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Soil organic matter (SOM) or carbon (SOC) is the most important component of the soil and it is
composed of fractions with different lability. Particulate organic carbon (POC) and carbohydrates (CH),
among others, are the most sensitive to changes in crops and soil management practices. The purpose of
this study was to analyze different soil parameters aimed for the evaluation of management practices
effects under widely different soil and climatic conditions. Soils were located along a West-East transect

’<e¥W?rd5f . ) in the most productive region of the Argentinean pampas: [West] Bengolea and Monte Buey (Cérdoba),
SN‘:)‘L?]‘]E;Z‘C fractions Pergamino (Buenos Aires) and Viale (Entre Rios) [East]. Three treatments were defined according to land
Good agricultural practices use: “Good agricultural practices” (GAP): sustainable agricultural management under no-till; “Poor
Soil quality agricultural practices” (PAP): non-sustainable agricultural management under no-till; “Natural

environment” (NE): rangelands long as reference situation. Samples were taken at 0-10 and 10-
20 cm depths. SOC was determined in different particle size fractions: 105-2000 m (coarse particulate
organic carbon, POC.), 53-105 wm (fine particulate organic carbon, POCs), and 53 wm (mineral-
associated organic carbon, MOC). Total (CH;) and soluble (CHs) carbohydrate contents were also
determined. The SOC level in NE was decreasing from the East (27.3 gkg ! in Viale) to the West
(13.3 gkg™! in Bengolea), following the rainfall and texture gradient among sites. The POC./SOC and
POC. + POC¢/SOC ratios in the NE showed differences among sites, suggesting different dynamic
depending on the environmental characteristics at the different locations. The SOC levels in the upper
layer of agricultural soils were 16-44% lower than natural ones. Carbon stocks were estimated for an
equivalent mass of soil (950 and 2350 Mg ha™!) in order to consider differences in bulk densities among
different treatments. Mean values were significantly different (p < 0.001) for the different management
practices: NE (26.6 Mg ha~!) > GAP (20.1 Mgha') > PAP (16.3 Mgha'). In general, labile organic
fractions showed differential sensitivity. Fractions with an intermediate dynamic, as POC¢ (53-100 jum)
and CHg, seem to be better indicators to detect the short- and medium-term management effects than
more dynamic fractions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soil quality has gained attention in recent years due to
environmental problems related to land degradation and sustain-
able production considerations of the different cropping systems.
Main concern has been focused on soil quality definition and on
development of techniques for evaluation of this quality. With
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regard to the definition of soil quality, in recent years the soil has
been recognized as key factor in crop production and also in water
and atmospheric purification. According to Nortcliff (2002), the
definition of quantitative indexes for soil quality is an important
challenge for science. Especially, when many changes take place
over the long-term and the soil quality changes can only be
perceived when all the effects are combined over a period of time.

There is currently no general consensus regarding the soils that
should be considered of maximum quality. The different
approaches to the latter point can be summarized in two options.
The first considers that a maximum quality soil is the soil in
equilibrium with all the components of the environment, i.e. a
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climax soil developed under climax vegetation. The second option
considers that the maximum quality reference soils are soils
capable of maintaining high productivity and of causing the
minimum of environmental distortion.

The use of climax soils as the highest quality soils is not new; it
was suggested by Fedoroff (1987) for the evaluation of soil
degradation, and is based on the fact that freely developed soils
reach an equilibrium amongst their properties that leads to long-
term stability in natural ecosystems. Rassmussen et al. (1989) used
them for comparing different soil management systems, Cook and
Hendershot (1996) did it in the establishment of admissible levels
of lead pollution, Leir6s et al. (1999) did it to evaluate the level of
soil degradation from different practices, and Sanchez-Marafion
et al. (2002) to study the effects of change in soil use on the quality
of Mediterranean mountainous ecosystems.

The influence of agriculture on soil quality may be inferred
through the measurement of soil attributes or parameters that are
indicators of quality which may allow comparisons with non-
agricultural soils or between different soil management (Bredja
et al., 2000).

During the last 25 years there has been a big expansion of no-till
management in Argentina modifying agricultural and cattle
practices driven by lower production costs, higher yields and
incorporation of the less productive areas for crop production
(Derpsch et al., 2010).

In addition, and because of favorable market conditions, a
substantial portion of that area is presently dedicated to soybean
monoculture, often combined with minimal nutrient restoration.
Soybean (Glicine max) cultivation in Argentina currently account
for over 60% of the total cultivated area (MAGyP, 2011), while the
area devoted to winter crops has declined to meet only 20-25% of
the cultivated area. The negative impact on the content of soil
organic matter (SOM) or carbon (SOC), which occurs when soybean
is the main crop of the rotation compared to crops such as wheat
(Triticum aestivum), corn (Zea mays) or sorghum (Sorghum bicolor)
has been described by several authors in different regions of the
world (Havlin et al, 1990; Studdert and Echeverria, 2002).
Nevertheless, it is not well known the effects of monoculture on
the chemical, physical and biological characteristics of soil. The
new challenge in Argentina is to maintain soil fertility and
sustainability while the monoculture prevails over the crop
rotation (Cook, 2006).

The reduction in the intensity of soil tillage under no-till (NT)
practices systems and the use of crops to maximize the amount of
residue left on the surface are commonly used management
practices to maintain or increase SOC (Martino, 1997; Six et al.,
1999; Bayer et al., 2000; Galantini et al., 2008; Ferrari et al., 2010).
Reviews of long-term experiments have shown that NT systems
had, in general, higher SOC than tillage systems (Franzluebbers,
2002). Galantini and Iglesias (2007) found 17% higher SOC content
in NT than in conventional tillage as mean results of 40
independent experiments developed in Argentina. However, rates
of SOC accumulation found under NT have been highly variable,
since its dynamics not only depend on soil management, but also
on its mineralogy, climatic conditions, amount of residues and
nitrogen (N) inputs. Baker et al. (2006) and Blanco-Canqui and Lal
(2008) found no differences in the accumulation of carbon (C)
between till and no-till systems.

Crop rotation changes the amount, timing and quality of
organic debris introduced into the soil (Campbell et al., 1999),
which has an effect on the size, rate of recycling and the vertical
distribution of C and N compartments (Franzluebbers, 2002).
Different authors agree that crop rotation improves the carbon
balance in the soil (Gregory and Drury, 1996; Miglierina et al.,
2000; Thomas, 2003; Andriulo et al., 2008; Galantini et al., 2008),
although in some studies it was found no effects of rotation on the

monoculture in the stocks of C and N in the soil (Lattanzi et al.,
2005). This little or no variation reported between two contrasting
management practices may be due because the authors were
comparing masses of C and N from different soil masses (Ellert
et al., 2001; Lee et al., 2009). This comparison does not take into
account the effect of changes in bulk density with depth due to
different managements. Thus, it has been recommended that
comparisons should be made on the basis of the same mass of soil
(Lal et al., 1998).

Most studies agree that SOC is the main indicator and certainly
the one that has a significant influence on soil quality and
productivity (Quiroga et al., 2005). The total SOC content and its
fractions are important attributes of soil quality (Gregorich et al.,
1994).

The SOC and its different fractions are soil parameters highly
influenced by management practices (Haynes, 2005). Mainly the
young or labile SOC fraction is key to interpret changes in quality
(Kapkiyai et al., 1999), being a more sensitive indicator than the
SOC and total nitrogen (N) (Biederbeck et al., 1998).

However, the physical conditions of soil and climate must be
considered as factors that have a strong influence on the labile C
fractions (Galantini and Rosell, 2006). Another variable that would
detect changes in the carbon contribution in the short-term are
soluble carbohydrates (CHs). These are caused by soil microorgan-
isms and crop residues, which among others are actively involved
in soil aggregation (Liu et al., 2005).

Currently, in conventional tilled agriculture soils, the SOC
levels are low to the limit of supporting physically fit and
optimum nutrient supply. This decline has been linked to
processes of degradation and has caused serious problems in
much of Argentinean farmland (Michelena et al., 1989). Nowa-
days, no-till, crop rotation, the efficient use of agrochemicals and
biotechnology are used as tools to achieve new levels of
production. SOC by itself it is a poor indicator of soil quality,
mainly to show short-term changes. The only way to optimize
the use of these tools is through a more comprehensive
understanding of the functioning of the productive system.
SOC fractions and dynamics can be an adequate indicator to
evaluate the effects of different agronomic practices and better
tools when defining the most appropriate agronomic practices.
The aim of this work was to analyze different SOC fractions as
potential sensitive indicators to evaluate different agricultural
management practices along a gradient of sites with different soil
textures and climate conditions.

2. Materials and methods
2.1. Study site

This research is part of BIOSPAS project (Biology of Soil and
Sustainable Agricultural Production, www.biospas.org).

The management and sites for this study were selected after
thoughtful discussion between scientists and farmer participants
of the Project. In turn, they were defined taking into account a
series of working definitions of soil management in accordance
with a set of descriptions of Agriculture Certified by Aapresid
(www.aapresid.org.ar).

We selected four study sites with documented history of no-till
management located across a West-East transect in the most
productive region in the Argentinean pampas that correspond to
different climate and soil conditions. The study sites were located
at Bengolea (Cordoba; latitude 33° 01’ 32.9” S, longitude 63° 37’
36.4” W), Monte Buey (Cordoba; latitude 32° 58’ 17.0” S, longitude
62°27' 02.4” W), Pergamino (Buenos Aires; latitude 33° 56’ 42.6” S,
longitude 60° 33’ 35.6” W) and Viale (Entre Rios; latitude 31° 52’
42.2" S longitude 59° 41’ 16.2” W).
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Table 1
Data averages of temperature and precipitation sites.

Climate Bengolea Monte Buey Pergamino Viale
Annual rainfall (mm) 880 930 1000 1165
T(°C) 16.9 17.2 16.7 18.4
Tmax (°C) 23.0 23.6 22.8 239
Tinin (°C) 10.8 10.8 10.6 12.7

Mean annual temperature (T), maximum (Tpax) and minimum (Tpin)-

The most relevant climatic conditions of each site are shown in
Table 1.

Pergamino soils are Typic Argiudoll with silt loam in the
surface horizons and silty clay loam in the deeper layers. Monte
Buey soils are represented by Typic Argiudoll silt loam. The soils of
Bengolea are Entic Haplustolls with sandy loam texture in the
surface horizons and loamy subsurface, being limited by climate
and low water holding capacity due to coarse texture. Viale soils
are Vertic Argiudoll whose surface texture is silty clay loam and
clay loam in subsurface soils, being characterized by poor
drainage.

As treatments, different situations were studied at each
sampling location:

“Good Agricultural Practices” (GAP): sustainable agricultural
management under No Till, subject to intensive crop rotation,
nutrient replacement and minimal use of agrochemicals (herbi-
cides, insecticides and fungicides).

“Poor Agricultural Practices” (PAP): Non-sustainable agricul-
tural management under No Till, minimal rotation or monoculture,
low nutrient replenishment and high use of agrochemicals
(insecticides, herbicides and fungicides).

“Natural Environment” (NE): soil without cultivation as
reference situation near to cultivated plots.

2.2. Soil sampling

Samples were taken in February 2010 (summer). At each site-
treatment situation, 3 subsampling points were localized using
GPS for subsequent sampling. At each point, a homogenized
sample was prepared by mixing between 16 and 20 soil cylinders
randomly collected, at depths of 0-10 cm and 10-20 cm. Undis-
turbed soil samples were also taken from 0 to 5, 5 to 10, 10 to 15
and 15 to 20 cm depths by cylinders 5 cm in height and 4.7 cm in
diameter to calculate the bulk density (BD). Two replicates were
taken for each sampling point.

2.3. Soil chemical and physical analyses

The soil samples were air-dried and then passed through a
2 mm sieve. The following chemical determinations were made:
total soil organic carbon, SOC by dry combustion (LECO Carbon
analyzer) and total and soluble carbohydrates (Puget et al., 1999).

The contents of SOC and its fractions were transformed into
values of stocks using the following equation (Ussiri et al., 2006;
Andriulo et al., 2008):

-1 X 4 2 -1
C(Mg ha ') = <m> -BD-d- 10" m* ha
where X is the content of SOC or its fractions (%), BD is bulk density
(Mg m~3) and d is the soil thickness (m).

Ellert and Bettany (1995) have described the advantages of
evaluating the management-induced changes in SOC referring to
equivalent soil masses. Andriulo et al. (2008) used 2500 Mg ha~! of
soil to make comparisons on equivalent masses of soil to compare
the C and N stocks under different tillage systems and crop

sequences. In this study, carbon stocks were also calculated for an
equivalent soil mass (950 and 2350 Mg of soil ha~!) according to
Ellert and Bettany (1995) and Andriulo et al. (2008).

The samples collected for soil BD were dried at 105 °C until
constant weight. Soil BD was then calculated by dividing the dry
weight by the soil core volume (Blake and Hartge, 1986).

Silt + clay content was estimated by the difference between the
fine fraction content (0-0.053 mm) minus its organic matter,
assuming a 58% of carbon content (MOC/0.58).

2.4. Physical fractionation

For the size fractionation of SOC, we used the wet sieving of soil
(Cambardella and Elliott, 1992; Galantini, 2005). Briefly, 50 g of soil
previously air-dried and sieved (2 mm) were dispersed in glass
containers of 120 mL, and mixed with 100 mL of distilled water.
Ten glass beads (5 mm diameter) were added to increase aggregate
destruction and reduce potential problems created by different
content of sand (Cambardella and Elliott, 1992). The samples were
subjected to mechanical dispersion through a rotary shaker for
approximately 16 h (over night at 40 rpm) to disintegrate the
aggregates. The sieving was done with a pair of sieves of 53 pm
and 105 pm of diameter mesh, making moves back and forth until
the water coming out through the sieve was clear to the naked eye.
Three fractions were obtained:

e The coarse fraction (105-2000 p.m) containing coarse particu-
late organic carbon (POC.) and fine to coarse sands.

e The medium fraction (53-105 wm) which included fine particu-
late organic carbon (POCy) and very fine sand.

e The fine fraction (<53 wm) containing mineral associated
organic carbon (MOC) as well as silt and clay minerals.

The material retained in each sieve was transferred by means of
water-jets to aluminum pots, and oven-dried at 105 °C for 24 h for
later weighing. Carbon content of POC. and POCs was determined
in the same way as the SOC. The difference between SOC and
(POC, + POCs) was used to calculate the organic carbon content of
the <53 pwm (MOC).

2.5. Determination of total and soluble carbohydrates

Extraction of carbohydrates was performed employing two
different samples. Total carbohydrates (CH;) extraction was
performed by an acid hydrolysis as follow: 1g of soil sample
was treated with 10 ml 0.5 M H,SO,, heated at 80 °C for 24 h.

In the other sample, soluble carbohydrates (CHs) extraction was
carried out as follow: 1 g of soil sample was suspended in 10 ml of
distilled water and heated at 80 °C for 24 h. After the extraction
with hot water, H,SO4 was added to obtain a 0.5 M concentration
as in the dilute acid hydrolysis procedure, and immediately
processed.

After extraction by each way, each suspension was centrifuged
at 4000 rpm during 15 min (Angers and Mehuys, 1989; Puget et al.,
1999). Carbohydrate contents of the extract were determined by
spectrometry using the antrona spectrometric method with
glucose as the standard (Brink et al., 1960).

2.6. Statistical analysis

All data in tables and figures are presented as means.
Differences of results as affected by treatments were tested by
analysis of variance using Fisher’s LSDgs mean separation test at
p < 0.05. Correlation analysis was performed between the vari-
ables studied. Statistical analysis was performed with INFOSTAT
software (Di Rienzo et al., 2008).
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3. Results and discussion
3.1. Natural environments

The SOC level in NE was higher in the East (27.3 g kg~ ! Viale)
than in the West (13.3 gkg™! in Bengolea), following the rainfall
and texture gradient among sites (Table 2). The silt + clay content
varied between different sites in the same way, from Viale
(860 g kg~ !) to Monte Buey and Pergamino (724 gkg™!) and to
Bengolea (314 gkg™ ).

Several studies showed the influence of texture on the SOC
contents and quality (Buschiazzo et al., 1991; Galantini et al.,
2004). As fine material increases, greater protection of SOC is
offered (Van Veen and Kuikman, 1990) due to the association
between inorganic particles and the most transformed organic
molecules (Wander, 2004).

In these natural environments, as in other studies conducted in
the semiarid Pampean region, the SOC was significantly correlated
with clay +silt content (Buschiazzo et al., 1991). Clay +silt
contents showed correlation with all soil organic fractions,
however, the correlation was stronger with the most recalcitrant
organic fraction (MOC) than with labile ones (COP. and COPy). As
fine particle content increases (0-53 wm) organic materials
attracted to mineral particles becomes greater, i.e. stable organo-
mineral complexes were more abundant due to physical and
biological protection (Galantini et al., 2004; Quiroga et al., 2005).

The distribution of organic fractions was also variable in the
different studied sites. Considering the average values for all the
samples of the same location, independently of the different
treatments, the variation was greater in the POC. (Monte
Buey > Bengolea > Viale > Pergamino) than in the POC; (Bengo-
lea > Monte Buey > Viale > Pergamino), probably because the
POC. fraction was less transformed and more variable and more
dependent on dry matter input from plant debris than POC;.

The organic fraction relationships showed statistically differ-
ent changes among sites (Table 3). The POC.+ POC¢/SOC
relationship was higher in sandy soils than fine textured soils.
When sand content increased, SOC decreased, as was previously
discussed and particulate organic materials became more
abundant than in fine textured soils. In Bengolea sandy soil,
under low precipitation and low net primary productivity, there
were differences in the dynamics of available nutrients and soil
water. Because of this, the rate of transformation of organic
materials incorporated into the soil could be lower than in the
others sites. On the other hand, greater rainfall and silt + clay
content likely increased the contributions of C from plant debris,
which was reflected in a higher content of SOC, and increases the
transformation of the organic materials, which would be
reflected in the lower ratio POC/SOC.

Pergamino and Monte Buey had similar climatic and soil
characteristics. However, Pergamino soil series (silty loamy,
227 gkg~ ' and 648 g kg~ ! of clay and silt, respectively) presented
a high content of phytoliths in silt fraction (around 50% in A
horizon), which could have had a significant impact on organic
materials transformation and stabilization (Pecorari et al., 1990)
compared to Monte Buey.

Table 2
Total organic carbon and fractions in natural soils at 0-20 cm depth.

Table 3
Relationship of organic fractions and the silt + clay content of the natural soil at 0-
20cm depth.

Site POC./SOC POC..¢/SOC SOC/[s+c MOC/s+c
Bengolea 022 b 0.51 ¢ 424 a 2.07 a
Monte Buey 0.16 b 033 b 336a 2.28 a
Pergamino 0.06 a 0.17 a 299 a 249 a
Viale 0.07 a 0.19 a 3.18 a 2.57 a

For each relationship analyzed different letters indicate statistically significant
differences between sites (p < 0.05), DMS test.

3.2. Effect of management practices on organic fractions

No significant interaction occurred between sites and treat-
ments for total SOC and POC; in the 0-10 cm layer. For the rest of
the analyses and depths, significant interaction was detected,
probably due to the contribution and/or duration of the practices in
each site.

Treatment differences in the 0-10 cm depth of all sites were
similar for SOC (NE>GAP=PAP) and POC; (NE=GAP > PAP)
(Table 4). Agriculture activity produced a significant drop of SOC
levels. The management practices effect on SOC was not detected,
however, differences were found in the particulate fractions.

The POC is a very labile fraction depending on dry matter input
and the factors influencing their decomposition (climate, material
quality and plant origin, and nutrient availability). The higher
proportion of grass crops in the GAP rotation (approximately 60%),
which provides more residues with highest C:N ratio into the
system, led to improved POC¢levels, while levels were lower in PAP
due to the higher proportion of soybeans in the rotation (more than
70% in most cases), with less input of residues at soil and higher
rate of decomposition (Table 4, averaged data).

The magnitude of the SOC decrease in the upper 20 cm as a
result of the productive use varied among sites. The largest losses
occurred in Monte Buey and Pergamino with approximate values
of 40%, sites where the differences between GAP and PAP were
lower than 6% (Table 4). Similar results were obtained by Andriulo
and Cordone (1998), who indicated that the new balance of SOC in
fine textured Argiudols of the Pampas was reached at 40-60% of
the original level. According to Lal (2006), soil C losses are fast and
sharp, whereas gains are slow and unsteady.

In Bengolea and Viale, SOC losses were lower and significant
only in PAP (Table 4). In the first case, the most dynamic and labile
fractions (POC. and POC;) were found in greater proportion,
therefore good management rapidly increased soil carbon levels
(12.1 gkg !in GAP) and in turn inadequate management practices
reduced it (9.9 g kg~! in PAP). In the second case, the high content
of fine material, especially clay, promoted the accumulation of
organic matter due to different mechanisms of protection. The
main mechanisms would be the adsorption of organic matter on
the mineral particles (Oades, 1988), their encapsulation between
clays (Tisdall and Oades, 1982) or its location within small pores
inaccessible to microorganisms (Van Veen and Kuikman, 1990).

When analyzing the POC. in 0-20 cm depth (Table 4), although
the trend was similar at all sites, the NE only differed (p < 0.05)
from those cultivated in Bengolea (approximately 2.5 times less)

Sites SOC (gkg™") POC. (gkg™) POCs (gkg™) POC..¢ (gkg™") Silt+clay (gkg™')
Bengolea 133a 3.24 bc 3.57b 6.81 bc 314 a
Monte Buey 242 b 4.64 c 3.22 ab 7.86 ¢ 720 b
Pergamino 21.8 ab 150 a 221a 3.70 a 728 b
Viale 273 b 2.40 ab 2.81 ab 5.21 ab 860 ¢

For each parameter analyzed different letters indicate statistically significant differences between sites (p < 0.05), DMS test.
SOC, soil organic carbon; POC. and POC particulate organic carbon in 105-2000 and 53-105 pm particle sizes, respectively.
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Table 4
Total and labile carbon concentrations in 0-10, 10-20 and 0-20 cm.
0-10cm 10-20cm 0-20cm
NE (gkg™!) GAP (gkg™!) PAP (gkg™!) NE (gkg™!) GAP (gkg™1) PAP (gkg™!) NE (gkg™1) GAP (gkg™!) PAP (gkg™!)

Bengolea

SOC 169 b 14.4 ab 119a 9.8 b 9.9b 7.8 a 133 b 12.1 ab 99a

POC, 5.13 b 2.50a 1.69 a 135b 0.46 a 0.46 a 3.24b 148 a 1.07 a

POC¢ 411 ab 449 b 283 a 3.02b 2.63 b 1.74 a 357b 3.56 b 2.28a
Monte Buey

SOC 306 b 183 a 155a 179 b 125a 124 a 242 b 154 a 140 a

POC. 8.13 b 334a 172 a 1.15b 0.29 a 024 a 4.64 b 1.82a 0.98 a

POCs 451b 2.60 a 2.07 a 193 b 1.27 ab 0.98 a 322b 193 a 152 a
Pergamino

Nele 321b 17.5 ab 157 a 116 a 102 a 10.6 a 21.8b 139 ab 131a

POC. 258 a 197 a 2.07 a 041b 0.21 ab 0.17 a 1.50 a 1.09 a 1.12 a

POC¢ 323a 243 a 211a 1.18 a 1.10 a 1.02 a 221a 1.77 a 157 a
Viale

SOC 352a 341 a 248 a 19.4 ab 24.0b 153 a 273 b 29.0 b 200 a

POC. 424 b 1.83 a 2.23 ab 0.56 a 0.73 a 0.18 a 240a 1.28 a 120 a

POC¢ 433 a 4.03 a 217 a 1.29b 132D 0.83 a 281b 2.68 ab 1.50 a
Average

SOC 28.7b 211 a 170 a

POCs 4.05b 3.39b 230a

For each depth and at each site different letters for each parameter analyzed indicate statistically significant differences between treatments (p < 0.05), DMS test.
POC;, fine particulate organic carbon; POC,, coarse particulate organic carbon; SOC, total organic carbon; NE, natural environment; GAP, good agricultural practices; and PAP,

poor agricultural practices.

and Monte Buey (approximately 3.5 times less). No differences
were found between GAP and PAP. Many authors suggest that
labile fractions of SOC, which are more dynamic and sensitive to
management practices, can be used as early indicators of the
production system effects (Campbell et al., 1999; Kapkiyai et al.,
1999; Amado et al., 2006). It should be noted that the POC.
represents less transformed organic material and the balance
between aboveground residues and root inputs on one side and on
the other, the rate of decomposition, depending on the material
quality, location, temperature and humidity. Therefore, the
inherent variability of this fraction, together with the variable
effect because of soil depth and vegetation growth cycle, require a
more precise definition for sampling (time and depth) to use this
parameter as an indicator of soil quality.

The natural stratification of POC. causes a change according to
depth. For example, the amount of POC. in NE (0.513%) is
approximately twice that present in GAP (0.250%), while in 10-20
the values were much lower (0.135% and 0.046% respectively) and
the relative difference was greatest (2.7 times) (Table 4).

The general trend in 0-20 cm for POC¢ was NE > GAP > PAP at
all locations, although differences were variables (Table 4). This
fraction represents a transition material, so it was not as variable as
POC,, but not as stable as MOC. The trend found in 0-20 cm was
similar in the two depths analyzed, already discussed in 0-10 cm,
and 10-20cm where the interaction site x treatments was
positive, possibly due to minor differences found in Pergamino
and Monte Buey.

3.3. Bulk density

The bulk density in the four sites varied among treatments and
soil depths (Table 5). There was no significant interaction
sites x treatments at 0-5 and 10-15 cm depth, while for the other
depths the interaction was significant (p < 0.05). Thus, the effect of
shallow SOC on BD, either by natural accumulation (NE) or surface
accumulation of crop residues (under GAP and PAP), produced a
similar effect on the various sites.

The presence of organic residues would have a protective effect
against soil compaction. This is the reason, there were lowest
values of BD in the first centimeters of soil. Within the SOC, the
coarse fraction becomes more important due to porosity increases

by changing the overall soil behavior and to avoiding its
compaction (Pecorari et al.,, 1990). On the surface, NE presented
the lowest values compared with GAP and PAP, as these are
treatments which are not subject to any heavy traffic. Furthermore,
the large amount of roots produced in these environments allows
biological soil decompaction.

Similar results were found in the 10-15 cm layer (Table 5), with
significant differences between treatments. These results are
consistent with the work of Thomas et al. (1996), where they found
below the layer rich in SOC a zone more impoverished where
compaction increased. In deeper layers, BD values were different
among sites and management effects were variable.

Table 5
Soil bulk density (BD) of the different sites and treatments.
Sites Depth BD (Mgm3)
NE GAP PAP
Bengolea 0-5 0.93 a 1.04 ab 1.14 b
5-10 1.18 a 123 a 1.26 a
10-15 1.19a 130D 1.25 ab
15-20 150 b 1.38 ab 131a
Monte Buey 0-5 1.00 a 1.29b 1.19b
5-10 132a 152 b 1.45 ab
10-15 137 a 1.56 ¢ 148 b
15-20 136 a 151b 1.44 ab
Pergamino 0-5 0.96 a 1.12a 117 a
5-10 127 a 1.40 ab 150 b
10-15 143 a 1.49 ab 1.62 b
15-20 1.48 ab 142 a 158 b
Viale 0-5 1.00 a 0.98 a 1.01 a
5-10 1.20 a 1.18 a 1.40 b
10-15 1.13a 117 a 132a
15-20 1.25a 1.20a 1.21a
Average 0-5 0.97 a 1.11b 1.13 b
5-10 124 a 1.34b 140 ¢
10-15 128 a 138b 142 b
15-20 140 a 138a 139a
0-20 1.24 1.31 1.34

For each depth and site, different letters indicate significant differences (p < 0.05).
NE, natural environment; GAP, good agricultural practices; and PAP, poor
agricultural practices.
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Table 6
Statistical analysis of soil organic carbon stocks (SOC, Mgha™') at fixed depth
(0-10 and 0-20cm) and equivalent soil mass (950 and 2350 Mgha!).

SOC Mgha™!

0-10 950 Mg soil 0-20 2350 Mg soil
Bengolea 16.14 a 1237 a 2829 a 2714 a
Monte Buey 2724 b 2230 b 4781 b 4224 b
Pergamino 2631b 19.54 b 4254 b 3797 b
Viale 35.19 ¢ 29.80 ¢ 58.84 c 59.14 ¢
NE 32.01b 26.64 ¢ 5143 ¢ 49.73 ¢
GAP 2522 a 20.07 b 4416 b 4126 b
PAP 2143 a 16.30 a 3753 a 33.88a
Site sk ok ook ok
Treatment ok soxk ok sk
Site x treatment ns ns ns ns

For each depth and equivalent soil mass different letters indicate statistically
significant differences between sites and treatment (p < 0.05), DMS test.

NE, natural environment; GAP, good agricultural practices; and PAP, poor
agricultural practices.

3.4. Changes in carbon stock

Carbon content was calculated for each depth (0-10 and
10-20 cm) and for an equivalent soil mass. This last option was
applied to avoid errors in the comparisons due to different original
depth measurement (Ellert and Bettany, 1995; Alvarez and
Steinbach, 2006; Lee et al., 2009) and 950 and 2350 Mg soil
ha~! were used as the equivalent soil masses.

Comparison of the carbon stock calculated in 0-10 cm,
950 Mg ha!; 0-20cm and 2350 Mgha~' showed differences
between sites (p < 0.05) between treatments (p < 0.05), but no
significant interaction (Table 6).

The highest and lowest SOC contents, both 0-10 and 0-20 cm,
were found in Bengolea and Viale soils, respectively. These
differences were associated with textural differences that clearly
separate the two soils.

Carbon stock comparison in 0-20 cm showed the greatest
differences between treatments in Monte Buey, with significant
differences between the three treatments (p < 0.05). In the other
cases, no significant difference was found, although the trend was
similar (NE > GAP > PAP).

As was mentioned, the carbon stock increased from East to
West (Fig. 1a and b) and these increases were less marked in the
case of GAP and PAP. The largest losses occurred in Monte Buey and
Pergamino due to management practices with respect to the
natural environment (Fig. 1a). Such losses were around 30%,
both for GAP and PAP, and lower in Bengolea, with losses of 10 and

COT Mg ha™ a
50

ENE MGAP HPAP

40

30

20

10

Bengolea Monte Pergamino Viale

Buey

30% for GAP and PAP, respectively. These values are consistent with
Burke et al. (1989) results under grasslands of the U.S. and Brown
and Lugo (1990) under tropical forest areas.

In Viale there was no difference between NE and GAP (Fig. 1a).
Probably, these Vertisols, with expandable clay minerals, had greater
protection capacity of the organic material and the NE vegetation
was different (trees and shrubs). Overall, despite the extractions
made by the crops, carbon inputs were greater in cultivated soils,
indicating that the most important factor in the balance may be
the rate of transformation of the SOC (Hevia et al., 2003).

The results in the 0-10 cm layer (Fig. 1a) were similar to data in
0-20 cm (Fig. 1b), except Bengolea where the differences between
treatments disappeared. In agricultural agro-ecosystems under
rotations, the soil carbon content is related to the carbon
contribution of vegetation. Studdert and Echeverria (2002)
observed that increasing the number of crops per year or crops
with higher biomass production, the level of carbon in the soil after
several years was greater. This may account for the clear
differences found in Monte Buey, where GAP with respect to
PAP have higher rotation index, lower fallow period, linked to the
practice of cover crops and higher proportion of corn compared to
soybeans. In the other sites the contrast between GAP and PAP was
not so marked (Fig. 1a and b).

The comparison of C stocks on the basis of equivalent soil mass
(2350 Mg ha~') showed similar differences to calculated carbon
stocks at a fixed depth (0-20 cm). However, these differences were
greater for equivalent soil mass based data, whose values were
8.5 Mg to GAP and 15.9 Mg to PAP with respect to NE (Table 6).

The stock of POC. to equivalent soil mass (2350 Mg) in
Bengolea, Monte Buey and Viale decreased about 60% in average
in GAP and PAP treatments with respect to NE, this shows the
sensitivity of this parameter related to management practices
(Table 7). This organic fraction is very sensitive to degradation
when systems are disturbed and thus increases turnover more
than the physically or chemically protected fractions (Galantini
et al., 2004).

In general, the same results were obtained for 950 Mg ha™", in
the case of Monte Buey. A in the SOC, differences were found
among the three treatments (p < 0.05).

1

3.5. Carbohydrate content

Soil CH showed similar trends as SOC. For 2350 Mgha™!,
significant differences (p < 0.05) was only observed in NE with
respect to GAP and PAP. Differences were higher in CH; than in CH;
(Table 7).

70 a

50 b

30 a

10

Bengolea

Monte Pergamino Viale
Buey

Fig. 1. Soil organic carbon (SOC) content (Mg ha~') at fixed depths (0-10 and 0-20 cm).
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Table 7
Organic fractions to two equivalent soil masses.
Site Carbon fraction 950 Mg soil 2350 Mg soil
NE (Mgha™!) GAP (Mgha™") PAP (Mgha™!) NE (Mgha™!) GAP (Mgha™') PAP (Mgha™!)

Bengolea SoC 14.8 b 126 b 9.7 a 303 b 27.9 ab 232a
MOC 73 a 7.0 a 7.0 a 15.1a 16.6 a 154 a
POC, 4.87 b 237 a 1.61a 717 b 339a 256 a
POC¢ 3.90 ab 426 b 2.69 a 825b 829 b 539a
CH; 4.20 a 4.07 a 363a 9.70 a 9.19a 8.07 a
CH, 0.26 a 027 a 022 a 0.58 a 0.83 b 0.54 a

Monte Buey SoC 30.7 ¢ 19.8 b 164 a 556 b 376 a 336 a
MOC 171 b 11.7 a 11.2a 384b 27.7 a 27.0a
POC. 772 b 3.18a 163 a 10.80 b 498 a 252 a
POC¢ 429 b 247 a 1.96 a 7.53 b 4.85a 374 a
CH¢ 6.27 b 4.95 ab 355a 1297 b 9.98 ab 7.74 a
CH, 0.40 b 0.18 a 0.11 a 0.82 b 036 a 0.27 a

Pergamino socC 27.7b 155a 155a 50.2 a 324 a 313 a
MOC 249 b 12.4 ab 109 a 41.6 a 26.2 a 248 a
POC. 245 a 1.88 a 1.96 a 338a 272 a 293 a
POC¢ 3.07 a 231a 2.01a 5.06 a 427 a 3.86a
CH¢ 7.53 ¢ 426 b 2.02a 15.69 ¢ 9.59 b 419 a
CH, 0.88 b 0.25a 0.26 a 140 b 0.50 a 0.53 a

Viale soc 335b 324 b 236 a 62.9 ab 672 b 474 a
MOC 25.3 ab 26.8b 194 a 51.3 ab 584 b 409 a
POC. 4.03 b 1.74 a 2.12 ab 537 a 290 a 288 a
POC¢ 412 a 383a 2.07 a 6.38 b 6.03 ab 357 a
CH; 3.86b 328a 323a 8.89b 7.41 ab 6.36 a
CH, 033 Db 0.27 ab 0.17 a 0.68 b 0.50 a 037 a

For each equivalent soil mass different letters for each parameter analyzed indicate statistically significant differences between treatments (p < 0.05), DMS test.
POCs, fine particulate organic carbon; POC,, coarse particulate organic carbon; SOC, total organic carbon; MOC, mineral-associated organic carbon; CH¢ and CHj, total and
soluble carbohidrates; NE, natural environment; GAP, good agricultural practices; and PAP, poor agricultural practices.

The CH; represented 9, 11, 15 and 20% of SOC for Viale,
Bengolea, Pergamino and Monte Buey, respectively (Table 7).
Others authors found similar values, between 5 and 25% of SOC,
and reported that it was sensitive to changes in land use
(Guggenberger et al., 1995).

When CH; content of NE was used as reference, a decrease was
observed only at Monte Buey and Pergamino. Bongiovanni and
Lobartini (2006) comparing natural and cropped systems with
similar soils, found that CH; decreased by 47% due to over 50 years
of cultivation. However, the decrease in CH; was not so big in this
study. The highest loss was about 40% in Monte Buey and Pergamino
sites. Probably, GAP and PAP systems were not as aggressive as
the Bongiovanni and Lobartini (2006) management practices.

The CHs contents were the most affected by management
practices, and the losses were higher than 50% in Monte Buey and
Pergamino, and 20% in Viale. However, management effect on CH,
contents was only detected in Bengolea site. The CHy are mainly
polysaccharides of plant exudates or microbial origin (Angers and
Mehuys, 1989). Root exudates and its dead tissues may comprise
up to 30-40% or more of the total input of organic matter of soils
(Fogel, 1985). Therefore, a change in the sequence of crops, both in
frequency and in the type of crops can modify the CH content. A
fallow period in a sequence of crops can significantly reduce the
carbohydrate content (Cheshire, 1979). Even though CHs content
was suggested as a soil quality indicator (Haynes and Beare, 1996),
this work showed low sensibility to the changes of crop sequences
under no-tillage.

4. Conclusions

The analysis of SOC fractions allows the differentiation between
different agricultural practices under No-Till. Calculating the
carbon stocks for an equivalent soil mass of soil allowed better
detection of differences among management practices only when
bulk density was different between different treatments.

The SOC content in the NE was strongly influenced by the
clay + silt content, where the most abundant fraction was closely
related to clay content. The POC./SOC and POC_..¢/SOC relationship
showed differences among natural sites, suggesting different
dynamics depending on the climatic and soil characteristics.

The SOC levels in the upper layer of agricultural soils were
16-44% lower than natural ones.

The POC. and CHs had lower sensibility to management
practices than POC; and CH; fractions.

Fractions with intermediate dynamics, as POC¢ (53-105 wm)
and CH,, seem to be better indicators to detect the short- and
medium-term management effects than highly dynamics
fractions.
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