the soil organic N pool. Beauchamp et al.
(1986) argued that, since most of the N flush has already
occurred by this time, there is little basis for selecting a
kinetic model. However, it has been shown that drying
and rewetting not only generates or enlarges an N pool
that mineralizes rapidly according to first-order kinetics,
but also increases the size of a more stable, slowly min-
eralizable N pool (Inubushi and Wada 1987; Cabrera
1993). The results of these studies support the hypothesis
that drying-rewetting cycles are one of the mechanisms
by which each soil N pool is replenished from succes-
sively more recalcitrant or physically protected N pools
(Elliott 1986).

For dried soil samples, Richter et al. (1982) and
Nordmeyer and Richter (1985) adopted a three-fraction
approach, which accounted for dead biomass N, DPM
and RPM. Ando et al. (1992) also observed that if alarge
amount of extractable C was detected in air-dried sam-
ples, the mineralization pattern was represented by three
exponential equations. Evidence for more than two frac-
tions contributing N had also been provided from tracer
studies of Paul and Juma (1981).

Instead of the two-fraction double-exponential model
(i.e. paralel first-order model) which describes N miner-
alization from two independent initial sources, Andrén
and Paustian (1987) applied a consecutive first-order
model (Eq. 8) to barley straw decomposition. The model
is based on the assumption that the recalcitrant fraction
is converted to a labile fraction (e.g. through solubiliza-
tion of structural polymers) from which N mineralization
occurs.

Nm = Nrpm (1 - G_kRPMZ) + Nrpm O (l — e_kRPMf)

— NrpmO. (1 - e_kD"M’) + Nopm (1 - e_kD"M’) (8)



inwhich, oo = ,(DP"% Thismodel is essentially arepa-
“*RPM

rameterization of the double exponential model and
would, therefore, yield the same values for the rate con-
stants. However, the fractions of recalcitrant and labile
material present at any given time will differ.

Mixed first- and zero-order kinetic approaches

Some researchers have suggested that, with the incuba-
tion methods, it may not be possible to quantify the N
mineralization potential of soils because the slowly min-
eralizable N component may in fact follow zero-order
kinetics (Bonde and Rosswall 1987; Bonde et al. 1988;
Lindemann et al. 1988; Seyfried and Rao 1988). They
advocated the use of amixed first- and zero-order kinetic
model (a “degenerate” form of the double exponentia
model):

Nin =N [1 —exp(—kit)] + Kt (9

in which N, represents the amount of mineralizable N in
the easily decomposable pool at the start of incubation
and k; is the rate constant, and K is the zero-order rate
constant. The first-order term of the model was interpret-
ed as accounting for pretreatment effects (e.g. air-dry-
ing). Therefore, some authors have suggested that in the
absence of air-drying, i.e. in field-moist soils, net N min-
eralization may be described by zero-order kinetics only,
rather than by combined first- plus zero-order kinetics
(Tabatabai and Al-Khafgji 1980; Addiscott 1983; Houot
et al. 1989).
Nm = K1t (10)
Addiscott (1983) found that N mineralization in
Rothamsted soils kept moist prior to incubation could be
adequately described by the zero-order kinetic model.
The fit to the zero-order model in his studies may be due
to a different experimental set up (non-leaching incuba-
tion) and the use of undried soils as opposed to dried
soils used by other workers. However, other authors
have documented the applicability of first-order kinetic
models to net N mineralization in field-moist samples as
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well. Further, a closer look at the data of Tabatabai and
Al-Khafgji (1980) shows that in some cases the cumula-
tive N mineralized was not essentially linear with time.
Recently, Mary et al. (1999) showed that the mineraliza-
tion kinetics in situ are linear when a small fraction of
organic N is mineralized and curvilinear when a larger
fraction is mineralized.

Empirical approach

Empirically determined equations such as polynomials
and parabolic functions have been proposed to describe
net N mineralization in soils (Broadbent 1986; Marion
and Black 1987). In Arctic tundra soils, a second-order
polynomial equation with respect to both time and tem-
perature best described N mineralization data (Marion
and Black 1987). Broadbent (1986) observed that com-
pared to the first-order kinetic model, a parabolic func-
tion (Y=axb) provided a better fit to the data obtained by
various investigators in laboratory, greenhouse and field
experiments.

Although empirically determined equations have been
found to provide a better fit to the data compared to sin-
gle-pool first-order kinetic model, no physical meaning
can be attached to the regression coefficients. Further,
the empirical relations have been compared against first-
order single pool models, but their performance in com-
parison to multifraction modelsis not known.

Assessment of simple functional models

We made a critical assessment of a single-fraction first-
order kinetic model (FOSF) (Eg. 3), a two-fraction first-
order kinetic model (FOTF) (Eg. 6), a modified FOSF
(MFO) (Eq. 7), and a mixed first-order plus zero-order
model (FOZO) (Eq. 9) on previously published data
from Griffin and Laine (1983), Lindemann and Cardenas
(1984), Chae and Tabatabai (1986) and Richter et al.
(1989). The description of soils and experimental condi-
tions during the studies are given in Table 2. The models
were assessed with respect to precision of parameter esti-
mates and fit to the experimental data as indicated by the

Table 2 Experimental details

of the published studies used Study Soil/treatment description Incubation  Length of
for assessment of the models temperature [ncubation
(°C) (weeks)
Griffinand Laine Air-dried, sieved 2 mm, fine sandy loams, 35 40
(2983) soil 7 previously amended with poultry manure,
soil 14 unamended, soil 15 unamended
Lindemann and Air-dried, sieved 2 mm, coarse loamy L atene, 35 32
Cardenas (1984) fine silty Glendale, both amended with 15
and 30 g kg sewage sludge
Richter et al. (1989) Air-dried aswell as field-moist treatments, 35 11.7
Luvisols and Gleysols with deepened plough layers
and ploughed grasslands
Chae and Tabatabai  Field-moist, sieved 2 mm, Harps soil: fine loamy 30 26

(1986)

Downs sail: fine silty
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Table 3 Parameter estimates for models fitted to the published da-
ta of Griffin and Laine (1983), Lindemann and Cardenas (1984),
Chae and Tabatabai (1986) and Richter et a. (1989). FOSF Sin-

gle-fraction first-order kinetic model, FOZO mixed first-order
plus zero-order model, MFO modified FOSF, FOTF two-fraction
first-order kinetic model, K zero-order rate constant

Soil Model (Eg. no.)

FOSF (Eq. 3) FOZO (Eq. 9) MFO (Eq. 7) FOTF (Eg. 6)

N, k N, k K No N, k N, Ky N, k,

(mg kg) (mgkg?) (week?) (mgkg?) (mgkg?) (week?) (mgkg™) (week™) (mgkg?) (week)
Griffin and Laine (1983)
7 241¥**  Q0B7F**  8L¥**  (0.224** 3.69*** 200***  27¥**  (0034*** 36**  0.653*  276*** 0.020+*
14 289***  0.051***  77x**  (0.205%** A472*** 386*** 34***  0.026*** 50** 0.526* 437** 0.017*
15 108***  0.060***  78%**  0Q.79** 277%%* 226***  20**  0.041*** 28*  0583NS 212***  0.034**
Lindemann and Cardenas (1984)
Latened  134*** 0.106** 57**  0.362%  2.54** 154***  20¥** (0BQ*** 21*** 2 78ANS 135%**  (.058%**
Latene®  180*** 0.111** 70***  0.511*  3.76*** 216*** 31** 0.055**  42** 1.095* 196***  0.041**
Glendalea 128*** 0.155+*  54***  1030%  284*** 174***  37+** 0043**  40*** 2270  142*** 0.038**
Glendaled 160*** 0.241**  83***  1.211%  324*** 204***  G0*** (0.054*** 63*** 2804  146*** (.050***
Richter et al. (1989)
Arable S7¥**  0.473%%  31¥**  1928%  2.80%** GO***  1g*** (0176** 20**  5110NS 5I**  0.152*
(dry)
Arable 52x**  (0.134*** 16* 0.376NS 2.22** 58 ** 2NS 0.103**  14NS 0.408NS 173NS 0.015NS
(moist)
Grassland 119*** 0.662* TI¥**  2.634*** 6.04*** 161*** 52x**  0.135* 68***  2.845*** 250NS 0.030NS
(dry)
Grassland 117*** 0.148*** 26***  0.806** 6.28*** 148*** gx* 0.089***  10* 3.940NS 145** 0.080**
(moist)
Chae and Tabatabai (1986)
Harps 240**  0.024* 180NS  0.028NS 0.67NS 145*** _]19***  (.057*** —34* 0.526* 164** 0.074**
Downs  313**  0.016** 10NS 0.242NS 3.74*** 433NS 2NS 0.01INS 7NS 0.28INS 695NS  0.006NS
*P<0.05,**P<0.01,***P<0.001, NS non-significant b Amended with 30 g sewage sludge kg
aAmended with 15 g sewage sludge kg
residual mean squares. The statistical significance of dif- 150 ;
ferences in residuals between any two models was as- =N
sessed by the F-test (Beck and Arnold 1977). o U

The parameter estimates produced by each model - 100 | e
varied considerably (Table 3). For the data of Chae and £ S, Creesend | Fresh 2
Tabatabai (1986) on Harps soil, the coefficients for the 9 / P
FOZO and MFO models were statistically non-signifi- = / e Dry
cant, as large SEs were associated with their estimates. 5 50| / //6//,7'—7 *********
The parameter estimates for this dataset varied greatly E ’g,/-’ “Arable  Fresho—o
even with small changes in starting or initial values for = // -
iteration. In arable and grasslands (Richter et al. 1989), /q;/’,,a/”’
e

the FOTF model yielded inconsistent parameter esti-
mates for the easily decomposable pool (N, and k;). The
double exponential model (FOTF) offered the best fit to
the data as indicated by the minimum residuals (Table 4).
However, the differences in residual s between MFO and
FOTF models were significant (P=0.05) only in three
out of 11 cases and the two models yielded statistically
equivalent fits to different data. The FOSF model, invari-
ably, provided poor fit to the data. Usually, there were
systematic differences between the measured and the
FOSF fitted curves (e.g. Fig. 1). Physicaly the MFO
model may also be interpreted as a two-fraction model
with mineralization potentials of N, and Ny. But N, is de-
fined as the dead microbial biomass pool created due to

0 L 1 L
0 2 4 6 8 10 12
Incubation time (weeks)

Fig. 1 Typica fit of a single-fraction first-order kinetic model to
data from arable (dashed line) and grassiand soils (solid line) [re-
drawn from the data of Richter et al. (1989)]

air-drying of soils prior to incubation, whereas the DPM
fraction in the FOTF model is defined as easily decom-
posable plant material.

The inconsistent parameter estimates of the FOTF
model for arable land and ploughed grasslands (Richter
et al. 1989) was perhaps due to the nature of the samples



Table4 Residual mean squares for models fitted to the published
studies of Griffin and Laine (1983), Lindemann and Cardenas
(1984), Chae and Tabatabai (1986) and Richter et al. (1989). Sta-
tistical ranks of a model [given by an F-test comparing residual
mean squares (RMS) for a given treatment] shown by a, b, ¢ and
d. The RMS values followed by the same letter indicate models
statistically equivalent for fitting. For abbreviations, see Table 3

Soil/treatment Model

FOSF FOzO MFO FOTF
Griffin and Laine (1983)
Soil 7 111a 27.3b 11.6b 79b
(amended with poultry manure)
Soil 14 (unamended) 190a 175b 191b 89c
Soil 15 (unamended) 6la 188b 11.7b 10.3b
Lindemann and Cardenas (1984)
Latene (+15 g sludge kg1) 82a 434b 11c 1l2c
Latene (+30 g sludge kg1) 206a 452b 251b 7.8d
Glendale (+15 g Sludge kg?1) 245a 249b 51b 47b
Glendale (30 g sludge kg?) 50la 56.3b 6.2c 6.4c
Richter et al. (1989)
Arable (dry) 43a 7.8b 41b 50b
Arable (fresh) 17a 13a 12a 17a
Grassland (dry) 303a 3.0b 320b 14b
Grassland (fresh) 175a 38b 18b 21b
Chae and Tabatabai (1986)
Harps 31.3a 374a 6.8b 40c
Downs 84a 66b 87a 8la

Table5 Half-lives of soil organic N fractions, at 35°C, computed
from laboratory incubation experiments (Nordmeyer and Richter
1985)

Organic N pool Half-life (days)
Resistant plant material 100-140
Decomposable plant material 8-12
Microbiological organic material 14

(from deepened plough layers) and the relatively short
incubation period (82 days). The decomposable organic
N pool of soils consists of various organic components
that are characterized by their half-lives (Table 5; Nord-
meyer and Richter 1985). If the length of incubation is
short compared to the half-life of the mineralizing organ-
ic N fraction, the N mineralization of soil N could appear
to be linear, rather than gradually declining (Bonde and
Rosswall 1987). Further, deepening of the ploughing
depth causes mixing of organic matter pools of the top-
soil and the deepened plough layers which have, proba-
bly, differing N mineralization kinetics. Until the plough
layer soil attains (quasi) equilibrium, the DPM and RPM
fractions may not be distinct. In that situation, the FOZO
model may be a good approximation for the more com-
plex FOTF model.

In situations where crop residues or organic manures
of wider C:N ratios are added to soils, initially N immo-
bilization may occur followed by net mineralization
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150 4

(=
(=]
2

<

30

Cumulative N mineralized (mg kg')
&

50 4 d
Time (weeks) pm

Fig. 2 A plot of a first-order two-compartment model (lines) fit-
ted to the data (points) of Chae and Tabatabai (1986). dpm De-
composable plant material, rpm recalcitrant plant material

with the narrowing down of the C:N ratio. In the data of
Chae and Tabatabai (1986) on Harps soils, this phenom-
enon was well described by the FOTF model as it yield-
ed a negative N, value (N;=—34 mg kg1, Table 3). Pre-
sumably the negative N; value (Nppy) corresponded to
the N immobilization potential of the soil, which is per-
haps related to the presence of fresh organic matter in
the soil. A plot of the FOTF model for the data set
shows the temporal occurrence of mineralization-immo-
bilization processes during the course of the study
(Fig. 2). Similarly, in the MFO model, a negative N,
value may be interpreted as corresponding to the immo-
bilizing pool.

Bonde and Lindberg (1988) modified the FOTF and
FOZO models to accommodate the initial immobiliza-
tion to describe the data of Chae and Tabatabai (1986).

Ny =N, [1 —exp(—hlt—h2t2/2ﬂ + N:[1 —exp(—kt)]
(11)

N =No [1 —exp (—hit — hot*/2)] + Kt (12)
where, N, and N, are the amounts of mineralizable N ini-
tially present in the available and resistant fractions, re-
spectively; h; and h, are rate constants for the mixed-
order model, and other terms are as defined previoudly.
This model (Eg. 12) is the same as the one presented by
Brunner and Focht (1984) for microbial decomposition
of C substrates, referred to as three-half-order (3/2 or-
der), as it is suitable for substrate metabolism with
(pseudo second order) or without (pseudo first order)
growth. However, the immobilization phase cannot be
described by equations (Egs. 11 and 12), but it can be
simulated with other simple exponential equations devel-
oped for crop residue decomposition (e.g. Nicolardot et
al. 2001).

From the overview presented so far it may be con-
cluded:

1. The FOSF generaly provides a poor fit to the data
and systematically deviates from the measured cumu-
lative N mineralization.
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2. In disturbed soil samples, a minimum of two pools
of mineralizable N may be considered to signifi-
cantly contribute towards N mineralization, as phys-
ical disturbance (e.g. during sampling, grinding,
sieving, etc.) could lead to an extra pool of miner-
alizable N.

3. For precisely estimating potentially mineralizable N,
the incubation needs to be continued until the miner-
alization rate appears to drop to a small relatively
constant value. It appears that the longer the incuba-
tion, the more precise are the parameter estimates.

4. Large differences in N mineraization potentials and
the rate of mineral N production could originate from
differences in time of sampling (El-Haris et al. 1983;
Nordmeyer and Richter 1985), probably due to sea-
sonal variations in microbial biomass (Kaiser and
Heinemeyer 1993; Joergensen et al. 1994) and the
amount of undecomposed crop residues in the soil.
Microorganisms may act both as a source (mineraliza-
tion) and a sink (immobilization) for N during micro-
bial biomass turnover. Therefore, models for N miner-
alization kinetics should, ideally, include a component
for microbial biomass.

Mechanistic approaches
for simulating mineralization-immobilization turnover

While simple functional models are designed to predict
net N mineralization, mechanistic models attempt to sim-
ulate gross mineralization and associated immobilization
(viz. mineralization-immobilization turnover). These are
process-based models which try to include the best pos-
sible description of the processes involved. Based on our
current understanding of organic matter decomposition
in soil, hypotheses and assumptions about various pro-
cesses are made that are used to develop mathematical
formulae for the decay process. Existing models differ
considerably in complexity and conceptual treatment of
the turnover processes.

Non-compartment models

The model of Bosatta and Agren (1985) and Agren and
Bosatta (1987) considers the decomposition of soil or-
ganic matter (SOM) as a continuum. Upon decay, the or-
ganic matter is assumed to move down a quality scale.
The fresh, easily decomposable organic matter is as-
sumed to have a high quality (=1) while the most resis-
tant material in the system is considered of zero quality.
Though this approach has obvious advantages over the
pool approach, its mathematics are complex and have
not found favour with modellers. Another non-compart-
ment model that describes the process of humification of
various organic substances in the first stage of soil hu-
mus formation was presented by lonenko et al. (1986).
The degree of humification (y), defined as the ratio of
mass of substance transformed at time t (§) to initial

mass of the substance (S,), viz. S$/S,, was described in
the form of afirst-order autocatalysed process.

1
B I—Cxpk(’c]/z—l‘)

The change in degree of humification with time was ex-
pressed as:

Y (13)

dy kexpk(tip—1)

dr [1 —expk (’C]/z — t)]z 49

where 1., is the half-life of the reaction. lonenko et a.
(1986) showed that the proposed model could accurately
predict decomposition of lupin material under natural
conditions. The model-predicted decomposition rates
calculated from CO, evolution matched with the mea-
sured rates. However, the model needs to be validated
against long runs of data from agricultural soils.

Multicompartment models

The decomposition of organic matter is simulated by de-
fining different fractions of organic matter as functional
pools, each with its specific quality as substrate for soil
biota. Generally, small pools with high turnover rates
(referred to as “decomposable” or “labile” or “active’)
and larger pools with slower turnover rates (referred to
as “recalcitrant” or “resistant” or “slow”) are distin-
guished (Jenkinson and Rayner 1977; Van Veen and
Frissel 1981; Molina et al. 1983; Jenkinson et al. 1987;
Parton et al. 1987; Jenkinson 1990; Hansen et al. 1991;
Rijtema and Kroes 1991; Bradbury et al. 1993). In each
of these pools the turnover rates are simulated by first-
order kinetics and the rate coefficients are modified by
superimposing the effects of abiotic factors such as tem-
perature, soil moisture and clay content using empirical
relations. The pools in different models vary greatly in
number, N and C content and turnover rates (Table 6).
These functional pools are defined on the basis of their
presumed chemical characteristics and location in the
soil (Van Veen and Kuikman 1990). But the question
arises as to the reasons for different assumptions in dis-
tributing organic matter into different pools, and how the
pool numbers, sizes and their behaviour over time have
been parameterized by the authors or the users. Some
models consider microbial biomass as one of the defined
pools (e.g. Jenkinson 1990; Hansen et a. 1991; Whit-
more et al. 1991) while others do not include a biomass
pool and model it as part of the stable organic matter/hu-
mus pool (Rijtema and Kroes 1991). Even models with a
distinct biomass pool do not consider microbial growth
and maintenance explicitly. These are only represented
by parameter values of the C and N reservoirs.

While the fractionation of SOM into functional pools
is important for developing a better understanding of
SOM dynamics, there is no proof that these models give
better results for N mineraization than the simpler
(functional) ones (De Willigen 1991). Increasing the
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Table 6 Functional pools of

soil and added organic matter, Functional pool CIN k (week-1) Half-life Turnover time
their C/N ratios, turnover times (years)
and first-order rate coefficients
(K) as considered in different Parton et al. (1987): Century model
models. SOM Soil organic Active SOM 8 0.14 at 35°C - 1-5
matter, AOM added organic Slow SOM 11 0.0038 - 2040
matter, OM organic matter, Passive SOM 11 0.00013 - 200-1500
DPM Decomposable plant Structural AOM 150 0.094 - 1-5
material, RPM recalcitrant Metabolic 10-25 0.35 - 0.11
plant material
Jenkinson (1990): Rothamsted model
DPM - 0.192 at 9.3°C - 0.1
RPM - 0.0058 - 3.3
Microbial biomass - 0.0127 - 15
Humified OM - 3.85x104 - 50
Inert OM - - - -
De Ruiter and Van Faassen (1994)
DPM 17 0.081 at 10°C - -
RPM 80 0.035 - -
Physically protected SOM 12 0.0012 - -
Microbial biomass 4 0.035 - -
Hansen et a. (1991): DAISY
Biomass pool 1 6 0.007 at 15°C 693 days -
Biomass pool 2 10 0.098 49.5 days -
SOM pool 1 11 2.6+10° 515 years -
SOM pool 2 11 0.0013 10 years -
AOM 1 100 0.074 66 days -
AOM 2 - 0.735 6.6 days -
Rijtemaand Kroes (1991): ANIMO
Humus 16 2.7+104 at 15°C 50 years -
Fraction 2 12 0.063 77 days -
Fraction 3 58 0.0044 3years -
Fraction 4 76 0.037 130 days -
Fraction 5 76 0.133 37 days -
Fraction 6 24 0.075 65 days -
Fraction 7 24 0.0082 590 days -
Vereecken et al. (1991): SWATNIT
Litter 8 0.007 at 15°C 693 days -
Manure 10 0.007 693 days -
Humus 12 7+10-5 189 days -

number of pools does not necessarily increase model
predictability, instead it increases the number of input
parameters required (Diekkriger et al. 1995). Further, it
is difficult to validate these models, as most of the func-
tional pools cannot be quantified by physical, chemical
and/or biological techniques. Attempts have been made
to establish linkages between the model pool definitions
and measurable quantities either by devising advanced
laboratory fractionation procedures to match measurable
organic matter fractions with model pool definitions or
by revising model pool definitions to coincide with mea-
surable quantities (Christensen 1996). Elliott et al.
(1996) coined the phrase “modeling the measurable or
measuring the modelable” to represent the two ap-
proaches.

Physical fractionation procedures based on differen-
tial densities and sizes that separate coarse (light) frac-
tions from fine (heavy) fractions have been used to pro-
vide relationships between density or the size of the frac-

tions and their decomposability (Balesdent et al. 1988;
Martin et a. 1990; Hassink 1994). It has been suggested
that fractions that are 53—2,000 pm may provide an esti-
mate of the slow pool, while those finer than 53 pm may
provide an estimate of the passive pool (Cambardella
and Elliott 1992). Alternatively, fractions of various den-
sities may be recovered by densitometer techniques, but
they cause considerable problems, e.g. high potentia
toxicity of the liquids used can substantially modify the
biological characteristics of the fractions (Christensen
1992). It is, therefore, imperative that biologically mean-
ingful pools which can be measured, such as CO,, min-
eral N, microbial biomass C and N, organic materials de-
fined on the basis of function and substrate availability,
are considered. Thiswill lead to redefinition of the struc-
ture of current models and the factors that regulate
the materia fluxes between compartments. Christensen
(1996) presented a revised model structure based on sol-
uble and insoluble input fractions and separate above-
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and below-ground input routes. Gaunt et al. (2001) pre-
sented an alternative approach using analytically defined
pools and measurement of 13C and 15N stable isotope
tracers to derive model parameters. But introduction of
these proposed pools in model structures has yet not
been accomplished. Sallih and Pansu (1993) presented a
five compartment (labile and stable plant material, mi-
crobial biomass and labile and stable organic matter)
model constructed from the measurements of 14C in the
assumed pools under controlled conditions. The model
which is an updated version of an earlier more simple
model (Pansu and Sidi 1987) has one equation to de-
scribe the C dynamics in each compartment:

dCy

o (15)

5
= —kmCm + P zkici
i=1

where, C,, C; represent C contents of compartments
with associated rate constants of k., and ki, respectively.
P, is the proportion of C input into compartment m. Re-
cently, the above model has been adopted for modelling
N mineralization by using a constant multiplying factor
for N Kkinetic constants and including two additiona
compartments viz. exchangeable NH,+-N and NO;~N.

While the models presented in the preceding para-
graphs do not simulate microbial growth explicitly, the
models presented by Parnas (1975), Smith (1979),
McGill et al. (1981), Knapp et a. (1983), and Grant et
al. (1993) explicitly use biomass kinetics to simulate C
and N cycling during organic matter decomposition.
Availability of organic C mainly controls microbial
growth, which in turn controls N immobilization and
mineralization. Models (Smith 1979; McGill et al. 1981;
Van Veen and Frissel 1981; Simkins et al. 1986) employ-
ing microbia biomass explicitly, use Monod (1942) ki-
netics to predict the decomposition rate (§;) of the organ-
ic pool i:

Ei= Hmax ‘SiB

= 16
Ks+5; (16)

where, § is the substrate concentration in pool i, B is the
size of the microbial biomass, [, iS the maximum spe-
cific growth rate and K, is the half saturation constant for
growth.

While severa identical features are included in this
kind of models, they differ considerably in the treatment
of many processes. For example, most of the models
treat biomass turnover or microbial death explicitly in
relation to substrate/energy availability (Parnas 1975;
McGill et a. 1981; Van Veen and Frissel 1981;
Kersebaum and Richter 1994). However, the Phoenix
model (McGill et al. 1981) additionally includes a func-
tion to describe microbial death through predation and
density-dependent death of microorganisms, and a float-
ing C:N ratio of microbes. Van Veen et a. (1984) simu-
lated labile and protected parts of biomass. Other authors
distinguish cell walls and cytoplasm (Paustian and
Schniirer 1987) or labile cell C and assimilated live bio-
mass (Knapp et a. 1983). However, none of the models
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Fig. 3 Deviation of the model from observed N in plants and soil
for aloess soil in western Germany and corresponding microbial
biomass N determined by the fumigation-extraction method
[adapted from Kersebaum and Richter (1991)]

describe the transition rates between different parts of
biomass.

A crucial point for soil microbial biomass modelling
is simulation of the composition of soil microbiota. The
common approach is separation of the biomass pool into
two or more components such as fungi and bacteria
(Smith 1979) or fungi, bacteria and actinomycetes
(McGill et al. 1981). Distribution of microbial biomass
into fungi and bacteria is an important consideration as
the two populations vary in their efficiency for substrate
C use. Their ratio would regulate the relationship be-
tween CO, evolution and the size of the microbial bio-
mass (Sakamoto and Oba 1994).

Following the original idea of Winogradsky (1949),
Kersebaum and Richter (1994) divided microbial bio-
mass into two pools — zymogenous and autochthonous —
and used non-linear death or decline rate involving logis-
tic growth on both biomass pools. Although the model
provided a good description of the data of Smith et al.
(1986) from a steady state incubation experiment, the
model is overparameterized and needs to be further test-
ed on long-term field data.

Depending on substrate availability, the microbes in
the soil are at different states of physiological activity
(Anderson and Domsch 1985). Therefore, it may be hy-
pothesized that in late spring or early summer, part of the
biomass may enter a dormant state because of N limita-
tion. As soon as fertilizer N is added, the dormant bio-
mass is activated and mineral N is immediately immobi-
lized in the microbial biomass. Then the immobilized N
can be mineralized. This may (partly) explain the tempo-
rary disappearance of mineral N shortly after the applica-
tion of fertilizer N in late spring and early summer as re-
ported in a number of studies (Neeteson et al. 1986;
Nielsen and Jensen 1986; De Willigen 1991; Groot and
Verberne 1991). The results of Kersebaum and Richter
(1991) support this hypothesis. They showed that for a
loess soil in Germany there was an increase of about
80 kg N hal in the microbial biomass, especially during
May and June, indicating possible immabilization, which
was comparable to their model-simulated deviations in
mineral N (Fig. 3).



While the models incorporating biomass explicitly are
valuable for understanding the processes involved in or-
ganic matter turnover in soil, usually too large a number
of input parameters are required to apply the models.
They require data on the rates of uptake of organic com-
pounds by soil organisms, the efficiency of substrate use
for biosynthesis and energy supply, and on the nature
and rates of release of organic products from the soil mi-
crobial biomass. Some parameters are difficult to obtain
under field conditions. Use of information extrapolated
from laboratory studies may not be very precise as the
behaviour of the biomass differs considerably in the soil
and solution cultures. Independent tests of the biomass-
based models other than those undertaken by the authors
have not been encountered. With the increased use of
models for regional, national and global applications,
evaluation of models to determine their generality (or
lack thereof) becomes crucial (Paustian 2001). A mgjor
difficulty in validating SOM models is the inability to
guantify some of the functional pools, particularly the
slow pool consisting of as yet unknown physical proper-
ties and chemical composition. Consequently, the model
has to be calibrated by adjusting the rate coefficients and
pool sizes (site-specific) to fit the measured data. Gener-
ally, the performance of SOM models depends on site-
specific calibration (Smith et al. 1997). Therefore, in fu-
ture a major challenge in SOM modelling will be to free
simulations from the calibration process and to devise
experimental methods that will provide initial values rel-
evant to the dynamic requirements of the model (Molina
et al. 1997).

Food web models

Another class of models has been developed in which C
and N fluxes in the soil are related to the abundance and
activity of soil organisms, constituting the soil food web
(Hunt et al. 1987; De Ruiter et al. 1993). In these mod-
els, organisms are classified as functional groups accord-
ing to food choice and life history parameters (Moore et
al. 1988). Consumption rates among the groups of organ-
isms are calculated based on biomass and turnover rates.
N mineralization rates are computed from consumption
rates using information on energy conversion efficien-
cies and C:N ratios of the organisms. De Ruiter and Van
Faassen (1994) compared a multicompartment model
[modified form of Jenkinson and Rayner's (1977)] with a
food web model to simulate N mineralization dynamics
in an arable system. Both models simulated annual N
mineralization rates close to the observed ones, but
failed to predict N immobilization.

The food web models require information on physio-
logical parameters such as assimilation efficiency, pro-
duction efficiency, death rate, etc. for different functional
groups of soil biota. As these values are not constant
throughout the year/season, such models can calculate N
mineralization kinetics only during a period under obser-
vation and are thus of descriptive value.
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Effects of methodology on N mineralization kinetics

The amount of N mineralized during laboratory incuba-
tion experiments and the parameter estimates for differ-
ent models depend on methods used in pretreating the
soil prior to incubation and experimental conditions
(such as temperature, soil moisture content) during the
incubation.

Soil pretreatment

N mineralization in soils has frequently been studied in
air-dried samples that are rewetted prior to the initiation
of incubation. Air drying of soils alters the subsequent N
mineralization. A greater mineraization flush is ob-
served during the initial periods of incubation (Birch
1958; Eagle and Matthews 1958; Munro and MacKay
1964; Storrier 1966; Ross et al. 1979; Seneviratne and
Wild 1985). Several factors may contribute to the N
flush. Presumably, there exists an N fraction with a
high decomposition rate in air dried-rewetted samples
(Nordmeyer and Richter 1985). Drying the soils causes
changes in soluble organic matter. Some of the solubi-
lized organic compounds may come from the microbial
biomass, which is killed by drying the soil samples. On
rewetting, the dead biomass becomes mineralized rapid-
ly (Marumoto et al. 1977; Nordmeyer and Richter 1985;
Kieft et al. 1987; Van Gestel et al. 1991).

The implication of the N flush that follows rewetting
the air-dried soil may be that another pool of N has to be
added to the N mineralization models (e.g. Nordmeyer
and Richter 1985; Beauchamp et a. 1986; Cabrera
1993). Stanford and Smith (1972) proposed that the
amount of N mineralized during the first 2 weeks of in-
cubation should not be included in the cumulative N
mineralized for computing N mineralization potential
(Ng). They suggested that the amount be added subse-
quently to the N, values computed from a first-order ki-
netic model. Contrarily, Beauchamp et al. (1986) argued
that because the N flush occurs due to the drying and re-
wetting of soil samples, it may be considered as an ex-
perimental artefact rather than a part of true N, and,
therefore, should be modelled separately. However, the
short duration of the N flush emphasizes the need to
make several measurements within the first few days af-
ter rewetting to obtain data for the selection of a kinetic
model (Cabrera 1993).

Not only air-drying but also other physical distur-
bance to the soil samples (such as grinding and sieving)
can increase the potentially mineralizable N in the soil.
While afirst-order model described the N mineralization
in undisturbed samples, a double exponential model was
required to describe N mineralization in disturbed sam-
ples to account for the flush of N release (Cabrera and
Kissel 1988a). The higher amount of N released in dis-
turbed samples compared to undisturbed samples was at-
tributed to the breaking down of micro-aggregates dur-
ing soil sampling and sample preparation. It has been
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shown that disruption of soil aggregates can increase
organic N mineralization (Craswell and Waring 1972;
Hiura et al. 1976) by exposing the organic matter which
was protected from microbial attack (Cabrera and Kissel
1988a). This physically protected organic matter has a
lower C:N ratio than the rest of the SOM (Hassink 1992)
and is thus rapidly mineralizable.

Although there is no direct evidence for the existence
of the physical protection of organic matter, indirect evi-
dence such as an increase in net N mineralization after
fine sieving (Hassink 1992) and rapid mineralization in
sandy soils in comparison to clay soils (Hassink et al.
1990; Verberne et al. 1990) support the hypothesis. The
lower net mineralization in clay soils is assumed to be
due to greater physical protection of SOM from microbi-
al attack (Verberne et a. 1990) as a larger proportion
of readily mineralizable organic N is entrapped in small
aggregates than in larger aggregates (Craswell et al.
1970; Cameron and Posner 1979), and due to the rela-
tively complex chemical structure of organic matter in
small aggregates as it bonds with mineral particles
(Buyanovsky et al. 1994). Clays facilitate the formation
of micro-aggregates containing organic material physi-
cally inaccessible to microorganisms (Edwards and
Bremner 1967; Tisdall and Oades 1982; Elliott and
Coleman 1988).

Experimental conditions during incubation

In addition to sample pretreatment, incubation method
and experimental conditions such as incubation tempera-
ture (Stanford et al. 1973; Tabatabai and Al-Khafaji
1980; Addiscott 1983; Campbell et al. 1981; Nordmeyer
and Richter 1985; Marion and Black 1987; Ellert and
Bettany 1992; Howard and Howard 1993), soil moisture
content (Stanford and Epstein 1974; Cassman and
Munns 1980; Myers et al. 1982; Campbell et al. 1984),
volume of leaching solution used (Smith et al. 1980;
Deans et a. 1986), organic N measurements in the
leachate (Smith et al. 1980; Beauchamp et al. 1986;
Robertson et a. 1988), length of incubation (Cabrera and
Kissel 1988b) etc. affect N, and the shape of the N min-
eralization curve.

The temperature dependence of the N mineralization
rate constant, k, has usually been described by an Arrhe-
nius function (Stanford et a. 1973; Addiscott 1983;
Campbell et al. 1981; Nordmeyer and Richter 1985),
k=Ae BT, in which k is the mineraization rate constant,
T is the absolute temperature and A and B are regression
coefficients. There are considerable differences in the
coefficients reported for Arrhenius functions by various
researchers. To make a comparison between the studies,
we normalized the Arrhenius functions reported in dif-
ferent studies to 1.0 at 5°C (Fig. 4). Stanford et al.
(1973) and Campbell et al. (1981) conducted their stud-
ies between 5°C and 40°C, Nordmeyer and Richter
(1985) between 10°C and 35°C and Addiscott (1983) be-
tween 5°C and 25°C. As can be seen there are large dif-
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Fig. 4 Temperature functions for correcting mineralization rate
constants reported in different studies. All functions normalised to
1.0a5°C

ferences in the temperature-adjustment factor reported in
different studies (Fig. 4). Nordmeyer and Richter (1985)
found that the turnover of the rapidly decomposable frac-
tion of added plant residues was affected much more by
temperature than turnover of the more resistant fraction
of the added plant residues. This suggests that the tem-
perature effect on the turnover rate is related to the na-
ture of the organic matter in the soil.

In the kinetic models, the effect of temperature is gen-
erally incorporated by adjusting the rate coefficient and
assuming the pool size to be constant at all temperatures,
which is estimated solely from the N mineralization pat-
tern at the highest temperature. Ellert and Bettany (1992)
proposed simultaneous fitting of the kinetic model and
temperature response function to the N mineralization
data. Recently, MacDonald et al. (1995) showed that it is
the mineralizable N pool (N,) rather than the rate con-
stant (K), which is temperature dependent. MacDonald et
al. (1995) observed an increase in the mineralizable N
pool with an increase in temperature from 5°C to 25°C.
They argued that this may be due to a shift in the micro-
bial community, changes in biochemical composition of
the fraction mineralized, or changes in transport process-
es such as diffusion with temperature. In view of these
results, the temperature dependence of N mineralization
kinetics needs to be further investigated.

In addition to temperature, soil moisture is an impor-
tant factor that dictates N mineralization rates in soils.
Water potentials between —0.01 MPa and —0.03 MPa and
a temperature around 35°C are considered optimum for
N mineralization from SOM. However, the two have
been shown to interact and the effect of moisture on mi-
crobia activity is enhanced at higher temperatures
(Quemada and Cabrera 1997).

Garau et a. (1986) compared leaching and non-leach-
ing methods for studying N mineralization kinetics in
soils. They found that the cumulative mineralized N giv-
en by the leaching method and the potentialy mineraliz-
able N exceeded that obtained for the non-leaching one.



The addition of minus N nutrient solution at each leach-
ing, asis usualy done with Stanford and Smith's incuba-
tion method, significantly increased the cumulative
amount of N mineralized and its effect was maximal af-
ter about 45 days of incubation (Seyfried and Rao 1988).
The amount of mineralized N leached is dependent upon
the volume of leaching solution used. As the volume of
leaching solution increased, the value of N, decreased
and that of the rate constant for the easily decomposable
fraction increased (Deans et al. 1986), probably because
the larger volume of the extract leached higher amounts
of soluble mineralizable organic N (Smith et al. 1980).
Several workers found considerable amounts of organic
N in the leachates. The values reported varied from 13%
to 163% (Smith et al. 1980), 9-12% (Beauchamp et al.
1986), and 30% (Robertson et al. 1988) of total mineral-
ized N. Smith et al. (1980) indicated that the leached or-
ganic N probably represented an easily mineralizable
fraction and, therefore, should be included in the cumu-
lative mineralized N when determining the parameters
for the first-order models. On the other hand, Smith
(1987) observed that the soluble organic N losses in the
leachates were not a major factor associated with the re-
covery of mineralized N as major losses of organic N oc-
curred during the initial leaching prior to incubation.

Length of incubation

Length of incubation is the single most important factor
that varies widely amongst studies. N mineralization pa-
rameters for first-order kinetic models have been com-
puted from incubation studies ranging from 6 weeks
(Beauchamp et al. 1986) to as long as 47 weeks (Carter
and Macleod 1987). Depending on the length of incuba-
tion, the shape of the curve of cumulative N mineraliza-
tion vs. time may change. This may lead to either im-
proper model selection or imprecise parameter estimates.
Cabrera and Kissel (1988b) found that extending the in-
cubation time increased the estimated potentially miner-
alizable N in the two pools (N; and N,), and decreased
the associated rate constants k; and k, for the two-com-
partment first-order kinetic model. As an illustration
here, we used the data from the previously published
study of Juma et al. (1984). The effect of length of incu-
bation on parameter estimates of a first-order single-
compartment model is presented in Table 7. In general,
by successively minimizing the incubation time from the
maximum (25 weeks) used in the study, the value of N,
increased and that of k decreased. However, irrespective
of the length of incubation the product Nyxk remained al-
most constant, suggesting thereby that different splitting
of parameter estimates will result when variable lengths
of incubation data are used for fitting the model. Many
workers have emphasized the importance of the product
of Npxk as a better indicator of N availability in soil than
N, @one (Griffin and Laine 1983; Nordmeyer and Rich-
ter 1985; Campbell et al. 1991; Serna and Pomares
1992).
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Table 7 Effect of length of incubation time on parameter esti-
mates of a FOSF model [data from Juma et al. (1984)]. For abbre-
viations, see Table 1

Soil/ Length  No. of No k Noxk

treatment of incu- measure- (mgkg?) (week?l)
bation ments

RotationR 25 14 163 0.066 10.78
22 13 171 0.061 10.46
19 12 189 0.054 10.19
15 11 198 0.051 10.11

RotationC 25 14 160 0.055 8.78
22 13 170 0.051 8.69
19 12 191 0.044 8.40
15 11 329 0.023 7.57

The dependence of the parameter estimates of the
first-order kinetic models on length of incubation may
present problems for comparing parameters from studies
with different incubation times. Therefore, results from
different studies should be compared with caution. Fur-
ther, for a shorter duration of incubation, the models may
be overparameterized due to the small number of obser-
vations recorded during the incubation period.

Relationship of N, with some soil characteristics

A number of studies have documented significant rela-
tionship between N, and soil C (Campbell et al. 1981,
Griffin and Laine 1983) and total N (Marion et al. 1981,
Campbell et al. 1981; Griffin and Laine 1983; Hadas et
al. 1986; Campbell et a. 1991). In contrast, Carter and
Macleod (1987) obtained a poor relationship between N,
and SOM for eight Prince Edward Island soils. They ob-
tained a close relationship between N, and the amount of
C (r=0.98) and N (r=0.97) within the microbial biomass.
Other studies on a range of soils of various texture and
organic C levels have also shown a similar but less close
(r=0.76) relationship (Carter and Rennie 1982). Sail clay
content has been shown to be an important factor affect-
ing mineralizable N from the resistant (RPM) N fraction
(Nordmeyer and Richter 1985). With increasing clay
content the product of Ngpy*Kgpy iNCreased linearly.
Similarly, Cabrera and Kissel (1988a) found that for very
fine sandy loam to silty clay loam soils in Kansas the
value of Nyxk of the one-pool exponential model for un-
disturbed soil samples could be predicted from total N
and clay contents of the soil.

Conclusions

We have discussed different approaches to modelling N
mineralization kinetics in soils. There are doubtless more
models that have been used to describe organic matter
turnover and N mineralization in soils, but based on the
approaches presented here, the following conclusions
may be drawn:
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1. Among the simple functional approaches, we regard
fitting data to the curves described by two-compart-
ment models as useful for the purpose of obtaining pa-
rameters needed for modelling N dynamics in soils or
to alow data to be tabulated in comparable forms. In
view of the complexity of the system and interdepen-
dence of a number of biotic and abiotic factors, one
should not try to infer the mechanism of the reaction
from agood fit between experimental data and a partic-
ular mathematical form aone. Though the partitioning
of organic matter into two or more fractions each with
adistinct Ny and k is a gross simplification of the turn-
OVer process, it is easier to parameterize and is, there-
fore, in accordance with the principle of parsimony.

2. Multicompartment mechanistic models based on three
or more organic N pools are difficult to parameterize.
Some of these models are difficult to validate on inde-
pendent data as the presumed functional pools cannot
be quantified by physical, chemical and biological
techniques.

3. The models based on microbial biomass kinetics ex-
plicitly represent basic mechanisms believed to influ-
ence mineralization, and the model parameters could
be established independently of the test and calibra-
tion data. But these models have not been validated
against reliable data, especially that obtained in the
field. Therefore, experiments coupled with simulation
studies are needed for the adequate description of N
turnover in soil.

4. The cumulative amount of N mineralized during incu-
bation and, therefore, the estimated N release parame-
ters depend on methods used in pretreating the soil
before incubation and experimental conditions during
incubation. Any disturbance introduced by soil sam-
pling and soil preparation has a strong influence on
subsequent N mineralization. Sieving the soil, better
air circulation as well as optimal availability of nutri-
ents causes extra mineralization. So our N mineraliza-
tion parameters are actually, in part, an expression of
these arbitrary treatments in the laboratory. To obtain
values which are comparable amongst studies it is,
therefore, necessary to standardize methods of sample
pretreatment as well as incubation conditions.
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