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Abstract - The evolution of organic matter is studied in the soils of the humid central Argentinean pampas, which are
extensively cultivated, without the use of fertilisers. The organic carbon contents of the soils were recorded on two sites
for 13 years. At Oliveros, five rotations were compared after 60 years of cropping: wheat monoculture (Triticum aes-
tivum L.), maize monoculture (Zea mays L.), wheat/soybean (Glycine max L.), wheat/soybean-maize and wheat/soy-
bean-sunflower (Helianthus annuus L.). At Pergamino, a soybean monoculture followed directly after ploughing in the
original pasture. Measurements of the variation in the 13C isotopic composition were made to determine the proportions
of ’young’ C (derived from crops) and ’old’ C (present at the start of the experiments) in the total reserve of organic C.
At Oliveros, the soil C contents fell markedly during the first 5 years of the experiment (a loss of about 9 %) and then
seemed to have stabilised for all the rotations. The amount of young C formed by the end of 13 years varied from 3.9 to
9.9 Mg ha-1, i.e. 10-17 % of the returned carbon. At Pergamino, ploughing the pasture caused a large fall in the organic
carbon (28 %) during the 13 years of soybean monoculture. The amount of old C fell rapidly, its renewal time being
24 years. (&copy; Inra/Elsevier, Paris.)

soil carbon / 13C abundance / rolling pampas / cropping / rotations

Résumé - Évolution des stocks de carbone des sols de la pampa argentine. Détermination de l’origine du carbone
en utilisant les variations d’abondance naturelle 13C. L’évolution des matières organiques est étudiée dans les sols de la
Pampa centrale humide argentine, cultivés de façon extensive, sans apport d’engrais. Les stocks de carbone organique
des sols ont été suivis sur deux sites pendant 13 années. A Oliveros, cinq rotations sont comparées après 60 ans de mise
en culture : monoculture de blé (Triticum aestivum L.), monoculture de maïs (Zea mais L.), rotation blé/soja (Glycine
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max L.), blé/soja-maïs ou blé/soja-tournesol (Heliantus annuus L.). À Pergamino, une monoculture de soja a directe-
ment suivi le retournement de la prairie originelle. Des mesures de variation de la composition isotopique 13C ont été
effectuées afin de déterminer la part respective du C « jeune » (provenant des cultures) et du C « ancien » (présent au
départ des essais) dans le stock total de C organique. À Oliveros, les stocks de C du sol ont nettement diminué pendant
les cinq premières années de l’essai (perte de 9 % environ) puis semblent s’être stabilisés, quelle que soit la rotation. La
quantité de C jeune formé au bout de 13 ans varie de 3,9 à 9,9 mg ha-1, ce qui représente 10 à 17 % du C restitué.
A Pergamino, le retournement de la prairie a provoqué une forte chute du carbone organique (28 %) au cours des
13 années de monoculture de soja. Le stock de C ancien a diminué rapidement, son temps de renouvellement étant de
24 ans. (&copy; Inra/Elsevier, Paris.)

carbone du sol / abondance de 13C / pampa ondulée / mise en culture / rotations.

1. Introduction

The soil carbon reserve is an essential indicator
for assessing the sustainability of cropping systems
and their effect on the environment [48]. Loss of
organic matter usually leads to a reduction in cer-
tain components of soil fertility [34, 38]. Its evolu-
tion can be measured precisely in long-term experi-
ments.

The soil carbon reserves and their evolution

depend on climatic conditions, on the nature and
amount of residues incorporated and on cultural
practices. Variations in the quantity of soil organic
matter (SOM) are less pronounced in temperate
than in tropical climates [12, 44]. In a given
soil/climatic system, the variation in SOM content
is strongly correlated with the amount of residues
returned to the soil [12, 25, 44]. The total amount
of C inputs to the soil (crop residues and rhizode-
posits) depends on the species grown, the cropping
system and its productivity. Thus, the increase in
crop production resulting from the inclusion of
legumes in the rotation leads to an increase in
SOM [13, 37]. Nevertheless, several studies have
shown that several years of straw burning had no
effect on the soil carbon reserve [15, 43]. Several
authors have suggested that root systems, as com-
pared to the aerial parts of the residues, contribute
disproportionally to the maintenance of the SOM
reserve [14]. Numerous studies, cited by Heal et al.
[27] show that the humification rate of carbon from
residues incorporated into the soil depends on the
plant species and in particular on their biochemical
composition. Thus, Hendrix et al. [28] observed

that clover residues caused a greater loss of carbon
than that observed for grasses grown with applied
nitrogen. In this study, the nature of the residues
had more effect than the quantity of residues
applied on the loss of carbon owing to microbial
respiration. In tropical perennial legume/tropical
grass rotations, the legume residues rich in lignin
and polyphenols allow the SOM content to
increase [46].

Frequent ploughing and summer fallows con-
tribute to the fall of the SOM reserve: on the one
hand they increase the speed of decomposition of
the residues, while on the other they favour the
processes of erosion [15]. Soil tillage techniques,
depending on their depth and degree of inversion,
modify the distribution of organic matter and har-
vest residues in the profile. Hence, they influence
the kinetics of the evolution of the organic matter;
it seems that the greater the dilution, the quicker
the decomposition [25]. Further possible effects of
tillage are related to enhancing soil aeration and
activation of the microbial biomass.

Among the methods for evaluating organic mat-
ter reserves, the method of isotopic tracing of nat-
ural 13C has proved to be particularly suitable for
identifying the origin of the carbon. This method
has already been used successfully to quantify the
contribution from different crops to the SOM

dynamics [3, 16, 22, 24]. It has mostly been
applied to cropping systems comprised exclusively
of C3 plants (&delta;13C &ap; -26 &permil;) into which C4 plants
have been introduced (&delta;13C &ap; -12 &permil;). It can also
be applied to characterise the evolution of SOM
reserves after ploughing in an old grass pasture
consisting mainly of C4 plants and the establish-



ment of C3 crops, as was carried out by Balesdent
et al. [4] in a long-term experiment at Sanborn in
the USA.

In the rolling pampas, the original grassland is
made up of a mixed population of C3 and C4
plants; the soil therefore exhibits an intermediate
isotopic composition: &delta;13C &ap; -18 to -21 &permil;,
according to the latitude. This initial state provides
the advantage, in theory, of being able to follow
both the decline of &delta;13C in the soil following the
introduction of C3 plants and its enrichment after
the introduction of C4 plants.

This paper aims at testing the applicability of the
13C tracing method in the Argentinean conditions,
where the original grassland composed of mixed
C3/C4 species is cultivated with C3 or C4 crops.
We will try to use it to estimate the carbon

reserves, their origin and evolution under various
rotations currently practised in the rolling pampas.
The SOM dynamics will be modelled in a second
paper [2].

2. Materials and methods

The data used in this work came from two medium-
term experiments run by INTA (Instituto Nacional de
Tecnologin Agropecuaria). There was one crop rotation
experiment carried out at the Oliveros Experimental
Station (33°01’S; 61°10’W) and one soybean monocul-
ture experiment carried out at the Pergamino
Experimental Station (33°56’S; 60°34’W). These two
experiments were situated in the central part of the
humid Argentinean pampas region, in a natural sub-
region called the rolling pampas, the soils of which were
developed on a thick loess. This work is concerned with
the results of the first 13 years of the two experiments.

2.1. The Oliveros experiment

The soil, of silty clay texture, is an aquic Argiudoll
(USDA classification) of the Oliveros series [30], or a
luvic Phaozem (FAO classification). The experiment
was established in 1980 on a 2-year-old pasture, on a
plot with an agricultural history of 60 years of cropping.
At the start of the experiment the soil carbon content
was 19 mg g-1 [6, 7]. The original pasture was kept as a
control; it was made up mainly of clover (Trifolium

repens L.), chicory (Chicorum intivum L.) and sorghum
(Sorghum halepense L.). The carbon analyses per-
formed in 1992 on the control (pasture) did not show
any significant differences from the values found at the
start in 1980 [6, 7].

The treatments studied were:

w: wheat monoculture;
m: maize monoculture;
w/s: wheat/soybean rotation, with two crops per 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 experiment was arranged in randomised blocks
with three replications. The mean soil texture, estimated
from 18 samples, is as follows: clay 21.2 ± 0.9 %; fine
silt 40.2 ± 0.9 %; coarse silt 34.8 ± 1.6 %; sand 3.8 ±
0.2 %.

Cultural practices were very similar to those of the
local farmers. Methods of ploughing, seedbed prepara-
tion, sowing, mechanical weed control, herbicide appli-
cation and harvesting are given by Bodrero et al. [6, 7].
The number of soil tillage operations per rotation was
on average 7 for wheat, 9 for maize, 12 for the wheat/
soybean sequence, 10 for the wheat/soybean-maize
sequence and 10 for the wheat/soybean-sunflower
sequence.

Each soil sample was made up of 15 sub-samples,
taken before sowing. Sampling was performed to the
depth of the plough layer (0-16 cm). For years 8 and 9
of the wheat/soybean and wheat/soybean-sunflower
rotations and for year 8 of the maize monoculture, sam-
ples were taken from the 0-20 cm depth. The samples
were air-dried and sieved to 2 mm. The bulk density
was not determined at every sampling date because the
measurements made at three dates were not significantly
different either between replicates or between treat-
ments [6, 7].

The experiment contained three replications per treat-
ment (one per block) until 1989, and then six replica-
tions per treatment (two per block) thereafter. The con-
trol was sampled in 1992, with three replications per
block. The samples from the 13 years were stored dry
and analysed in 1993. The carbon contents were calcu-
lated for the thickness of the plough layer.

2.2. The Pergamino experiment

This experiment involved a soybean monoculture
grown on a grassland soil without any previous history



of ploughing. The soil is a typic Argiudoll (USDA) or a
luvic Phaozem (FAO) of the Pergamino series [29] of
silty texture (clay 22.4-25.2 %; silt 61.6-63.2 %; sand
13.2-14.2 %). Weeds which appeared during the soy-
bean crop were controlled chemically. Those which
appeared between successive crops and which exhibited
C3 metabolism were controlled by hoeing. Three soil
samples from the Ap and A12 horizons were taken in
1990 and 1993 in the soybean plot after harvest and in
the adjacent grassland. Each soil sample was made up of
15 sub-samples. The samples were air-dried and sieved
to 2 mm. The bulk density was determined at each sam-
pling date over the profile, with six replications per
layer. The C contents were calculated for a soil depth
corresponding to an A, horizon mass of 2 500 Mg ha-1.

2.3. Estimations and measurements

The masses of C applied in the crop residues are
given in table I. They were estimated from measured
crop yields and harvest indices ([18, 19, 23, 39], Pedrol,
pers. comm.) (table II). The above-ground dry matter of
the weeds was estimated at between 0 and 2 Mg C
ha-1year-1 in the maize monoculture (main
weed = Sorghum halepense L., a C4 plant), and at 0.5
Mg C ha-1year-1 in the wheat monoculture (main
weed = A vena fatua L., a C3 plant).

The contribution of the root mass was estimated at
30 % of the aerial biomass for wheat and maize (includ-
ing rhizodeposition) and 15 % of the aerial biomass for
sunflower and soybean. The C content of the crop
residues was taken to be 40 % of their dry matter.

Further, the N contents of the crop residues (wheat,
soybean, maize, sunflower, sorghum) were measured by
elemental analysis (Carlo Erba NA 1500). Their bio-
chemical composition was determined by the method of
Van Soest and Wine [47] (table II).

The total carbon contents and 13C isotopic abundance
of the soils was determined by mass spectrometry (VG
SIRA9) coupled with a carbon analyser (Carlo Erba
NA1500) using the technique described by Marshall and
Whiteway [33]. The 13C natural abundance was
expressed in &delta; units in relation to PDB reference (Pee
Dee Belemnite) via the international standard NBS19,
as a function of the isotopic ratio 13C/12C:

Each sample was analysed at least twice. The analysis
was repeated when the difference between replicates
from a single sample was more than 0.3 %c.

We will call the carbon from the SOM derived from

crop residues applied since t = 0, i.e. the beginning of
the experiment, ’young C’. If one designates by: &delta;1, the
&delta;13C value of the crop residues applied since time t = 0;
&delta;0, the &delta;13C value of the SOM at time t = 0 (estimated
from the control); &delta;, the &delta;13C value of the SOM at the
sampling time t, then the proportion &alpha; (%) of young C
in relation to total soil C is the following:

In reality, the values of &delta;0 and &delta;1 are not always directly
known, so these reference values have to be estimated.
In our experiments, &delta;0 was not measured on the soil

samples taken at time t = 0. At Pergamino, we have
taken the value of the grassland control (&delta;o = -19.6 &permil;)
assuming that its isotopic composition had hardly
altered during the course of the experiment as it was a

virgin pasture. At Oliveros, the value found was
- 17.5 &permil;. However, as the equilibrium hypothesis was
less certain than at Pergamino, we have sought the most
likely value by simulation, by comparing rotations (see
Results).

As to the value of &delta;1, the best estimate would be that
obtained from the analysis of a similar soil, the SOM of
which was in isotopic equilibrium with the new vegeta-
tion studied [5]. However, the only estimate of &delta;1 which
could be used in our case is the &delta;1 measured on the new

vegetation itself. The isotopic composition measured on
the aerial parts of the crops present in our experiments
was -26.3 %o for wheat and soybean, -27.5 %c for sun-
flower and -11.6 &permil; for maize.

The calculation of &alpha; will be made on four of the five
rotations present at Oliveros: wheat, maize, wheat/soy-
bean and wheat/soybean-sunflower, because wheat/soy-
bean-maize rotation is a mixture of species having C3
(wheat, soybean) and C4 (maize) photosynthetic cycles.
In the rotations containing C3 plants we will take for &delta;1
the weighted mean of the isotopic compositions of the
crops considered.

The ’old’ carbon is calculated as the difference
between the total C content and the young C content.

Analysis of variance was performed at Oliveros on the
variables: total carbon content and old and young car-
bon content, year by year.



3. Results and discussion

3.1. Evolution of C reserves under the different
rotations

3.1.1. The Oliveros experiment
The experiment was established after ploughing

in a 2-year pasture in a plot which had experienced
60 years of agriculture. The C reserves show a con-
tinuous fall throughout the experiment for all the
rotations (figure 1). Analysis of variance shows
that there are no significant differences in C
reserves between rotations for a given year.

The masses of C applied varied between 2 and 7
Mg ha-1 (table I) with a maximum in years 3 and
4. The wheat/soybean rotation and the maize
monoculture provided the highest residue returns.
The greatest variability is seen in the two rotations
with maize (w/s-m and m); this may arise from the
difficulty of sampling the maize residues and the
presence of Sorghum halepense.

Several authors have found that carbon reserves
decline as the frequency of soybean in the rotation
increases (e.g. [48]). This fall has been attributed to

the low productivity of soybean and hence to low
residue returns. In our case, the wheat/soybean
rotation did not cause any greater fall in the soil C
content compared with the other rotations. This
resulted from the large carbon returns (5.0
Mg ha-1) which are increased due to the succession
of wheat and soybean crops in the same year.

Broder and Wagner [9] found that soybean
residues decomposed more rapidly than those of
maize or wheat. This could be explained by their
high N content and the lower C/N and lignin/N
ratios than for the other residues present in our
rotations (table II). Moreover, because of their low
C/N ratio, soybean residues could also stimulate
the mineralisation of the rest of the SOM.

Assuming that organic equilibrium is reached
after 13 years of continuous cropping, it seems that
annual residue returns of about 3-4 Mg C
ha-1 year-1 coming from the w, w/s-m and w/s-f
rotations, 4.5 Mg C ha-1 year-1 from the maize, or
5 Mg C ha-1 year-1 from the w/s rotation would be
enough to maintain the soil C reserve at

31 mg ha-1. These values may be compared with
various results in the literature. Table III gives val-
ues of the C applications needed to maintain the



level of reserves at equilibrium for different situa-
tions. This table suggests that, except for the very
dry climate of Queensland, the higher the mean
temperature, the greater are the amounts of C need-
ed to maintain the equilibrium. The values found at
Oliveros are in agreement with these figures, the
mean temperature being in the order of 18 °C.

3.1.1. The Pergamino experiment
In this experiment, the starting situation was the

original grassland with a very high C reserve
(68 mg C ha-1). Over the course of the first 13 
years of cropping (soybean monoculture) the C
reserve fell sharply to 49 Mg ha-1, which is a loss
of 28 % C in 2 500 Mg ha-1 of soil (figure 2).

The masses of C applied (table IV) do not show
much year to year variation because the monocul-

ture was grown on a very fertile soil without nutri-

tional limiting factors. In the absence of limitations
due to weather, the yields are therefore stable and
high. However, although the amounts of soybean
residues applied are large (3.8 mg C ha-1 year-1)
and can be in the same order of magnitude as under
grassland, they are not enough to maintain soil C
reserves at their original level.

The cultivation of grassland soils provokes a
breakdown of the organic equilibrium. This can be
the result of accelerated decomposition of the soil
organic C. Certain authors [8, 10, 14] explain that
the rapid mineralisation which follows the destruc-
tion of the grassland is at least partly due to a
change in the composition of the SOM. Free organ-
ic matter, visible or easily mineralisable (roots,
rootlets, soluble compounds and prehumic prod-





ucts), are present in large amounts under grassland
and are liable to intense mineralisation in the early
years of cropping. These authors talk of ’supple-
mentary’ mineralisation of about 10-15 % of the
initial reserve for the early years.

Other factors could explain the changes in the C
content following the start of cultivation.

- A change in the amounts of harvest residues
being returned. However, the different amounts
returned for the virgin grassland or for different
rotations do not seem to be able in themselves to

explain the observed differences [1].

- Water erosion. Although this process could be
responsible for serious losses in very hilly areas
[45] it did not occur in our study. In fact the masses
of soil present to the depth of the B2t horizon are

identical in the two treatments.

- The deepening of ploughing. This causes mix-
ing of the surface layers with the deeper ones. The
surface layers can be diluted by the underlying lay-
ers less rich in SOM [28]. In our study, dilution is
unlikely because the layer below the cultivated
layer, belonging to the same pedological horizon,
has a SOM value very similar to that of the plough
layer.

3.2. Origin of the carbon determined by natural
13C isotopic tracing

3.2.1. Characterisation of the initial state

The distribution of soil carbon with depth in the
original pampas soils is usually like that observed
at Pergamino (figure 3). It is similar to the profiles
generally seen in grassland soils in temperate cli-
mates [11]. The C content reaches 30 mg g-1 at the
surface and remains above 10 mg g-1 at 60 cm.
This site has a warm temperate climate (mean
annual temperature 17 °C, mean annual rainfall
900 mm).

The &delta;13C isotopic composition of the soil organ-
ic matter should in principle resemble that of the
vegetation from which it is derived. Thus, in the
pampas where the original vegetation is grassland
made up of a mixture of C3 and C4 grasses [36],
the SOM in the surface layers should have about
the same &delta;13C value as the vegetation regarded as
original. This hypothesis was tested by analysing
the main grasses (table V) and the virgin soil of
Pergamino.

Although the botanical composition of the origi-
nal pampas is difficult to establish with certainty
[26], it is likely that the climax vegetation of the
original pampas was roughly composed of: 50 %



Stipa, 40 % Bothriochloa and 10 % Paspalum [32].
This represents equal proportions of C3 and C4
plants, for which one can estimate the mean iso-
topic composition:

The mean &delta;13C isotopic composition measured in
the A11 horizon is -19.6 %c. The hypothesis just
proposed therefore seems to be acceptable.

The Oliveros experiment began at the end of a
60-year period of agriculture with alternating
cycles of crops and pasture. The initial &delta;13C value
is not known. It has been estimated from the mea-
surement made in the adjacent grassland 12 years
after the start of the experiment. The mean value
for this reference site is -17.5 ± 0.4 &permil;. However,
we do not know whether there was equilibrium at
time zero between the &delta;13C value of the SOM and
that of the vegetation. Even if the initial C and N
contents were very similar to those measured on
the control, it is possible that the &delta;13C value of the
chosen reference might differ from the starting
value. It would therefore be advisable to question
the starting value of &delta;13C, for the Oliveros experi-
ment, in our calculations of young and old C.

3.2.2. The Oliveros experiment
Table VI shows the evolution of the soil &delta;13C in

the four rotations of the Oliveros experiment. As

expected, the rotations with C3 plants have caused
a fall in the &delta;13C values over the course of time,
whereas the maize monoculture (C4) has increased
them.

We found that the evolution of &delta;13C over time
was sufficiently sensitive to allow us to calculate
the contributions of young and old carbon, both for
the rotations with C3 and C4 plants. The calcula-



tion of the proportion of young C depends on the
&delta;13C value at the start (equation (2)). To test the
sensitivity to this initial value, we have calculated
the young C and the old C by using the following
four values of &delta;13C bracketing the mean.

- Taking the highest &delta;13C value found among
the samples: -17.1 &permil;.

- Assuming that the old carbon reserve was the
same for all rotations. This gives a value for
&delta;13C0 = -17.3 &permil;.

- Using the mean measured value at t = 12

years: &delta;13C0 = -17.5 &permil;.

- Using a value lower than the mean:

&delta;13C0 = -17.7 &permil;.

Figure 4 shows the evolution of the young C
content for each treatment calculated for these four
values. In the maize monoculture, the value

&delta;13C0 = -17.1 &permil; gives an estimate of the amount
of young C, at t = 4 years, which is low consider-

ing the large amounts of maize residues applied to
the soil (table I) and low in comparison with the
wheat monoculture which should be similar to it.
This observation leads us to reject this hypothesis.

Conversely, the value of &delta;13C0 = -17.7 &permil; gives a
very high estimate of young C coming from maize
(11 mg C ha-1) and a very low one (3 mg C ha-1)



for wheat. This is unlikely in view of the amount of
residues returned and leads us to reject the value
-17.7 &permil;.

The remaining possible values of &delta;13C0 of -17.3
or -17.5 &permil; are retained. They result in the follow-
ing order of classification for the young C reserves:
w < w/s < w/s-f < m, at the end of 13 years. We
find that the accumulation of young C over the
course of time shows the following two different
trends.

- For the w, w/s and w/s-f rotations, the incor-

poration of young C is very quick during the first 3
years and then reaches a plateau. This is due to a
big drop in yields and thus in residues returned
(table I).

- For the maize monoculture (m), in spite of a
fall in yields and thus of returns (table I), the
young C content increases regularly. The progres-
sive appearance of Sorghum halepense (also a C4
plant with &delta;13C = -12 &permil;) added to the residues.
This contribution can be estimated at

1.4 mg C ha-1 year-1 for the first 3 years, i.e. 25 %
of the mass of C added annually, and then

2.1 mg C ha-1 year-1 from year 4 to year 9, i.e.

56 % of the mass of C applied annually.
Unfortunately we do not have data for the succeed-
ing years.

The reserve of young C accumulated by the end
of the experiment is practically identical in the
rotations w/s-f and w/s, although the amount of
residues returned each year from the w/s-f rotation
were 30 % less than from the w/s rotation. The

higher lignin content of sunflower could explain
this accumulation of young carbon.

Figure 5 shows the changes in old C content on
each treatment calculated with the two initial &delta;13C
values which were retained. A general exponential-
type trend is apparent for the C evolution on all the
rotations. The soybean crop induced a slightly
faster decrease in the old C content (30 % higher in
w/s than in w), confirming the previously men-
tioned depressive effect of soybean [17]. During
the first 5 years the quantities of C mineralised
were greater than the quantities of C humified.
Except for the maize monoculture, each rotation
showed signs after 5 years of a new equilibrium



state related to the nature and quantity of returned
residues.

3.2.3. The Pergamino experiment

Figure 6 shows the distribution of young and old
C after 10 or 13 years of soybean monoculture at
Pergamino. The old C fell by 37 % in 13 years of
soybean cropping. This large fall confirms the
effects of this crop on soil C mineralisation. It

probably results from the combined effect of the
biochemical composition of soybean and the
repeated ploughing after commencing cultivation
in the climatic conditions of the pampas.

If one assumes a simple exponential decline

C(t) being the C content at time t, C0 the C content
at the start and k the rate constant, one can calcu-
late the renewal time for the old C (RT = 1/k) [24].
At Pergamino we obtain the value RT = 24 years.
This value can be compared with values given in
the literature, observed over the medium term
(10-25 years), in a humid climate, after starting
cultivation following forest clearing or ploughing
of grassland (table VII). This shows that the RT of
the old C varies with the mean temperature (figure
7) and that the RT obtained for the pampas fits well
into this relationship.



In the pampas, the young C content reaches
6.6 mg ha-1 year-1 after 13 years of soybean mono-
culture. If the average amount of C returned annu-

ally is 3.8 Mg ha-1 year-1 and if the annual increase
in young C is 0.51 mg ha-1 year-1, then the young
C remaining in the soil represents 13 % of the

applied C. We find in the literature (table VII) that
the accumulation of young C depends on the mass
of C applied each year and decreases when the
mean annual temperature increases. Values of
10-22 % have been reported in studies from
France, Brazil and Canada, while a value of 30 %
was found in a Canadian study with silage maize in
which the residues applied come mostly from
roots.

4. Conclusions

Cultivation of virgin grassland with soybean
monoculture has lead to a big loss of the soil C
reserve. It causes a major imbalance between the
return by the soybean and the mineralisation of soil
carbon coming from the original grassland, leading
to a new equilibrium state for the C reserve after
about 10 years. However, it is difficult to distin-

guish, within the acceleration of mineralisation, the
specific effect of altering the biochemical nature of

the residues from that of the reworking of the soil
plough layer in the soil/climatic conditions of the
rolling pampas. To conclude, we need to charac-
terise the different fractions of the soil carbon bet-
ter. This study shows that the use of natural isotope
tracing using 13C allows the recently incorporated
carbon to be clearly differentiated from that which
was already present when the change in cropping
system took place.
The transition from a system of mixed

crop-livestock farming to an arable system leads to
a smaller imbalance than the ploughing up of the
original grassland. But the different rotations and
monocultures studied in this work result in an
almost identical carbon reserve at equilibrium, no
matter what quantities of residues are returned.
This equilibrium seems to be reached after a period
of about 5 years in the soil and climatic conditions
of the rolling pampas.
From a methodological point of view:
- the use of natural abundance of 13C proves to

be a reliable method for studying the carbon
reserves in rotations, the crops of which exhibit
small differences in &delta;13C, i.e. for plants with the



same photosynthetic cycle (C3 or C4), whether
they be cultivated plants or weeds;
- if the value of soil &delta;13C at the time of the

change in cropping system corresponds to an inter-
mediate value arising from a mixed C3-C4 residue
application, it is then possible to demonstrate an
increase or decrease in &delta;13C resulting from succes-
sive applications of residues of C3 or C4 plants,
respectively.

This technique, based on the natural abundance
of 13C, enables the carbon cycle to be modelled,
distinguishing different fractions defined by their
origin, and estimating the resulting fluxes.
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