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INTRODUCTION

Soil organic matter (SOM) is a complex system of
organic and organo�mineral  compounds. Owing to its
heterogeneity, the SOM represents a continuous series
(continuum) of organic compounds differing in their
resistance to decomposition by soil microorganisms:
from labile pools that are renewed within hours and
days to very stable pools that are preserved in the soil
for millennia [4, 7, 21]. The partitioning into the labile
and stable pools is performed using physical, isotopic,
and chemical methods.

The most widespread approaches to the physical
fractionation are the aggregate�size, particle�size, and
density analyses [2, 4, 21, 26]. Using the first two
methods, the fractionation is performed according to
the size of the waterproof aggregates and primary soil
particles; in the latter case, the bulk density of the par�
ticles is taken into account. To distinguish between the
free and tightly bound SOM pools, the method of par�
ticle�size–density fractionation is often used [2, 4,
21]. The fractions isolated by this method significantly
differ in the contents of carbon and mineral compo�
nents. However, they are not homogenous with respect
to the time of the SOM renewal. In addition, the dis�
aggregation of the soil (during its mechanical grinding
or ultrasonic treatment) and the interaction of the soil

particles with water and chemicals composing heavy
liquids can significantly change the initial composi�
tion of the fractions obtained in the course of the frac�
tionation procedure [23].

At first glance, isotopic methods (radiocarbon dat�
ing, the study of the natural 13C abundance upon
changes in the composition of the vegetation (C3 and
C4 plants), and the decomposition of labeled plant
residues) allow one to separate the SOM into more
homogeneous pools according to the time of their
renewal: the young pool, which accumulates after
sharp changes in the isotopic composition of the plant
residues, and the old stable pool. The method of the
natural 13C abundance upon the C3–C4 vegetation
changes is often used for estimating the rate of the
SOM renewal in the field [4, 8, 25]. In the course of
growing C4 plants (for instance, a corn monoculture
with δ13С = –12…–14‰) on a soil that was previously
used for growing C3 plants (δ13С –26…–27‰), the
old C3 carbon is gradually replaced by the young
C4 carbon of the corn residues. The young carbon
pool is usually considered as labile; however, it may not
always be called homogeneous. Under the long�term
input of labeled plant material into the soil, some part
of the young carbon is transformed into a stable
organic matter pool. In order to assess the carbon sta�
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bilization in the soil, the direct determination of its
stability is necessary by the carbon losses as СО2 in the
course of the SOM decomposition in long�term incu�
bation experiments.

The direct assessment of the stability of the parti�
cle�size�density fractions by the intensity of the СО2

emission is rarely used, though this method allows
gaining important information about the SOM stabil�
ity in different pools. Christensen [13] found that the
maximum stability was characteristic of the organic
matter of the silt particles; on the contrary, the carbon
of the coarse fractions is the most labile. The stability
of the humus in the clay particles is intermediate
between that of the silt and sand particles. The differ�
ence between the intensities of the SOM decomposi�
tion in the silt and clay fractions may be insignificant
[24]. However, the high intensity of the SOM decom�
position and the high rate of its renewal in the coarse
(>50 µm) fractions as compared with the fine
(<20 µm) fractions was found in many investigations
[10, 18–21].

The differentiated estimate of the 12СО2 and 13СО2

emissions in long�term experiments (using the combi�
nation of the isotope and incubation approaches)
allows comparing the renewal of the young and old
SOM. The determination of the dynamics of the СО2

emissions and their isotopic composition in the course
of a 3�yr�long incubation experiment performed by
Collins et al [12] showed that both pools—the young
C4 and the old C3—consisted of labile and stable
components. The labile C3 and C4 components were
renewed with the same rate, and the time of the
renewal of the stable C4 carbon fraction was approxi�
mately three times lower than that of the old C3 car�
bon. In the experiments performed, samples of differ�
ent soil types were used. They were taken under corn
that had been cultivated for 8–35 years. During this
period, the young carbon was stabilized in rather stable
pools with a renewal time of 12–28 years. The incuba�
tion of the density� and particle�size fractions isolated
from the same soils [20] allowed establishing that the
most stable pool of young carbon was mainly stabilized
in the fine (silt and clay) fractions.

Thus, the isotope method enables determining the
SOM stability in the particle�size fractions and the
degree of stabilization of the young organic matter. In
addition, the measurements of the СО2 losses in the
course of long�term incubation permit one to deter�
mine the qualitative changes in the SOM that take
place upon the fractionation. The comparison of the
respiration activity of the undisturbed soil and the
weighted average of the СО2 emissions from all the
particle�size fractions with due account for their
masses leads to contradictory conclusions. In Chris�
tensen’s opinion [13], fractionation does not change
the SOM resistance to decomposition by microorgan�

isms. Marschner et al. [23] state that the disaggrega�
tion of the soil particles and the sedimentation analysis
in water significantly increase the respiration activity
of the organic matter in the soil fractions. The most
significant changes occur in the combination of the
particle�size� and density analyses, since the heavy
liquids (for instance, sodium polytungstate) that are
used in the separation of the particles by their density
inhibit the activity of soil microorganisms [15].

We suggest that the combination of the particle�size
fractionation of the carbon pools with the subsequent
incubation and investigation of the isotopic composi�
tion of the CO2 emissions will make it possible to sub�
divide the SOM into the most homogeneous pools and
to estimate their sizes in the main soil types. In this
work, the integrated approach combined both field
and laboratory experiments. For the incubation, sam�
ples were taken from the soil developed under the C3
vegetation in the field experiment on the decomposi�
tion of corn (C4 plants) residues.

The aim of this work was to compare the rates of the
young (C4) and old (C3) carbon renewal in the parti�
cle�size fractions from a agrogray soil for separating
the SOM into the homogeneous labile and stable
pools.

OBJECTS AND METHODS

The agrogray soil (Corg = 1.1%, pHKCl 4.65) was
studied in 2000–2005 at the experimental field station
of the Institute of Physicochemical and Biological
Problems of Soil Science of the Russian Academy of
Sciences (Pushchino, Moscow oblast).

The rate of the carbon renewal in the agrogray soil
was determined in a field experiment performed on
the long�term fallow plot that served as the control.
Every year for 5 years, milled green corn residues were
applied to the upper 25�cm�thick soil layer of the test
plots at the rates of 1.0 and 3.0 kg/m2 (dry mass) cor�
responding to 1.9 and 5.8 kg C/m2 for the whole
period. The first rate corresponded to the amount of
organic carbon entering the soil with the plant residues
and organic fertilizers in the intensive farming prac�
tices; the second rate corresponded to the input of car�
bon into the soil in highly productive meadow com�
munities. The C : N ratio in the corn residues was 27.
The area of the plots was 1 m2; two replicates were
used. The test plots were isolated along their perimeter
with PVC (Viniplast) frames to the depth of the plow
layer and covered with wooden grates protecting the
soil against drying. Every year, the soil was tilled in the
fall, when corn residues were applied into it, and, in
the spring, for its loosening and maintaining the fallow
state. In the growing seasons, the water content in the
upper 25 cm varied within 17–25% (50–75% of the
water�holding capacity) during the entire experiment.
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At the end of the experiment, soil samples were taken
from the upper 25�cm�thick layer at 5 points per plot;
mixed samples were then prepared and analyzed.

The soil samples were separated into particle�size
fractions. The air�dry soil (50 g) was mixed with water
(25% of the soil mass) and ground for 30 min. The
obtained paste was sifted through 1.0� to 0.1�mm
sieves. The coarse fraction (0.1–1.0 mm) proved to be
heterogeneous. It was then separated into the organic
and mineral components using flotation in water. The
further analysis showed that this particle�size fraction
includes the carbon of the light fraction (LF) repre�
senting fragments of humified plant residues and the
sandy fraction consisting of mainly mineral compo�
nents. The fraction <0.1 mm was treated with ultra�
sound (100 W) for 15 min and separated into particle�
size fractions by sedimentation in water [1]. After the
full extraction, the fractions were isolated by centri�
fuging (a K�70 centrifuge) for 30 min at 4000 rpm
(1600 g).

In the soil samples and isolated fractions, the con�
tents of organic carbon and nitrogen were measured,
as well as the content of the 13C isotope using a Euro
EA (Eurovector, Italy) element analyzer coupled with
a MAT 253 mass spectrometer (Thermo Electron,
Germany). The analytical signals for the 13C isotope
were expressed in δ13C of the international VPDB
standard:

δ13C = [(Rsample/Rstand) – 1)] × 1000, (1)

where Rsample and Rstand are the 13С/12С ratios in the
sample and standard. The δ13C for the VPDB is 0‰,
and Rstand = 0.0111802.

Simultaneously, the isotopic composition of the
corn residues was determined: δ13C in the corn green
mass was –12.0‰.

The portion of C4 (corn) carbon in the soil was cal�
culated according to the following equation:

δ13Cп = f δ13C4 + (1 – f) δ13C3, (2)

where δ13Cп is the δ13C in the soil sample, δ13C4 is the
δ13C in the young organic matter formed during the
decomposition of the corn residues, δ13C3 is the con�
tent of 13C in the initial soil samples collected before
the beginning of the experiment, and f  is the portion
of C4 organic matter (i.e., newly formed humus accu�
mulated due to the decomposition of the corn residues
over the 5 years of the experiment).

The constants of the organic matter decomposition
in the soil fractions were determined from the cumu�
lative curves of the СО2 emission upon the incubation.
As the mass of the light organic fraction in the compo�
sition of the sand fraction (0.1–1.0 mm or 100–
1000 µm) did not exceed 2%, the latter was used as a
whole (LF + sand) in the incubation experiments.
Along with the coarse (sand) fraction, the coarse silt
(10–100 µm), medium silt (5–10 µm), fine silt (1–5 µm),

and clay (<1 µm) fractions were incubated. These par�
ticle�size fractions were incubated at constant temper�
ature and moisture for a year. For this purpose, 1 g of
the fractions was placed into a flask (15 ml) and moist�
ened up to 70% of the water�holding capacity. The fine
fractions (the medium and fine silt and clay) were
mixed with 1 g of sand (after its calcination and treat�
ment with HCl). The hermetically closed flasks were
incubated at 22°С. The constant moisture was con�
trolled by the changes in the soil’s mass. Gas samples
were taken on the 1st, 3rd, 5th, 7th, 10th, and 14th
days and then every week. The respiration intensity of
the soil and fractions was determined from the data on
the СО2 enrichment in the time intervals between the
gas sampling. The flasks were periodically ventilated
after the СО2 concentration in the gas samples
exceeded 2%. The СО2 concentration was determined
using a chromatograph (Kristallyuks�4000) with a
detector of the thermal conductivity. The gas mixture
was separated in 3�m�long columns filled with Pora�
pack�Q at 30°С.

The constants of the decomposition of the labile
and stable carbon were determined using two methods.
In the first method, the cumulative curve of the СО2

emission was approximated for the time of the experi�
ment using the equation

(3)

where Сt is the organic carbon (Corg) content in the soil
after the cumulative losses of C–CO2 during the time t
(the portion of the initial Corg content in the soil); A1 is
the portion of the labile pool; and k1 and k2 are the
constants of the decomposition in the labile and sta�
bile pools, respectively.

In the second method, the decomposition con�
stants (k) of the young (C4) and old (C3) carbon were
calculated by the equation based on the exponential
decomposition of both the labile organic matter of the
corn residues and the stabile SOM [8]:

Ct = e–kt, (4)

k = –ln(Ct)/t. (5)

The MRT of the carbon used in both methods was
calculated as follows:

MRT = 1/k. (6)

The equations were approximated using the Mark�
wardt algorithm. The differentiated accounting for the
young and old organic matter losses was performed on
the basis of the data on the total losses of 13C per year
obtained from the results of the isotopic analysis of the
carbon at the beginning and at the end of the incuba�
tion. The total annual losses of the old C3 carbon were
calculated as the difference between the cumulative
СО2 emission in the course of the annual incubation
and the losses of the young C4 carbon. The experi�

( )1 2
1 11 ,k t k t

tC A e A e− −

= + −
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ments were performed in 3–4 replicates; the results of
the analyses were calculated per oven�dried soil mass.

RESULTS AND DISCUSSION

Cumulative losses and constants of the SOM decom�
position. The intensity of the respiration during the soil
incubation points to the different resistance of the
organic matter in the different particle�size fractions
to decomposition by the soil microorganisms (Fig. 1,
Table 1). The annual losses of carbon amounted to 7–
26% of the initial Corg content in the particle�size frac�
tions. The minimum carbon losses were found in the
clay fraction, and the maximum losses were in the
coarse and medium silt fractions. In the particle�size
fractions, as well as in the whole soil, the С–СО2/Сorg

ratio in the control variant significantly exceeded the
portion of the annual carbon losses as СО2 in the vari�
ants with the application of plant residues into the
soils.

A decrease in the potential carbon losses from the
soil in the course of the respiration, erosion, or leach�
ing of the SOM beyond the soil profile is considered as
the SOM stabilization [27]. An opposite phenomenon
is the SOM destabilization, i.e., an increase in the car�
bon losses due to the enhanced mineralization of the
SOM and its loss under the impact of erosion and
intrasoil runoff. Thus, after the application of the plant
residues to the agrogray soil for 5 years, the carbon sta�
bilization predominated. On the contrary, in the con�
trol variant, after the 5�year�old bare fallow, destabili�
zation and mineralization of the SOM prevailed.
These differences were clearly observed in the light
fraction. In the control variant, the annual carbon
losses in the course of the incubation amounted to
about 20% of the initial Corg content. At the same time,
in the variants with corn residues, the losses decreased
approximately by two times.

The calculation of the constants of the SOM
decomposition according to Eq. (3) shows that the dif�
ferences in the SOM stability are mainly manifested
upon the decomposition of the stable pool of organic
matter with the decomposition constant being k2.
Unlike the k1 constants for the labile pool, which
insignificantly differ for the different particle�size
fractions, the k2 values, as well as the values of the
annual carbon losses, point to the high decomposabity
of the organic matter in the coarse and medium silt
fractions. The organic matter in the fine silt and clay
fractions is the most stable. Ambiguous data were
obtained for the LF + sand fraction in different vari�
ants of the experiment. In the control variant, this
fraction represented the most labile component of the
SOM with the maximum k2 value. In the variants with
the application of plant residues, it was more stable:
the k2 values were comparable with those for the fine

silt and clay fractions. The presence of a small (4.5% of
Corg) labile pool even in the stable fine fractions con�
firms the conclusion about their heterogeneity we
came to in the earlier study [21]. The values obtained
by us are in agreement with the literature data attesting
to an increase in the constant of the SOM decomposi�
tion in the fine fractions [10, 18–20].

The annual cumulative carbon losses from the soil
in our experiment were almost equal to the C–CO2

emission calculated as the sum of the carbon losses
from the particle�size fractions (with due account for
their weight in the soil). In the control soil and the
variants with the addition of plant residues (1.9 and
5.8 kg C/m2), the annual losses upon the incubation of
the nonfractionated soil reached 183, 181, and 220 mg
С–СО2/100 g, respectively; for the sums of the sepa�
rate fractions subjected to incubation, they comprised
196, 178, and 233 mg С–СО2/100 g, respectively. As
such, the closeness of these values does not prove the
absence of changes in the SOM quality upon the par�
ticle�size fractionation. If fact, the constants of the
decomposition of the organic matter in the separate
fractions significantly differed from the constants cal�
culated for the whole soil. The process of the fraction�
ation is related to the destruction of the soil aggregates
and the sedimentation of the particles in water, which
led to oppositely directed changes in the k1 and k2 val�
ues. The fractionation lowered the k1 and the size of
the labile pool (A1), because these values for the whole
soil were higher than those for any of the separated
particle�size fractions in all the experimental variants.
Hence, during the fractionation, some part of the
labile pool of the SOM was lost. Probably, the losses
were associated with the dissolution of the most
decomposable part of the labile pool in water. The
constant of the decomposition of the stable pool (k2)
in any fraction was much higher than k2 in the whole
soil. The increase in the rate of the decomposition of
the stable pool after the fractionation was probably
associated with the destruction of the aggregates
(mechanical grinding and ultrasonic treatment) dur�
ing the preparation of the soil for the particle�size
analysis. In this connection, we consider the conclu�
sion of Christensen [13] about the insignificant influ�
ence of the physical (aggregate) stabilization on the
organic matter decomposition reached on the basis of
the cumulative СО2 fluxes to be insufficiently substan�
tiated. Thus, the data of the incubation experiment
can only be used as relative values for comparing the
stability of the soil fractions, since the disturbance of
the physical stabilization (which is an important
mechanism of the SOM stability) is accompanied by
significant changes in the organic matter in the iso�
lated particle�size fractions.

The constants of the decomposition of the old and
young carbon of the SOM. The isotopic composition of
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Fig. 1. Contents of Corg in the particle�size fractions of the agrogray soil without carbon losses as CO2 in the (1) control variant
and after the application of (2) 1.9 kg of C/m2 and (3) 5.8 kg of C/m2 of corn residues. Fractions: (a) LF + sand (100–1000 µm),
(b) coarse silt (10–100 µm), (c) medium silt (5–10 µm); (d) fine silt (1–5 µm), and (e) clay (<1 µm); (f) whole soil.
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the particle�size fractions before and after the incuba�
tion attested to a decrease in the 13С/12С ratio not only
in the soils with corn residues but also in the control
soil (Table 2). The isotopic composition of the control
soil (0.2–0.4‰) changed to a lesser degree than that
of the soil with the corn residues (0.5–1.3‰). The
alteration of the isotopic composition in the course of
the incubation of the C3 soil without C4 carbon is usu�
ally related to changes in the substrate quality in the
course of the SOM decomposition by microorgan�
isms. At the late stages of this process, lipids and lignin
(stable compounds depleted of the 13C isotope [9, 14])
are destroyed, whereas the carbohydrate components
enriched in the heavy carbon isotopes [17] are mainly
decomposed during the initial stages. It is difficult to
determine whether the isotopic composition of the
young C4 organic matter changes in the course of the
incubation. It is known that both the depletion and the
enrichment of the 13СО2 released from the soil in the
course of the decomposition of the heavy carbon may
take place (as compared with the initial content of
heavy carbon in the decomposing substrate) [14]. In
the long�term experiments on the decomposition of
plant residues without their mixing with the soil, the
δ13С in the released СО2 was approximately 12‰; i.e.,
it did not significantly differ from the isotopic ratio in

the corn [12, 28]. Therefore, to calculate the f value in
Eq. (1), we used the same δ13С4 value and different
δ13С3 values at the beginning and at the end of the
incubation.

The differentiated estimate of the losses in the C4
and C3 organic matter using eqs. (5) and (6) (Table 2)
showed a more intense emission of C4 carbon, which
is in agreement with the published data [12, 20]. In our
experiment, the losses of young (C4) carbon during a
year of incubation varied within 30–47%, whereas the
losses of old (C3) carbon varied within 6–25%.

The constants of the decomposition of the young
organic matter (kC4) and its mean residence time
(MRTC4) were approximately equal in all the fractions
and in the whole soil (Fig. 2). Even in the fine fractions
that are traditionally considered as resistant to decom�
position [2, 21, 22, 25], the young C4 pool was as labile
as that in the coarse fractions. The high rate of decom�
position of the C4 carbon in the fine fractions showed
that the young organic matter was unstable in the
course of the 5�year experiment. Even during 10 years,
no stabilization of the young carbon was observed in
the experiments on the decomposition of forest litter
in a field [16]. For the formation of tight bonds
between the mineral and organic components of a soil,
a longer period is needed. This complicates the study
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Fig. 2. Cumulative losses of (1) C4 and (2) C3 carbon as CO2 upon a year�long incubation of the particle�size fractions from the

agrogray soils of the control (K, without corn residues) plot and the plots with added corn residues (1.9 and 5.8 kg C/m2). The
figures indicate the loss of C3 carbon, % of its loss in the control.
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of the mechanisms of the carbon stabilization in soils.
Only in the experiments on growing a corn monocul�
ture for 30 years and longer does the MRTC4 in the fine
fractions significantly increase [20].

In contrast to the young carbon, the constants of
the decomposition of the old (C3) organic matter
depended on the size of the fractions: a low rate of
decomposition characterized the fine fractions, and a
high rate was characteristic of the coarse soil particles.
In the control variant, the constants of the organic
matter decomposition in all the particle�size fractions
and in the whole soil were higher than the kC3 values in
the variants with the application of plant residues.
Consequently, the old organic matter (C3) in the soil
with the corn residues was decomposed more slowly
than the organic matter in the soil of the fallow (with�
out plant residues). In the fallow soil without the input
of labile carbon with plant residues, the carbon of the
stable pool should be decomposed. Our data on the
total СО2 emission without the analysis of its isotopic
composition, the differentiated estimates of the C4
and C3 losses, and the calculation of the decomposi�
tion constants for the SOM point to the more intensive
decomposition of the humus in the control fallow soil
as compared with the decomposition of the C3 organic
matter in the soil with corn residues applied for five
years. This effect was observed for all the particle�size
fractions and for the whole soil. The emission of old
C3 carbon from the soil with the corn residues com�
prised 27–81% of the emission in the control variant.

In the nonfractionated soil, the value of the old
C3 carbon emission was inversely proportional to the
amount of C4 carbon introduced into the soil with the
plant residues. In the particle�size fractions, this
dependence was less distinct, probably, due to the
small losses and disturbances of the physical stability
of the C4 organic matter in the course of the particle�
size fractionation.

Mechanisms of the organic matter stabilization. The
decrease in the loss of the old (stable) SOM with the
addition of the young (labile) carbon into the soil
manifested itself as a negative priming effect; i.e., the
destruction of the stable C3 pool was slowed down due
to the predominant decomposition of the readily
decomposable C4 substrate. We did not find any signs
of stabilization of the young carbon in the soil. How�
ever, its presence in the soil favored the stabilization of
the old carbon due to the negative priming effect,
when the soil microorganisms began to utilize the
more labile C4 substrate.

In soil studies, great attention is usually paid to the
influence of the positive priming effect on the SOM
decomposition. This effect consists of the increasing
rate of the C3 carbon decomposition as labile energy
substrates (sugars, amino acids, and other readily
decomposable compounds comprising root exudates)

enter the soils [23, 24]. Unlike the positive priming
effect leading to the soil humus decomposition, the
negative priming effect can be considered as a mecha�
nism of the SOM stabilization. The importance of this
mechanism has to be assessed for other soil types and
ecosystems. However, even nowadays, there are litera�
ture data that confirm the possibility of such a mecha�
nism. The account for the 14C isotope that entered the
atmosphere during the nuclear weapon tests in the
1950s–1960s and was included into the carbon cycle
shows that up to 95% of the soil respiration is related
to the young СО2, the age of which does not exceed
ten years [29]. Consequently, the predominant
decomposition of young labile substrates is the main
mechanism determining the carbon budget in the soil.

The manifestation of the negative priming effect in
our experiments points to the significance of the
chemical stability of the SOM as the main mechanism
of the carbon stabilization in soils. However, other
mechanisms of the old C3 carbon stabilization are also
possible. The negative priming effect can also be due to
the fact that the old carbon, unlike the young C4 car�
bon, occurs in the soil for a longer time and interacts
with its mineral stabilizing components (clay miner�
als, bi� and trivalent cations). The predominant utili�
zation of the young carbon added to the soil by micro�
organisms favors the slow decomposition of the old
carbon and its interaction with the mineral soil com�
ponents. Future studies should clarify the major stabi�
lization factor: the longer time of the C3 presence in
the soil with the formation of additional organo�min�
eral bonds or the slowing down of the decomposition
of the C3 SOM due to the predominant destruction of
C4 organic matter.

When plant residues do not enter the soil, microor�
ganisms begin to decompose the old organic matter
more actively. In our experiment, when plant residues
(in the control variant) were absent, k2 and kC3

increased even in the stable fine silt and clay fractions.
Thus, the absence of fresh plant residues appears to
destabilize the organic compounds bound with clay
minerals. This suggestion is confirmed by the results
obtained by Chenu et al. [11]. In this work, the desta�
bilization of the clay–humus compounds was observed
even upon a sharp decrease in the amount of plant res�
idues entering the soil. The carbon content signifi�
cantly decreased both in the soil and in its clay fraction
upon the land use change of forest for arable lands and
their cultivation for 35 years. The carbon content in
the clay fraction of the agrocenosis was 41% of the initial
Corg content in the particles <2 µm in the soil under the
forest [11].

Destabilization of the organo�mineral  compounds
seems to take place in the deep soil horizons, where
the input of young organic matter is limited (as in the
control variant). This fact can explain the high rates of
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the carbon renewal in the deep soil horizons upon the
substitution of C4 plants for C3 plants [12]. The high
priming effect due to the application of glucose and
other energy substrates to the soil taken from the Bs
horizon (as compared to the topsoil) [24] can be also
related to the destabilization of the soil organic matter
in the deep horizons.

Some authors consider the SOM of long�term fal�
lows or deep soil horizons as a stable carbon pool,
since the input of labile carbon is limited or absent. In
our opinion, this carbon pool should be considered
more correctly as the pool of organo�mineral  com�
pounds at the stage of destabilization. A search for an
inert pool (stabile under any conditions) can hardly be
successful, since the stability of the soil organic and
organo�mineral  compounds is related to regular
inputs of fresh organic substances. In the absence of
fresh plant litter for several years, it may significantly
decrease.

The role of the chemical resistance of the SOM as
a mechanism for its stabilization has been actively dis�
cussed [22, 23]. The significance of this process is dis�
putable due to the intense decomposition of the stable
individual organic compounds in soils [23]. This
mechanism is suggested to be important only at the
initial stages of the decomposition of plant residues (at
the early stages of humification) upon the formation of
the light fraction of the SOM [22]. The mechanism of

the chemical stability is alternative to the stabilization
of the organic matter in the course of its interaction
with the mineral soil components and the formation of
stable organo�mineral  complexes with clay minerals.

As soil is an open system freely exchanging matter
and energy with the environment, the budget of
organic matter and the time of its renewal in different
soil fractions follow the laws of dynamic equilibrium
[6]. Along with the accumulation of organic matter in
the soil, its decomposition takes place. During carbon
accumulation in the soil or when its budget is close to
zero (the variants with the application of 5.8 and 1.9 kg
of C/m2 of corn residues), the chemical stability of the
organic molecules is the main mechanism of the car�
bon stabilization. Under a positive or zero organic
matter budget in the soil, the k2 and kC3 in the LF +
sand and in the fine organo�mineral  (fine silt and clay)
fractions were approximately equal. Therefore, upon
the humus degradation, the stability of the organo�
mineral  compounds is higher than that of the organic
matter in the LF + sand fraction. In this case, the
interaction of the SOM with clay minerals is the main
mechanism slowing down the decomposition of the
humus and ensuring the presence of organic matter for
a long time.

Thus, our data point to the importance of the
chemical stability as a mechanism of the carbon stabi�
lization in ecosystems with SOM accumulation. In
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Fig. 3. The mean residence time (MRT) of the (1) C4 and (2) C3 carbon in the particle�size fractions of the agrogray soil.
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other words, the predominant decomposition of the
newly entering plant residues by the soil microorgan�
isms (in comparison with the decomposition of the old
SOM), or the negative priming effect, promotes the
carbon stabilization in the soil. In the situations when
a carbon cycle with losses is formed (a negative carbon
budget in the soil), the carbon stabilization in the form
of organic compounds strongly bound with clay min�
erals acquires special importance.

The proportion between the stable and labile organic
matter pools in the soil.. The labile A1 pool with k1 did
not exceed 6.2% of the total Corg content; in this case,
the approximation of the cumulative carbon losses as
СО2 according to the double exponent law (Eq. (1))
indicates that more than 90% of the organic matter
can be considered as the stable pool.

The labile pool’s size estimated as the portion of
the young carbon in the SOM turned out to be higher
and amounted to 7.8 and 18.0% of the total Corg con�
tent in the variants with the application of 1.9 and
5.8 kg of C/m2, respectively. The constants of the
labile pools calculated by the two methods were differ�
ent: the kC4 in all the variants was lower than the k1.
Thus, the constants k1 and kC4characterize two differ�
ent labile pools. The first pool is the most labile (1–6%

of the total Corg content) with the k1 decomposition
constant and with the MRT of 10 to 60 days. By its size
and renewal time, it approximately corresponds to the
microbial biomass, which decomposes polymer sub�
strates in the soil [5]. The second pool is larger and
more stable; it is characterized by the kC4 decomposi�
tion constant and the MRT of 3–5 years, it includes
derivates of plant residues at the early stages of their
decomposion. The values of kC3 were close to those of
k2. Both constants characterize the stable SOM pool
irrelative of the calculation method.

The values of kC4 were higher than those of kC3.
Therefore, the young carbon can be considered as a
labile pool. However, the kC4 and kC3 in the particle�
size fractions were different. The young and old SOM
pools in the coarse and medium silt fractions were
almost the same in their stability. Therefore, we sup�
pose that the whole carbon of these fractions can be
considered as labile. Especially sharp differences (by
4–10 times) between kC4 and kC3 were observed in the
light, fine silt, and clay fractions. Consequently, the
young C4 carbon in these fractions is considered as
part of the labile pool, whereas the old (C3) carbon
represents the stable SOM pool in the same fractions.
Thus, the labile carbon pool is actually the sum of sev�
eral pools with high constants of carbon renewal irrel�
ative of its origin (C4 or C3). The following compo�
nents contribute to the labile C pool: (a) the total car�
bon (Corg) in the coarse and medium silt fractions and
(b) the young (C4) carbon in the light, fine silt, and
clay fractions. Taking into account the masses of the
fractions, the labile pool amounts to 32 and 42% in the
variants with the application of 1.9 and 5.8 kg C/m2,
respectively (Fig. 3a). Thus, the size of the labile pool
increased upon the application of the high rate of plant
residues. Taking into account that the low and high
doses of plant residues were equivalent to the carbon
amounts that entered the soil with the plant litter in
the fertilized agrocenoses and in the meadow ecosys�
tem, respectively, the labile pool in the natural eco�
system is significantly higher than that in the agroec�
osystem. This fact well agrees with the literature data
[11, 25].

The distribution of the labile and stable pools of
organic matter by the particle�size fractions with due
account for their masses (Fig. 3b) shows that the most
significant contribution to the labile carbon pool
(61%) is associated with the coarse silt fraction due to
its high mass and the high renewal rate in its C3 and C4
labile components. Unlike the coarse silt fraction, the
light fraction, which is traditionally considered labile
[2, 14, 21, 25], consists of both labile and stable com�
ponents and contributes to about 10–15% of the labile
soil carbon pool and 17–21% of the stable soil carbon
pool. The stable pool is mainly composed of the old
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C3 carbon of the fine silt and clay fractions in equal
portions.

CONCLUSIONS

The combination of three methodological
approaches—the particle�size fractionation, the study
of the 13C abundance upon the C3–C4 vegetation
changes, and the incubation method—allowed sepa�
rating the soil organic matter into the labile and stable
pools after the decomposition of corn residues in the
agrogray soil formed under C3 plants. The heteroge�
neity of the particle�size fractions was determined
using a differentiated estimate of the young carbon
(C4) of the plant residues and the old carbon (C3) of
the soil organic matter and the 13С : 12С ratio in these
fractions. The size of the labile pool depended on the
amounts of C4 litter and comprised 32 and 42% of the
Corg content in the experiments with the addition of
corn residues in amounts equivalent to the input of
plant residues in a fertilized agrocenosis and in a natu�
ral meadow, respectively. The stable organic matter
pool was predominantly formed from the old carbon
of the fine silt and clay fractions in equal proportions.
A small contribution (17–21%) to the stable pool was
made by the C3 carbon of the light fraction separated
the sand fraction. The labile SOM pool consisted of
the Corg (C3 + C4) of the coarse and medium silt frac�
tions and of the young C4 carbon in the light, fine silt,
and clay fractions. The contribution of the carbon of
the coarse silt fraction was the highest (61%) due to the
high content of this fraction in the soil mass.

The application of C4 carbon provoked a negative
priming effect in the soil, which inhibited the organic
matter decomposition and favored the stabilization of
the old C3 carbon. On the contrary, in the absence of
fresh plant residues in the fallow soil, the destabiliza�
tion of the organic matter was observed even in the sta�
ble fine silt and clay fractions.

ACKNOWLEDGMENTS

This work was supported by the Presidium of the
Russian Academy of Sciences (program no. 4) and the
Russian Foundation for Basic Research (project
no. 08�04�00559).

REFERENCES

1. A. F. Vadyunina and Z. A. Korchagina, Methods of
Studying Physical Properties of Soils and Sediments
(Vysshaya Shkola, Moscow, 1973) [in Russian].

2. A. Ya. Vanyushina and L. S. Travnikova, “Organic–
Mineral Interactions in Soils: A Review,” Pochvovede�
nie, No. 4, 418–428 (2003) [Eur. Soil Sci. 36 (4), 379–
387 (2003)].

3. V. N. Kudeyarov, G. A. Zavarzin, S. A. Blagodatskii, et
al., Carbon Pools and Fluxes in the Terrestrial Ecosystems
of Russia (Nauka, Moscow, 2007) [in Russian].

4. E. G. Morgun, I. V. Kovda, Ya. G. Ryskov, and
S. A. Oleinik, “Prospects and Problems of Using the
Methods of Geochemistry of Stable Carbon Isotopes in
Soil Studies,” Pochvovedenie, No. 3, 299–310 (2008)
[Eur. Soil Sci. 41 (3), 265–275 (2008)].

5. N. S. Panikov, Kinetics of Microbial Growth (Nauka,
Moscow, 1991) [in Russian].

6. A. I. Popov, Humic Substances: Properties, Structure,
and Formation, Ed. by E. I. Ermakov (St. Peterb. Gos.
Univ., St. Petersburg, 2004) [in Russian].

7. G. I. Ågren and E. Bosatta, “Quality: a Bridge between
Theory and Experiment in Soil Organic Matter Stud�
ies,” Oikos 76, 522–528 (1996).

8. J. Balesdent and A. Mariotti, “Measurement of Soil
Organic Matter Turnover Using 13C Natural Abundance,”
in Mass Spectrometry of Soils, Ed. by T. W. Boutton and
S. Yamasaki (Dekker, New York, 1996), pp. 83–111.

9. R. Benner, M. L. Fogel, E. K. Sprague, and R. E. Hod�
son, “Depletion of 13C in Lignin and Its Implications
for Stable Carbon Isotope Studies,” Nature 329, 708–
710 (1987).

10. G. A. Buyanovsky, M. Aslam, and G. H. Wagner, “Car�
bon Turnover in Soil Physical Fractions,” Soil Sci. Soc.
Am. J. 58, 1167–1174 (1994).

11. C. Chenu and A. F. Plante, “Clay�Sized Organo�Min�
eral Complexes in a Cultivation Chronosequence:
Revisiting the Concept of the “Primary Organo�Min�
eral Complex,” Eur. J. Soil Sci. 57, 596–607 (2006).

12. H. P. Collins, E. T. Elliott, K. Paustian, et al., “Soil
Carbon Pools and Fluxes in Long�Term Corn Belt Eco�
systems,” Soil Biol. Biochem. 32, 157–168 (2000).

13. B. T. Christensen, “Decomposability of Organic Matter
in Particle Size Fractions from Field Soils with Straw
Incorporation,” Soil Biol. Biochem. 19, 429–435
(1987).

14. S. Crow, E. Sulzman, W. Rugh, et al., “Isotopic Analy�
sis of Respired CO2 during Decomposition of Sepa�
rated Soil Organic Matter Pools,” Soil Biol. Biochem.
38, 3279–3291 (2006).

15. S. E. Crow, C. W. Swantson, K. Lajtha, et al., “Density
Fractionation of Forest Soils: Methodological Ques�
tions and Interpretation of Incubation Results and
Turnover Time in an Ecosystem Context,” Bio�
geochemistry 85, 69–90 (2007).

16. S. Crow, K. Lajtha, T. Filley, et al., “Sources of Plant�
Derived Carbon and Stability of Organic Matter in Soil:
Implication for Global Change,” Global Change Biol.
15, 2003–2019 (2009).

17. G. Gleixner, H.�J. Hanier, R. A. Werner, and H.�L. Schmidt,
“Correlation between the 13C Content of Primary and
Secondary Plant Products in Different Cell Compart�
ments and That in Decomposition Basidiomycetes,”
Plant Physiol. 102, 1287–1290 (1993).

18. E. G. Gregorich, B. H. Ellert, and C. M. Monreal,
“Turnover of Soil Organic Matter and Storage of Corn
Residue Carbon Estimated from Natural 13C Abun�
dance,” Can. J. Soil Sci. 75, 161–167 (1995).



640

EURASIAN SOIL SCIENCE  Vol. 44  No. 6  2011

LARIONOVA et al.

19. J. Hassink, “Decomposition Rate Constants of Size
and Density Fractions of Soil Organic Matter,” Soil
Sci. Soc. Am. J. 59, 1631–1635 (1995).

20. S. Haile�Mariam, H. P. Collins, S. Wright, and E. A. Paul,
“Fractionation and Ling�Term Laboratory Incubation
to Measure Soil Organic Matter Dynamics,” Soil Sci.
Soc. Am. J. 72, 370–378 (2008).

21. M. Lützow, I. Kögel�Knabner, K. Ekschmitt, et al.,
“SOM Fractionation Methods: Relevance to Func�
tional Pools and to Stabilization Mechanisms,” Soil
Biol. Biochem. 39, 2183–2207 (2007).

22. M. Lützow, I. Kögel�Knabner, B. Ludwig, et al., “Sta�
bilization Mechanisms of Organic Matter in Four Tem�
perate Soils: Development and Application of a Con�
ceptual Model,” J. Plant Nutr. Soil Sci. 171, 111–124
(2008).

23. B. Marschner, S. Brodowski, A. Dreves, et al., “How
Relevant Is Recalcitrance for the Stabilization of
Organic Matter in Soils?,” J. Plant Nutr. Soil Sci. 171,
91–110 (2008).

24. H. Ohm, U. Hamer, and B. Marschner, “Priming
Effects in Soil Size Fractions of a Podzol Bs Horizon

after Addition Fructose and Alanine,” J. Plant Nutr.
Soil Sci. 170, 551–559 (2007).

25. P. Puget, R. Lal, C. Izzaurradle, et al., “Stock and Dis�
tribution of Total and Corn�Derived Soil Organic Car�
bon in Aggregate and Primary Particle Fractions for
Different Land Use and Soil Management Practices,”
Soil Sci. 170, 256–279 (2005).

26. J. Six, R. T. Conant, E. A. Paul, and K. Paustian, “Sta�
bilization Mechanisms of Soil Organic Matter: Impli�
cations for C�Saturation in Soils,” Plant Soil 241, 155–
176 (2002).

27. P. Sollins, P. Homann, and B. A. Caldwell, “Stabiliza�
tion and Destabilization of Soil Organic Matter: Mech�
anisms and Controls,” Geoderma 74, 65–105 (1996).

28. C. E. Stewart, K. Paustian, R. Conant, et al., “Soil Car�
bon Saturation: Evaluation and Corroboration by
Long�Term Incubations,” Soil Biol. Biochem. 40,
1741–1750 (2008).

29. S. Trumbore, “Carbon Respired by Terrestrial Ecosys�
tems—Recent Progress and Challenges,” Global
Change Biol. 12, 141–153 (2006).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


