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Abstract — The two-compartment model of Hénin-Dupuis (1945) was tested to track the medium-term (13 years) evo-
lution of C reserves in the silty soils of the rolling pampas in Argentina for various crop rotations. The coefficient of
annual mineralisation, theoretically constant in the model, depends in fact on the amount of organic residues returned.
The model is thus open to question. A simple model with three carbon fractions (harvest residues, active fraction and
stable fraction) is proposed. It enables the changes in the soil organic reserves to be well simulated. However, a simple
statistical fit of the three parameters of the model gives an infinite number of solutions. Use of the '*C natural abun-
dance method allows evolution of the young and old soil carbon fractions to be separated and tracked, and to determine
the three parameters unambiguously. The results show that the stable fraction represents most of the initial soil organic
C reserve: 60—68 %. The humification parameter increases in proportion to the lignin concentration of the crop residues.
Intensification of soil tillage accelerates the mineralisation of the soil organic matter. (© Inra/Elsevier, Paris.)

soil carbon / model / 1*C abundance / rolling pampas / cropping

Résumé — Modélisation des I’évolution des stocks de carbone des sols de la Pampa argentine pour différentes
rotations culturales. Le modele bicompartimental de Hénin-Dupuis (1945) a été évalué pour suivre 1’évolution a
moyen terme (13 ans) des stocks de C dans des sols limoneux de la Pampa ondulée en Argentine, pour diverses rota-
tions de culture. Le coefficient de minéralisation annuel, théoriquement constant dans le modele, dépend en fait du
niveau des restitutions organiques. Le modele est donc ainsi remis en cause. Un modele simple a trois compartiments
carbonés (résidus de récolte, fraction active et fraction stable) est proposé. Il permet de bien simuler 1’évolution des
stocks organiques du sol. Cependant, un simple ajustement statistique des trois paramétres du modele donne une infinité
de solutions. L’utilisation de la méthode d’abondance naturelle en '3C permet de séparer et de suivre les évolutions de
carbone jeune et du carbone ancien du sol, et de pouvoir déterminer les trois parametres de facon univoque. Les résul-
tats obtenus indiquent que la fraction stable représenterait la plus grande partie du stock de C organique initial: 60 a
68 %. Le rendement d’humification augmente proportionnellement a la concentration en lignine des résidus de récolte.
L’intensification du travail du sol induit une accélération de la minéralisation de la matiére organique du sol. (©
Inra/Elsevier, Paris.)

carbone du sol / modélisation / abondance '*C / pampa ondulée / mise en culture
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1. Introduction

Several models have been proposed over the last
20 years to simulate the long-term dynamics of soil
organic matter (SOM). These models use differing
numbers of variables to describe the processes of
SOM transformations [7, 18, 21, 23, 24, 26, 27].
They are conceptually interesting but difficult to
validate and to apply as they require a large num-
ber of parameters which are difficult to measure.
Hénin and Dupuis [14] were the first to simulate
mathematically the evolution of soil organic matter
with a simple model. In this model (figure 1) the
SOM decomposes according to first order kinetics
with a rate constant represented by the coefficient
of mineralisation k, (year~!). This coefficient is
assumed to be a characteristic of soil and climatic
conditions. The model contains another parameter:
the ‘isohumic coefficient’ (k,) which represents the
yield of the transformation into humified carbon of
the crop residues. It is a characteristic of the type
of residues. This model has been used in numerous
French studies to describe or predict the evolution
of SOM reserves or of soil carbon [9, 13, 25] and
more recently by Huggins et al. [15]. However,
Janssen [16] and Andrén and Kitterer [2] have
suggested that one should consider at least two
SOM fractions each with a specific turnover rate: a
small labile fraction supplied from crop residues
and a large, more stable, fraction of transformed
‘humified’ products. The use of such simulation
models of the evolution of soil carbon reserves for
the rolling pampas soils could be useful for pre-
dicting the consequences of different strategies for
managing the organic matter in a region of relative-
ly recent agriculture, where intensification is
expected to alter the organic status of the soils.

The aim of this work is to simulate the evolution
of the soil C reserves over the medium term
observed in the rotation experiments carried out on
the rolling pampas using the original two-compart-
ment model of Hénin-Dupuis, and then a derived
model with three compartments. The parameters
can be estimated by fitting, meanwhile using the

1- k&

k] k2
humus C

\

Residues

Figure 1. Diagram of Hénin-Dupuis’ model considering two
C pools. k, = humification rate of crop residues, k, = minerali-
sation rate of soil organic matter.

total C reserves and those of ‘young C’ calculated
by the '*C natural abundance method [5].

2. Materials and methods

2.1. Experimental sites

The data used in this work came from two medium-
term experiments carried out by INTA (Instituto
Nacional de Tecnologia Agropecuaria). There was one
crop rotation experiment carried out at the Oliveros
Experimental Station (33°01'S, 61°10'W) and another
experiment with soybean monoculture carried out at the
Pergamino Experimental Station (33°56'S, 60°34'W).
These two experiments were in the central part of the
humid Argentinean pampas, in a natural sub-region
known as the rolling pampas, the soils of which were
developed on a thick loess (acquic and typic Argiudols,
respectively). This work concerns the results of the first
13 years of both experiments. The experimental layouts
have been described in detail by Andriulo et al. [5].

The treatments studied at Oliveros enable the transi-
tion from a mixed crop/livestock system lasting 60 years
to a system of arable crops to be studied. The latter are
as follows:
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w: continuous wheat;
m: continuous maize;
w/s:  wheat/soybean, with two crops every year;

w/s—m: wheat/soybean—maize, with three crops every 2
years;

w/s—f: wheat/soybean—sunflower, with three crops
every 2 years.

The study at Pergamino was concerned with the con-
sequences of ploughing in the original grassland and the
introduction of crops. The treatments were as follows:

p: original grassland;

s: continuous soybean.

2.2. Two-compartment model

The model of Hénin-Dupuis |[14] considered two
pools of OM: the OM in the crop residues and the humi-
fied SOM; the time step is the year. The annual varia-
tion of the humified SOM reserve can be written as:

AC/AL = kym = k,C (1

where C is the total humus carbon pool (Mg.ha™!), m is
the annual C application of crop residues
(Mg.ha-!.year!), k, is the ‘isohumic’ coefficient repre-
senting the yield of the transformation into humified
carbon of crop residues (unitless), &, is the mineralisa-
tion rate constant of the humified SOM (year ).

If the residue returns can be considered constant over
the integration interval, it becomes:

C=C, e+ ”;(i(l - e ) )

2

The longer the integration interval, the more the within-
year variability may be ignored, thus giving to &, and &,
the meaning of mean annual coefficients. But the term
m depends on the crop and its yield and can take very
different values. To improve the precision in estimating
k, and k,, we have had to take into account the varia-
tions in m. We have tested this model with the data from
the rotation experiment at Oliveros. In these experi-
ments, the initial C reserve (C,) is not known with great
precision. Fitting the parameters of the model was per-
formed in two stages.

— The first stage consists in making a simultaneous
estimate of the three parameters k|, £, and C, by the
method of least squares, assuming (and fixing) known
quantities of annual harvest residue returns (m). This
approach is similar to that used by Chadoeuf et al. [11]

although these authors used a discrete formulation of the
Hénin-Dupuisi model.

— The second stage is to test the sensitivity of the
model to the parameter k, by giving it different values
and optimising the parameter k,. The coefficient &, is
either fixed at 0.30 (the value used by Jenkinson [18])
or 1 (its maximum value), or otherwise calculated from
the biochemical composition of the organic residues
returned to the soil according to the formula proposed
by Djakovitch [12]:

k, =2.11-0.020 NDF
—0.024 HEM - 0.022 CEL + 0.008 LIG 3

where NDF is the fraction of compounds soluble in neu-
tral detergent (% dry matter), HEM is the hemicellulose
content (%) and LIG the lignin content (%).

The biochemical composition of each residue is
shown in rable IIl. The isohumic coefficient of each
rotation is then calculated according to the following
equations:

k, (w) = 1.0 k, (wheat) = 0.11

k, (m) =0.7 k, (maize) + 0.3 k, (Sorghum halepense)
=0.13

k, (w/sy=0.6 k, (wheat) + 0.4 k, (soybean) =0.17

k, (w/s—m) = 0.2 k| (wheat) + 0.2 k, (soybean)
+0.6 k| (maize) = 0.17

k, (w/s—f) = 0.3 k, (wheat) + 0.2 k (soybean)
+ 0.5 k| (sunflower) = 0.26

2.3. Three-compartment model

Hénin-Dupuis’ model can be modified by separating
the organic matter into a stable and an active fraction
(figure 2). In this three-compartments model, the evolu-
tion of the carbon reserve may be described by the fol-
lowing equations:

. mk y
C=C\+CAO~€""+T1'(1—€A) 4)
Go= Cs+ Cao 5)
g=k -m (6)

where C_ is the stable C content (Mg.ha™!), C,, is the
initial active C content (Mg.ha™'), C, is the initial total C
content (Mg.ha™!), m is the mass of annual C input
(Mg.ha l.year"), k, is the isohumic coefficient (unit-
less), k is the coefficient of mineralisation of the active
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active C
ki

Residues

stable C

Figure 2. Diagram of the three-compartment model.
k, = humification rate of crop residues, kK = mineralisation rate
of active soil organic matter, CS = stable C fraction.

fraction (year™"), g is the mass of C humified annually
(Mg.ha '.year ™).

2.4. Calculation of active and stable carbon
reserves using 13C measurements

In the previous paragraph we estimated the size of
the compartments and their evolution by statistical fit-
ting. We have improved their estimates by using mea-
surements of natural '*C isotopic abundance. We con-
tinue to use the three-compartment model (the modified
Hénin-Dupuis model) but will consider the changes in
‘young’ and ‘old’ carbon separately.

Equation (4) of the three-compartment model can in
fact be written:

C=C+G (N

with
Ci=Ci+Cyy- et (8)

and
C2=~”%~(1 —e ) )

The term C(t) describes the evolution (decrease) of the
C content present at time O: we call it ‘old C’, since it
includes the stable carbon pool Cg. The term C(1) repre-
sents the ‘young C’, i.e. the amount of active carbon
formed since time 0.

The equations can also be written in the form:
C =Ci+(C— G- et (10)

and

C=Cpp-(1-¢) (11)

C, being the total quantity of soil carbon at time 0, and
C_ the maximum contribution of the rotation to the

max

young carbon pool at equilibrium

_km 12)
Cmux_ T (
ch= Cmax+CS (13)

C,, being the total quantity of soil carbon at equilibrium.
We have simulated the evolution of young and old car-
bon in five of the rotations studied at Oliveros, with the
exception of the wheat/soybean—maize rotation. In fact
it is difficult to estimate the 3'3C contributions from this
rotation which was made up of a mixture of species with
C3 (wheat and soybean) and C4 (maize) photosynthetic
cycles. In the other rotations, the 3'*C measurements
allow the proportion of young carbon in the soil at time
¢t compared with the total carbon to be calculated. We
recall the formula for calculating this proportion o

_Sm_al
3,23,

where & is the isotopic abundance of '*C in the soil at
time ¢ (%c), &, is the isotopic abundance of 13C in the
soil at time ¢ = 0 (%o) and 52 is the isotopic abundance of
13C of the crops in the rotation (%o).

o (14)

When « is known, the young and old carbon contents
can be calculated:

young C: C, = a- C (15)
oldC: C,=(1-w)-C (16)

We have tried to fit the two models at the same time, i.e.
by minimising the sums of squares of deviations from
the model for the variables C, and C,. Whilst optimis-
ing, we have taken account of the variance of the data
by weighting the sums of squares of deviations. The fol-
lowing quantity was minimised:

SSQ, |, S50,

s 57

550 = (17)
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where S50, and SSQ, are the sums of squares of devia-
tions (observed — simulated) of the variables C| and C,,
respectively; s? and s7 are the mean experimental vari-
ances obtained for the variables C, and C,. Fitting was
performed in two different ways.

a) By fixing C, and m. In this case three parameters
are optimised: C, k, and k,.

b) By fixing C, and C. In this case two parameters
are optimised: k| and k.

To judge the goodness of fit, we have used the fol-
lowing two complementary criteria.

— The residual mean square error (RMSE) which
defines the mean difference between observed (C,) and
simulated ¢, values:

E(c-cf

n—p (18)
where p is the number of fitted parameters.

— The lack of fit (LOFIT) which separates the sum of
squares of differences between measurements and simu-
lation into two components: one is calculated as the dif-
ference between the simulation and the mean of repeat-
ed measurements (‘lack of fit’) and the other is
calculated from the variance of each set of repeated
measurements (‘the pure error’). The statistical signifi-
cance of the systematic errors (LOFIT) can be calculat-
ed using an F test [28]:

RMSE =

jil m;— 1)/§l mj(@j_Pj)z
VENE(0,-r)-(0-7)f

F - MSLOFIT _
MSE

(19)

If the calculated F is significantly greater than a critical
F (P < 0.05) the model is inadequate.

3. Results and discussion

3.1. Description of the kinetics according
to the Hénin-Dupuis model

The Hénin-Dupuis model was tested on the
results of the Oliveros experiment which compared
five rotations over 13 years. Only the parameters k|
and k, were fitted, as the initial reserves and
amounts of organic residues returned were well
known.

The results of fitting without constraints are
quite good as the RMSE varies between 0.4 and
1.2 Mg C-ha™! and the LOFIT is not significant
(results not shown). But this optimisation always
leads to unrealistic values of k,, i.e. greater than I.
We have therefore carried out a sensitivity analysis
on the parameter k,. It should be noted that the
coefficient k| is either fixed at 0.30 (the value used
by Jenkinson [18]) or 1 (the maximum value) or
calculated from the biochemical composition using
the formula suggested by Djakovitch [12].

Table I gives the results from fitting after having
fixed the parameter &, (only £, is optimised). A sig-
nificant decrease in the quality of fit was found for
all the rotations: a large increase in RMSE when &,
is fixed and LOFIT significant in one rotation. The
model fits the data better with values of k, close to
1 than when using the value calculated from
Djakovitch’s formula: this is true for four of the
five rotations. The wheat/soybean rotation shows
the worst fit: RMSE = 1.8 Mg C-ha™'.

Table L. Prediction of the mineralisation rate (k,) of
SOM by the Hénin-Dupuis’ model as dependent on
annual C input (m) and humification coefficient (k,)
under various crop rotations at Oliveros.

Crop m  k  k,  RMSE LOFIT
sequence (Mg.ha™. (year') (Mg.ha™!)
year ')
w 2.9 0.11  0.022 1.4 NS
0.30 0.039 1.3 NS
1.00 0.101 1.1 NS
m 4.5 0.13  0.030 1.4 NS
0.30  0.054 1.3 NS
1.00  0.150 0.8 NS
w/s 5.0 0.17 0.036 1.8 NS
0.30  0.056 1.7 NS
1.00  0.160 1.4 NS
w/s—f 34 0.26  0.036 1.7 S
0.30 0.040 1.6 S
1.00  0.110 1.4 NS
w/s—m 3.8 0.17 0.033 1.2 NS
0.30 0.048 1.1 NS
1.00 0.130 0.8 NS

Three possible values are given for the k, parameter (see text).
Initial soil C content: C, = 35.2 Mg-ha™'.
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If the ‘biochemical value’ defined by equation
(3) is used for k,, the calculated values of k, for the
five rotations lie between 0.022 and 0.036 year™'.
These value hardly differ from those obtained
when k, is fixed at 0.15.

3.2. Limitations of the two-compartment model

The deviations from the model remain compara-
ble with the error measurements of the C reserves
(at least for three rotations) and do not allow the
two-compartments model to be rejected directly.
Nevertheless the model is not satisfactory because,
on the one hand, the simultaneous estimation of the
model parameters does not lead to consistent val-
ues of k;, and on the other hand the independent
estimate of , fails to solve the problem of system-
atic bias: the model under-estimates the initial fall
in C content in the first years, and over-estimates it
later on. These conclusions confirm those of other
authors [9, 22, 25]. If one chooses to fix k, one
risks making a serious mistake by assuming that all
the harvest residues have the same humification
yield. In fact this hypothesis is too simple: it is
probable that k, is a characteristic of the composi-
tion of the organic residues. Moreover, the increase
in the amount of carbon applied to the soil each
year results in an increase in the mineralisation rate
(figure 3). This observation is true whichever value
of the coefficient k, is used, and thus does not
result from the correlation which exists between k|
and k, in the fitting procedure. Thus, as k, loses its
status as a constant, the two-compartment model
becomes inadequate.

3.3. Description of the kinetics using
the three-compartment model

The three-compartment model was therefore
tested at Oliveros. The calculation of the three
parameters of the model (Cg, k, and k) by fitting to
the data from the five rotations revealed a very
strong correlation between the parameters Cg and
k,. This means we must fit the values of k and Cg
after having fixed the coefficient k, at 0.15 or 0.30.

0.06 -

0.05 T

k2 (year-1)
o
=)
&

0.03 T

k1=0.15

0.02 : i } b . ;
2.5 3 3.5 4 4.5 5
m (Mg/hal/year)

Figure 3. Variation of the mineralisation rate (k,) of soil
organic matter in the Hénin-Dupuis® model as a function of
annual C inputs.

The results obtained with these two values of k,
generally show a good fit of the model to the
observed data for total C contents in the plough
layer (table II). The statistical criteria for fitting are
satisfactory: the RMSE varies from 0.31 to 1.34
Mg C-ha™!, the variance accounted for (r?) varies
from 0.61 to 0.97 and the LOFIT is not significant
for any rotation.

The values of &, calculated for each rotation, are
independent of the value of &, chosen. It is also
found that the value of the parameter Cs, calculated
without constraints, varies little between rotations.
The mean value obtained in these fittings is
Cg=276 Mg-ha~!. As expected, it will be assumed
that the stable carbon fraction is constant and inde-
pendent of the rotation. This value was used from
then on without resulting in either a observable
increase in RMSE or in a significant LOFIT (table

).

Depending on the rotation, the calculated values
of k varied from 0.16 (wheat monoculture) to 0.56
year~! (wheat/soybean rotation). The comparison
of rotations suggests that the mineralisation rate k
depends on the amount of C input (the higher the
input, the greater the mineralisation of SOM) and
the soil tillage (ploughing seems to increase the
mineralisation rate).
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Table II. Values of model parameters (k;, C and k) and quality of fit obtained with the three-compartment model in the
Oliveros experiment.

Crop sequence Parameters Quality of fit
k, Cs k RMSE r LOFIT
(Mg.ha™!) year ! (Mg.ha™

w 0.15* 27.2 0.16 1.04 0.84 NS
m 0.15* 283 0.29 0.48 0.97 NS
w/s 0.15% 303 0.56 0.31 0.97 NS
w/s—f 0.15* 29.5 0.23 1.34 0.61 NS
w/s—m 0.15* 28.2 0.24 0.63 0.90 NS
w 0.30%* 245 0.16 1.04 0.84 NS
m 0.30* 259 0.29 0.48 0.97 NS
w/s 0.30* 29.0 0.56 0.31 0.97 NS
w/s— 0.30* 27.3 0.23 1.34 0.61 NS
w/s—m 0.30* 25.8 0.24 0.63 0.90 NS
w 0.13 27.6%* 0.16 1.04 0.84 NS
m 0.19 27.6* 0.29 0.48 0.97 NS
w/s 0.46 27.6% 0.56 0.31 0.97 NS
w/s— 0.28 27.6%* 0.23 1.34 0.61 NS
w/s—m 0.19 27.6* 0.24 0.63 0.90 NS

The fitted data include only total soil C contents. * Fixed parameter (the other two parameters are fitted).

3.4. Calculation of active and stable carbon
reserves using 13C measurements

In the previous paragraph we estimated the sizes
of the compartments and their evolution by statisti-
cal fitting. We can now improve these estimates by
making use of measurements of '3C natural iso-
topic abundance. We will still use the three-com-
partment model (the modified Hénin-Dupuis
model) but will consider the ‘young carbon’ and
the ‘old carbon’ separately in the Oliveros and
Pergamino experiments.

3.4.1. Oliveros experiment

3.4.1.1. Fitting the model parameters

We have simulated the evolution of young and
old carbon in four rotations at Oliveros. Fitting was
performed in the following two different ways.

a) By fixing C, and m (table Illa). In this case
three parameters are optimised: C, k, and k.

b) By fixing C, m and Cg (table 11Ib). In this
case two parameters are optimised: &, and .

The statistical criteria show that the quality of fit
is very good. The calculated values of the stable C
pool hardly differ between rotations, except for the
maize monoculture. We then assumed that the sta-
ble carbon pool was the same in all treatments,
which means that the possible effect of the rotation
on the stable carbon is negligible over such a short
period (13 years). We have therefore adopted for
stable C the value Cg = 23.7 Mg-ha™!, which is the
value which minimises the sum of squares of devi-
ations, weighted by the variance, in the four rota-
tions.

When the parameter Cg is fixed and the two
parameters k, and k are optimised, only a small fall
is seen in the quality of fit: the RMSE increases,
but remains lower than the RMSE of the fits previ-
ously carried out, and the model is still without
bias (LOFIT is not significant) (table I11b).
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Table I11. Values of model parameters (k,, C¢ and k) and quality of fit obtained with the three-compartment model in

the Oliveros experiment.

Crop sequence Parameters Quality of fit
C, k RMSE r LOFIT

(Mg.ha™") (year™") (Mg.ha™")
a) m and C,, fixed
w 27.0 0.33 0.47 0.34 0.999 NS
m 14.2 0.08 0.23 0.38 0.995 NS
wis 24.0 0.32 0.47 0.14 0.999 NS
w/s—f 24.6 0.27 0.58 0.32 0.998 NS
b) m, C,, and C fixed
w 23.7 0.16 0.29 0.76 0.997 NS
m 23.7 0.21 0.35 0.86 0.977 NS
w/s 23.7 0.31 0.45 0.29 0.999 NS
w/s—f 237 0.24 0.53 0.40 0.998 NS

The fitted data include both total soil C and natural }3C abundance data. (a) m and C  are fixed: Cg, k and &, are fitted. (b} m, C_ and

C, are fixed; k and k| are fitted.

The evolution of young and old carbon reserves
is still very well simulated in every case (figure 4).
A slight bias can only be seen in the case of maize
monoculture: the model over-estimates the first
measurement of young carbon at 4 years.

A reserve of stable C of 23.7 Mg-ha™! (corre-
sponding to a C content of 12-13 mg-g! soil)
would therefore be associated with an active C
reserve of 11.5 Mg-ha™! at the start of the experi-
ment. At the beginning of the study, the active frac-
tion would thus have represented 1/3 of the total C
reserve of the plough layer. This proportion is sim-
ilar to that calculated by Mary and Guérif [20] for
the Rothamsted plots. These authors predicted that
for the treatment without fertiliser, and when equi-
librium was reached, the active fraction would rep-
resent 19 % of the total organic matter. In our case
the active fraction would represent, at equilibrium,
about 22 % of the total C.

3.4.1.2. Values of the rate constant k

The rate constant of mineralisation k varies with
the rotation from 0.16 to 0.31 year™! (table I1Ib).
These values are high, indicating that the transition
to a new equilibrium state is quick: the half-life of
the active fraction being from 2.5 to 4 years.

The rate constant of mineralisation k£ of the
three-compartment model may be compared with
the constant k, of the two-compartment model
using the following relation:

- CA
Lrheag 20

Using the values of k from rable 111b and for differ-
ent values of the carbon content in the compart-
ments, the values of k, obtained fall between 0.04
and 0.10 year ! which are in agreement with values
in the literature, bearing in mind the climatic char-
acteristics of our study region.

Analysis of the cultural operations of each rota-
tion shows that there is a positive correlation
between the mineralisation rate and the number of
annual tillage operations (figure 5). It is also possi-
ble that the main ploughing date might play a role:
ploughing is carried out in autumn for wheat,
maize and sunflower; it is carried out in a warmer
period (December) in the case of soybean, which
might stimulate SOM mineralisation more.

3.4.1.3. Values of k,

The values of &, found vary between 0.29 and
0.53 (table 111b). These values, which represent the
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Figure 4. Evolution of predicted (lines) and observed values (points) of old and young C fractions of SOM under four cropping
sequences at Oliveros. Full lines: m and C,, fixed. Dashed lines: m, C, and Cj fixed.

humification yield of the C from the crop residues
which are incorporated into the soil, are not well
reported in the international literature. The values
normally used for straw cereals are between 0.06
and 0.30 for the aerial parts and between 0.16 and
0.30 for the below-ground parts.

In our study, we found values higher than those
currently assumed. If we wanted to obtain a value
for k, of 0.15, frequently used in France, the
amounts of C applied in each rotation would have
to be 5.7, 10, 15 and 12 Mg-ha™'-year™! for the w,
m, w/s and w/s—f rotations, respectively. These val-
ues are unlikely even if the residue returns were

considerably under-estimated. Qur results agree
with those of Jenkinson [18] who adopted the
value k; = 0.30 and obtained a good simulation of
the long-term Rothamsted experiments; Hénin-
Dupuis [14] and Janssen [16] also used higher val-
ues for crop residues: k, = 0.40. The value of k,
can also be compared with the coefficient oo + B in
the model of Bradbury et al. [10] which, according
to these authors, varies between 0.35 and 0.42.

Figure 6 shows that the values of k| calculated
by fitting are well correlated with the lignin con-
tent of the residues applied in each rotation. The
linear regression obtained is
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Figure 5. Mineralisation rate of active organic matter (k) as
dependent on the number of tillage operations performed each
year at Oliveros.

k, =-0.302 + 0.084 LIG (18)
3.4.1.4. Testing the model

The validity of the model thus parameterised
(Cs, k,, k) could be tested on the w/s—-m rotation,
which we had abandoned because it did not enable
us to calculate the young and old C. The simulation
of the evolution of the total C content was carried
out year by year, taking into account the residue
returns of wheat, soybean and maize. It appeared to
be capable of reproducing the observed evolution
in this rotation over the course of the 13 years of
the study (figure 7). The C reserve at equilibrium,
calculated at 30.5 Mg-ha~!, would be almost
reached by the end of the 13 years.

3.4.1.5. Carbon content at equilibrium

The model indicates that the C content at equi-
librium (equation (13)) would vary little although
the quantity ¢ of carbon humified annually (equa-
tion (6)) differs greatly from one rotation to anoth-
er (table 1V). Thus, the humified carbon applica-
tions from the wheat monoculture are limited both
by relatively small amounts returned and by a low
lignin content (7.5 %). The C inputs in the w/s
rotation, made up of residues from two crops in the
same year, are particularly high; this effect is sup-
ported by the lignin content of soybean (10.6 %).

0.55 | o wist
0.45 o w/s
k"
0.35 T m
LA
0.25 - > ‘ 1 * ; ' ’
7 8 9 10 11

lignin content (% DM)

Figure 6. Humification rate of different crop residues (k,) ver-
sus their lignin content at Oliveros.

Table IV. Measured annual C inputs (¢), amounts of

young C (C_ ) and total C (C,y) predicted at equilibri-
um level.

Crop q Cx Ceq
sequence (Mg.ha!.year!) (Mg.ha™') (Mg.ha™!)
Wheat 0.8 5.2 28.9
Maize 1.6 7.7 314
Wheat/soybean 2.3 7.3 31.0
Wheat/

Soybean—sunflower 1.8 7.5 31.2

Initial value: 813C_ = —17.4 %o.

The contribution of suntlower in the w/s—f rotation
is linked to its high lignin content (12.1 %). On the
other hand, the low lignin content of the
maize—Sorghum halepense combination (8.1 %)
limits the effect of the large mass of harvest
residues applied. Moreover, it appears that, except
for wheat, the young carbon content at equilibrium
C.... (equation (12)) does not depend on the rota-
tion. It is thus the variation in the rate of soil car-
bon mineralisation between rotations which limits
the variations in reserves which might be induced
by the different residue returns.
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Figure 7. Evolution of predicted and observed soil C content
under the rotation wheat/soybean—maize at Oliveros. The pre-
dicted values are calculated from the effective amounts of crop
residues, the stable carbon pool Cg = 23.7 Mg-ha™', the k and
k, coefficients corresponding to figures 5 and 6.

From a practical point of view, if the increase in
mineralisation is indeed due to soil tillage, the
organic matter reserves at equilibrium could be
increased by limiting the number of cultural opera-
tions, for example by leaving out the ploughing
before the soybean crop.

3.4.2. The Pergamino experiment
(soybean monoculture)

For the Pergamino experiment, we proceeded as
before by simultaneously fitting both equations
representing the evolution of young and old C (fig-
ure 8). The results obtained gave a high value of
the decomposition rate: k = 0.31 year~'. This con-
firmed that the introduction of crops into the
rolling Argentinean pampas brings about a very
rapid change in the organic reserve towards a new
equilibrium (half-life = 2 years). Our earlier studies
[5] have shown that the fall in C content is not due
to the fall in C apphcations. Thus, we find that the
values of C . and ¢, 6.9 Mg-ha™!and 2.13
Mg ha-year~!, respectively, are in the same order of
magnitude as those estimated for Oliveros. The sta-
ble C content would represent 60 % of the total C
in the starting situation, i.e. a C content of
16.7 mg-g~! (41.7 Mg C-ha™!). This value of stable
C represents the upper limit of all possible values
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Figure 8. Evolution of predicted and observed old and young
C fractions of SOM under continuous soybean at Pergamino.

since this is a situation in which crops have just
recently been introduced.

To be able to compare the results from Oliveros
calculated for the A_ horizon and those of
Pergamino calculated on the basis of 2 500 Mg-
ha™! of soil, the results were used for young and
old C for years 8 and 9 of the w/s and w/s—f rota-
tions and for year 8 of the maize monoculture. The
estimated values, for an average mass of equivalent
soil (2 400 Mg-ha™!), are shown in table V.
Assuming that after 8 or 9 years the rotations are
almost in equilibrium, one may assume that the
stable C content corresponds to the old C reserve,
i.e. 34 Mg C-ha”!, which is to say 51 % of the C
reserve in the virgin soil at Oliveros. This value
agrees with that obtained with the CENTURY
model by Anderson and Coleman [1] for a
Montana Argiborol (USA). Similarly, for the
Sanborn plots in the USA, Balesdent et al. {6] esti-
mated, using the '*C method, that the proportion of
C coming from the original grassland is about
49 % of the total C after 100 years of wheat mono-
culture.

4. Conclusions

The evolution of the SOM can be described, in
the medium term, by a model with three compart-




376 A. Andriulo et al.

Table V. Old (C)) and young (C,) soil carbon contents estimated for three cropping sequences at Oliveros, measured in

the 0-20 cm soil layer after 8 or 9 years.

Crop sequence Year C, G, Soil mass C, G, C
(mg.g™h) (mg.g™") (Mg.ha™) (Mg.ha™) (Mg.ha') (Mg.ha™)
m 8 13.6 18.9 2320 30.8 7.2 38.0
w/s 8 13.7 16.7 2460 33.8 6.8 40.6
9 13.4 17.8 2460 33.0 7.1 40.1
w/s—f 8 13.9 12.5 2360 32.8 4.7 37.5
9 13.0 12.5 2360 30.8 4.4 35.2

Average old C content = 13.5 £ 0.3 mg.g~!. Average soil mass = 2 390 + 60 Mg.ha '

ments defined by their origin: the carbon from crop
residues, the carbon of recent origin or young car-
bon, and the old or stable carbon. The '*C method
provides estimates of the size of each fraction and
enables their changes to be followed. The three
parameters k, k and Cg can be precisely measured.
At Oliveros, the size of the stable fraction (Cy)
would represent 51 % of the soil C content under
original grassland. After 70-80 years of cropping,
the size of the active fraction (C,) would represent
on average 22 % of the total C content, and its
renewal time would vary from 3 to 6 years.

From the four rotations studied at Oliveros, it
was shown that the humification yields (k,) depend
on the nature of the harvest residues and vary in
proportion to their lignin content. Moreover, it was
observed that intensification of soil tillage caused
by the practice of double cropping in a single year
(wheat/soybean) is accompanied by a greater min-
eralisation of carbon, corresponding in the model
to a substantial increase in the rate constant k.
These two results deserve checking for their stabil-
ity and the possibility of being extrapolated to
other soil and climatic conditions and to other
crops.

Such a model enables cropping systems
favourable to the maintenance of the organic status
of cultivated soils to be tested and proposed over
the medium term. The application of such a model
in the long term will require more investigations on
the nature of the stable fraction and on the validity
of estimates of its size.
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