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A B S T R A C T

The turnover rate of labile organic fractions varies continuously due to different soil uses and
managements, weather conditions and sampling time. The aim of this study was to quantify the effect of
different agricultural management, season and soil type on soil organic carbon (SOC) and its different
fractions. The study was conducted on four sites located in the Argentinean Pampas. In each site, three
treatments were defined: Good Agricultural Practices (GAP), Poor Agricultural Practices (PAP) and
Natural Environment (NE). During two consecutive years (2010 and 2011) and at two different times
(February and September) undisturbed soil samples were taken at 0–20 cm depth. Variables assessed
included: SOC and its organic fractions: coarse (POCc) and fine (POCf) particulate organic carbon, SOC
associated with a mineral fraction (MOC), total (CHt) and soluble (CHs) carbohydrates, bulk density (BD),
and large pores (P>30). Also, indices associated with soil and management variables were determined.
SOC reductions caused by agricultural practices were mainly from POCc. This fraction represented
34–52% and 50–74% for PAP and GAP, respectively, of the observed in NE. The carbon pool index (CPI)
shows that agricultural treatments induced greater variations in all the labile organic fractions compared
with SOC and MOC. In turn, the magnitude of variability was different among fractions, where temporal
fluctuations increased according to the following order MOC < SOC < POCf� CHt < CHs � POCc.
Independently of the soil type, the CPI was a sensitive indicator of soil quality in these systems under
no-tillage. The multivariate analysis has proven to be an efficient analytical methodology for the
identification of soil indicators that respond to agricultural practices, in which chemical properties (POCf

and CHt), physical (BD and P>30), and indices (SOC: clay, structural index and intensification sequence
index) were the variables that best explained the total variance of information of the four sites. Therefore,
these indicators/indices should be included in any minimum data set for evaluating the agricultural soil
quality under no-tillage in the studied area.

ã 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Soil & Tillage Research

journa l homepage: www.e lsev ier .com/ locate /st i l l
1. Introduction

Land use for agricultural purposes causes soil degradation,
therefore there is great concern regarding the quantification of loss
of soil quality generated by agricultural management (Lal et al.,
1998). Among the different practices, conservation agriculture
aims to preserve the soil structure, productivity and biodiversity
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throughout three fundamental principles: reduced tillage or no-
tillage, cover crops and crop rotation (ECAF, 1999).

The intensification of land use is growing worldwide because of
the need of food, increasing the magnitude and intensity of the
deterioration becoming in unsustainable agroecosystems. In the
Pampean Region of Argentina, this effect is accentuated by a
decrease in the surface covered by crop-pasture rotation systems
and growth of the areas dedicated to annual agricultural cropping
systems where soybean (Glycine max [L.] Merr.) monoculture
predominates (Caviglia et al., 2011), negatively affecting soil
quality. These land-use changes are frequently associated with a
reduction in the levels of soil organic carbon (SOC), due to two
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facts: the former is that an important part of the biomass produced
is exported with the harvest (reduced carbon input) and the latter
is the occurrence of an enhanced decomposition after physical
disturbance (Poeplau et al., 2011) or by fallow periods (Sasal et al.,
2010). These changes significantly alter the SOC dynamics (Raiesi,
2006) that trigger negative effects on the physical, chemical and
biological properties of the soil (Li et al., 2009). In the Pampean
Region, approximately one third of the SOC content was lost due to
the unsuitable agricultural practices (Álvarez, 2005). In turn,
different management practices including restoration of perma-
nent vegetation, maximization of residue carbon input, a reduction
of area under fallow management and improvement of water
administration may increase SOC contents of cultivated soils (Lal,
2004).

Due to the necessity of reverting the deterioration processes,
and to get knowledge about it a joint effort with BIOSPAS project
(Wall, 2011) was conducted to study physical, chemical and
biological quality of soils with different managements assessed in
farmers’ fields, adjusted or not to the criteria defined by the
Program of Certification of Good Agricultural Practices (http://
www.aapresid.org.ar/ac/buenas-practicas-agricolas). For this pur-
pose, different agricultural soils from fields with Good Agricultural
Practices were compared to neighbor fields with non-sustainable
managements and, in addition, non-agricultural soils were used as
reference. This block of three treatments was replicated at four
different locations, in the most productive central area of
agriculture in the Argentinean Pampas, in a 400 km east-west
transect. The same physical soil sample was used for a set of
different analyses (Wall, 2011). This experimental design was
useful to describe differences with regard to microbial diversity,
and biochemical characteristics of soils because for the different
soil use and management (Figuerola et al., 2012, 2015; Agaras et al.,
2014; Ferrari et al., 2015). In this context, we focused in this work
on the assessment and analyses of SOC under different forms.

The SOC comprises several fractions with different physical and
chemical properties and consequently different stabilization
degrees by specific mechanisms with particular turnover rates.
To determine the effect of management practices or soil uses on
SOC, it is essential to quantify and understand the sensitivity of the
different organic fractions toward this disturbance (Martin et al.,
1990). These organic fractions are mainly defined by their turnover
times ranging from years to millenniums (Bol et al., 2009). The
organic fractions associated with particle sizes >50 mm are easily
available for microorganisms and thus rapidly degradable
Table 1
Soils characteristics (0–20 cm) for each of the different sites and treatments at baselin

Bengolea Monte Buey 

NE GAP PAP NE GAP 

Climate Temperate subhumid Temperate subhumid

MATa (�C) 17 17 

MARb (mm year�1) 870 910 

Soil Taxonomyc Entic Haplustoll Typic Argiudoll 

0–20 cm
Sand (g kg�1) 594 555 577 169 208 

Silt (g kg�1) 284 306 293 570 578 

Clay (g kg�1) 122 139 130 261 214 

Texture Sandy loam Silty loam 

SOC (g kg�1) 13.5 12.6 9.2 27.1 16.3 

Nt (g kg�1) 1.24 1.24 1.02 2.47 1.49 

pH 6.5 6.3 6.2 5.8 5.8 

NE: Natural Environment; GAP: Good Agricultural Practices; PAP: Poor Agricultural Pra
a MAT: mean annual temperature.
b MAR: mean annual rainfall.
c (Soil Survey and Staff, 2010).
(Zimmermann et al., 2007). In the short-term, the organic fractions
associated with the sand fraction show alterations that are the
result of changes in the management practices (von Lützow et al.,
2007). There are labile organic fractions such as the particulate
organic carbon (POC, between 53 and 105 mm) and the total
carbohydrates (CHt) that respond more rapidly than the SOC to the
changes produced by different soil managements (Duval et al.,
2013). However, the exchange rate of these fractions varies
continually (Graham et al., 2002). Therefore, apart from the effects
caused by the different soil uses and managements, there are
factors such as climatic conditions and sampling times (season of
the year) that may also affect the most labile organic fractions
(Puget and Lal, 2005).

Possible options for increasing efficiency and productivity of
current agricultural systems include agricultural intensification by
greater use of resources (Caviglia and Andrade, 2010), involving
annual double cropping and crop rotation with pastures and/or
cover crops (Caviglia et al., 2004). To characterize systems with
different soil use intensities, there exist several indices that include
the number of months with growing crops or the frequency of a
specific crop in the cropping sequence (Caviglia and Andrade,
2010; Novelli et al., 2011). Hence, natural grasslands may be
characterized by high intensification indices in soil use compared
with the sequences consisting of long periods of fallow based on
annual crops (Sasal et al., 2010). Also, several indices and
relationships related to SOC have been proposed for soil quality
evaluation (Blair et al., 1995). These indices are early and efficient
indicators of changes in soil quality caused by the production
system (Bayer et al., 2009), even before the change in SOC contents
is observed. The indices include the carbon pool index (CPI) that
relates the SOC content of the soil under agricultural practice to a
reference soil, which is generally under its natural vegetation (Blair
et al., 1995). This is an efficient indicator of soil quality both in
tropical (Vieira et al., 2007; Bayer et al., 2009) and temperate
climates (Blair et al., 1995). Other authors suggest the relationships
between SOC and POC, and the fine fraction of the soil (silt + clay) as
indicators of the effect of agricultural practices (Galantini et al.,
2004; Noellemeyer et al., 2006). These indices may provide a useful
parameter to assess soil quality in different production systems or
under different management practices (Blair et al., 2006; Verma
and Sharma, 2007).

In general, long-term effects of soil management practices on
the evolution of soil quality have been closely related to SOC
contents (Franzluebbers et al., 1995; Roldán et al., 2005), while for
e sampling.

Pergamino Viale

PAP NE GAP PAP NE GAP PAP
 Temperate humid Temperate humid

16 18
1000 1160
Typic Argiudoll Argic Pelludert

196 179 185 178 26 22 32
578 622 587 605 609 519 588
226 200 228 217 365 459 380

Silty loam Silty clay loam
15.1 20.5 14.8 16.7 38.7 29.7 20.1
1.18 1.82 1.30 1.24 3.06 2.18 1.54
6.2 6.5 6.2 5.7 6.7 7.1 6.6

ctices; SOC: soil organic carbon; Nt: soil total nitrogen.

http://www.aapresid.org.ar/ac/buenas-practicas-agricolas
http://www.aapresid.org.ar/ac/buenas-practicas-agricolas
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Fig. 2. Monthly rainfall (mm) (a) and mean air temperature (�C) (b), 2010–2011.
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the detection of short-term effects, labile fractions of SOC are more
useful (Melero et al., 2009; Duval et al., 2013). In turn, short-term
changes are more complex and also depend on soil conditions,
such as soil texture, climate, cropping system and the type of
residue as well as on the current management (Paustian et al.,
1997). We hypothesized that although management practices with
diverse carbon contributions affect the amount and quality of the
different organic fractions, the time of sampling modifies the
differences attributed to climatic conditions and to contributions
of preceding crop residue and the current sampling time. The aim
of this study was to quantify the effect of different agricultural
management, season and soil type on SOC and its different
fractions.

2. Materials and methods

2.1. Study site

Predominant soils were Mollisolls developed in aeolian sedi-
ments (loess), with a wide range of depth fluctuation, texture, soil
organic carbon content and fertility (Álvarez and Lavado, 1998).
The climate is subhumid/humid temperate with annual rainfall
ranging from 850 to 1200 mm concentrated in summer and spring.

We selected four study sites with documented history of no-
tillage management (more than 5 years) located in the most
productive region of the Argentinean Pampas that correspond to
different climate and soil conditions (Table 1). The study sites were
located at Bengolea (Córdoba, 33�01032.900S; 63�37036.400W), Monte
Buey (Córdoba, 32�58017.000S, 62�27002.400W), Pergamino (Buenos
Aires, 33�56042.600S, 60�33035.600WO) and Viale (Entre Ríos,
31�52042.200S, 59�41016.200WO). The soils and environments ana-
lyzed ranged from the most sandy and less rainy in the west to the
most humid and clayey in the east (Figs. 1 and 2).
Fig. 1. Location of the study sites in 
2.2. Treatments

Three treatments were defined at each sampling location:

1. “Good Agricultural Practices (GAP): Sustainable agriculture
management under no-tillage, subject to intensive rotation with
winter crops such as wheat (Triticum aestivum L.), barley
(Hordeum vulgare), and summer crops such as soybean (Glycine
the Pampa Region of Argentina.
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Table 2
Agricultural treatments; management and crop yields.

Bengolea Monte Buey Pergamino Viale

GAP PAP GAP PAP GAP PAP GAP PAP

History no-tillage (years) 13 5 28 10 6 5 13 9
Soybean/maize ratioa 1.5 4 0.67 4 1.5 5 1.5 4
% Wheatb 60 40 60 20 10 0 40 20
% Cover cropsc 20 0 40 0 0 0 20 0
Fertilization N–P (kg ha-1 year�1)d 68-18 3-3 64-18 17-5 41-17 7-31 64-27 34-23
Soybean yield (kg ha�1) 3067 2775 3167 2675 2933 2885 3000 1805
Maize yield (kg ha�1) 10500 2700 12550 8000 9500 – 7030 3450
Carbon input (kg ha�1 year�1)e 5608 2765 6378 3548 4291 2486 4010 2845

a Number of soybean cycles to number of maize cycles over the last 5 years.
b Percentage of winters that wheat was planted.
c Percentage of winters that a cover crop (Vicia sp., Melilotus alba or Lolium perenne) was planted. Cover crops were chemically burned before summer crops were planted.
d Calculated as kilograms of N and P (element) applied per hectare per year.
e C input estimated (shoots + roots).
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max [L.] Merr.), maize (Zea mays L.) or sorghum (Sorghum bicolor
L. Moench) and occasionally, cover crops, such as vetch (Vicia
sativa L.) and triticale (Triticum aestivum � Secale cereale).
Nutrients were applied according to crop needs, with minimal
use of agrochemicals (herbicides, insecticides and fungicides)
(Table 2).

2. “Poor Agricultural Practices” (PAP): Non-sustainable agriculture
management under no-tillage subject to minimal rotation or
soybean monoculture (Glycine max [L.] Merr.), low nutrient
application and high use of agrochemicals (herbicides, insecti-
cides y fungicides) (Table 2).

3. “Natural Environment” (NE), soil without cultivation as refer-
ence situation, with native vegetation near to cultivated plots
(less than 5 km), where equilibrium among the different organic
fractions had been achieved. Predominant species in the NE
varied according to the sites: in Bengolea the most abundant
species was bermudagrass (Cynodon dactylon L.); in Monte Buey
the predominant species included wild lettuce (Lactuca virosa
L.), annual nettle (Urtica urens L.), bermudagrass (C. dactylon L.)
and rescuegrass (Bromus catharticus Vahl.); in Pergamino
species such as bermudagrass (C. dactylon L.), wild lettuce
(L. virosa L.), needlegrass (Amelichloa brachychaeta), hairy vetch
(Vicia villosa Roth.) and rescuegrass (B. catharticus Vahl.) were
predominantly found, while in Viale predominant arboreous
species included caranday palm (Trithrinax campestris), ñandu-
bay (Prosopis affinis), chañar (Geoffroea decorticans), while some
herbaceous species such as Baccharis spp. and gramineous of the
genus Panicum,Paspalum, Piptochaetium, Chloris and Eragrostis
were observed.

2.3. Soil sampling

At each site, soil samples at 0–20 cm (each 5 cm depth) were
taken (three replicates) during two consecutive years (2010 and
2011) in February (summer) and September (spring) (Season
factor) in the agricultural management (GAP and PAP) and in
natural environments (NE) (Treatment factor). In each situation,
the three sampling points (replicates), represented by three
subsamples were localized using GPS for subsequent sampling.
Undisturbed soil samples were taken at 0–20 cm using cylinders of
5 cm in height and 4.7 cm in diameter.

2.4. Soil organic carbon and nitrogen

The soil samples taken on the different sampling dates and
management conditions were air-dried and passed through a 2 mm
sieve. The following chemical determinations were made: soil
organic carbon (SOC) by drycombustion (LECO Carbon analyzer) and
soil total nitrogen (Nt) using Kjeldahl, (Bremner, 1996).

2.4.1. Determination of particulate organic carbon
For the size fractionation of SOC we used wet sieving of soil

(Cambardella and Elliott, 1992; Duval et al., 2013). The sieving was
done with a pair of sieves of 53 mm and 105 mm of diameter mesh.
Three fractions with different characteristics were obtained: The
coarse fraction (105–2000 mm) containing coarse particulate
organic carbon (POCc) and fine to coarse sands; the medium
fraction (53–105 mm) which included fine particulate organic
carbon (POCf) and very fine sand; and the fine fraction (<53 mm),
containing mineral associated organic carbon (MOC) as well as silt
and clay. A detailed description of the methodology is illustrated in
Duval et al. (2013).

Carbon contents in the coarse and medium fraction were
determined using the same method as mentioned above for SOC.
The carbon of the fine fraction was determined by difference
between SOC and (POCc + POCf).

2.4.2. Determination of total and soluble carbohydrates
Extraction of carbohydrates was performed employing two

different procedures (Puget et al., 1999): To determine total
carbohydrates (CHt), extraction was performed by an acid
hydrolysis as follow: 1 g of soil sample was treated with 10 mL
de H2SO4 0.5 M, heated at 80 �C for 24 h. For the determination of
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, and hydrolysis was attained by adding
H2SO4 to obtain a 0.5 M concentration as in the dilute acid
hydrolysis procedure.

After extraction, each suspension was centrifuged at 4000 rpm
for 15 min (Puget et al., 1999). Carbohydrate contents were
determined using the phenol–sulphuric acid spectrophotometric
method with glucose standard curve (Dubois et al., 1956).

In the present study, contents of SOC and its fractions in the
different treatments were calculated according to equivalent soil
mass (ESM, Ellert and Bettany, 1995), using a soil mass of 2350 Mg
as reference treatment (Duval et al., 2013). The results were
expressed in grams of SOC or its fractions per kilogram of ESM
(g kg�1).

2.5. Physical determinations

Soil physical properties were sequentially determined. First, the
undisturbed soil samples were saturated by wetting from the
bottom for 48 h using water. From the saturation state, before the
beginning of measurements, water content was determined (us)



Table 3
Average values for total organic carbon (SOC) and organic carbon associated with
mineral fraction (MOC) at each of the sites and treatments.

Organic fractions (g kg�1) Treatment

NE GAP PAP

Bengolea
SOC 13.6b (4.3) 12.9b (9.7) 10.5a (5.4)
MOC 7.7a (12.4) 8.0a (16.0) 7.3a (7.8)

Monte Buey
SOC 25.9c (9.4) 17.9b (9.8) 15.7a (7.7)
MOC 19.8b (14.5) 13.9a (12.3) 12.9a (7.8)

Pergamino
SOC 21.3b (3.0) 15.4a (5.2) 14.6a (13.5)
MOC 15.9b (8.9) 12.4a (6.0) 11.9a (14.8)

Viale
SOC 26.8b (7.4) 30.0b (5.3) 21.5a (6.6)
MOC 21.6a (11.2) 25.7b (4.2) 18.6a (8.9)

At each site different letters for each parameter analyzed indicate statistically
significant differences between treatments (P < 0.05). The numbers in brackets

M.E. Duval et al. / Soil & Tillage Research 159 (2016) 9–22 13
following the methodology proposed by Klute (1986). The soil
samples were subject to potential of 10 kPa, equivalent to �1 m of
hydraulic head (h) using pressure plate extractor (Soil Moisture
Equipment Co., Santa Barbara, California) and then oven-dried at
105 �C for 24 h, until constant weight. The mass/volume ratio was
calculated to obtain the values corresponding to bulk density (BD)
(Blake and Hartge, 1986). Total porosity (TP) was considered equal
to water content at us. The pore size corresponding to the pressure
established was estimated using the capillary rise formula (Eq. (1))
(Hassink et al., 1993). Thus, the volume of large pores (>30 mm,
P>30) was determined (Kay and Vanden Bygaart, 2002). The
effective pore diameter (d) was estimated in each undisturbed soil
sample from the water retention curve as:

d ¼ �30:0 � 10�6

h
ð1Þ

where h = pressure head (m).
Soil texture was also determined by the Gee and Bauder (1986)

method.

2.6. Simple indices

Taking into account that the most sensitive soil quality
indicators (physical and chemical) applied for detecting the
changes caused by management may also be sensitive to
meteorological, edaphic, topographic and seasonal variations, it
is recommended to apply indices related to the system perfor-
mance (functional indices) since they are considered of major
importance in determining the degradation state or recovery of soil
quality (Zornoza et al., 2008).

2.6.1. Carbon pool index
The carbon pool index (CPI) was calculated according to the

equation proposed by Blair et al. (1995):

CPI ¼ Organic carbonT

Organic carbonRef
ð2Þ

where Organic carbonT = soil organic carbon (total or fraction) in
agricultural treatments (GAP and PAP), Organic carbonRef = soil
organic carbon (total or fraction) of reference (NE). This index was
calculated to compare the magnitude of the changes in the
different sampling seasons on the different organic fractions.

2.6.2. Intensification index
The intensification sequence index (ISI), was calculated as the

ratio of number of months occupied by crops and the total number
of months of the year, for instance NE = 12/12 (Sasal et al., 2010).
Data on crop sequences were obtained from the farmers’ records
during a period of 10 years, prior to soil sampling time.

2.7. Statistical analysis

The effects of soil use (NE, GAP and PAP), sites (Bengolea, Monte
Buey, Pergamino and Viale) and sampling season (summer and
spring) on the variables determined were assessed by ANOVA,
using a randomized complete block design (replicates). Least
significant difference was used to detect differences among means.
If no interaction occurred among factors, the sampling sites were
treated as replicates (random effect) and the different soil uses as
treatments (fixed effects). Analysis of the principal components
was conducted to summarize the chemical, physical characteristics
and indices associated with the soils studied and to understand the
associations among the edaphic variables. All the statistical
analyses were done with a level of significance of P < 0.05 using
INFOSTAT software (Di Rienzo et al., 2013).
3. Results and discussion

3.1. Variability of organic fractions

The analysis of the results on the three variation factors showed
significant effects, mainly for the sites and treatments. Considering
the source of temporal variation (Season), the CHt was the only
organic fraction that showed significant effects for this variable. In
all the organic fractions a significant interaction among the sites
and treatments was observed, therefore, all the results were
assessed individually in each site.

SOC and MOC did not show a differential effect of the treatment
by sampling season (not significant interaction), therefore, these
fractions were analyzed as a whole (average dates). In average, for
the four sampling dates, in all sites SOC contents showed
statistically significant differences between NE and PAP treat-
ments, in which agricultural management reduced SOC content
between 3.1 to 10.2 g kg�1 (Table 3). Significant differences were
also revealed between NE and GAP only for Pergamino and Monte
Buey with 5.9 and 8.0 g kg�1 higher in NE, respectively (Table 3). By
comparing the agricultural treatments, SOC contents were lower in
PAP (P < 0.05) compared with GAP, at three of the four sites
(Table 3). Short-term temporal variability of SOC was low (CV
3–10%); in general, SOC contents remained almost constant
between seasons (Fig. 3a).

The MOC showed differences between NE and PAP in Monte
Buey and Pergamino, and no differences in Bengolea and Viale; in
comparison with NE, GAP showed higher MOC content in Viale,
lower content in Monte Buey and Pergamino and no significant
differences in Bengolea. Significant difference between GAP and
PAP was observed only in Viale (Table 3). The temporal variability
of MOC was similar to that observed in SOC (CV 4–16%), thus MOC
contents remained almost constant between seasons (Table 3 and
Fig. 3b). The amount of mineralized carbon from the different
fractions increased with increasing temperature (Benbi et al.,
2014). This effect would explain the slight reductions observed
between summer and spring, where the highest temperatures and
rainfalls occur (Fig. 2a and b). In turn, the authors also observed
that SOC and MOC showed the lowest mineralization compared
with the other more labile fractions independently of the
temperature, confirming the poor variability found in these
fractions in the four sites. These results agree with those reported
by other authors, who confirm the influence of the temperature
indicate the coefficient of variation (CV%) of each parameter over two years.



Fig. 3. Content of total organic carbon (SOC) (a) and organic carbon associated with
the mineral fractions (MOC) (b) at different sampling dates.
The vertical bars represent � one standard deviation.
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and rainfall on SOC contents by analyzing a great variety of soils in
the Pampean Region (Álvarez and Lavado, 1998; Hevia et al., 2003).

Comparison of the changes in soil use by the carbon pool index
(CPI) revealed that SOC contents in the agricultural treatments
were lower than NE in Bengolea, Monte Buey and Pergamino, but
higher (CPI > 100) for GAP in Viale. PAP showed SOC contents
ranging from 60 to 80% regarding NE for all the sites. In GAP, the
SOC contents were 70% of the value determined in NE for Monte
Buey and Pergamino, and similar and higher values to those of NE
in Bengolea and Viale, respectively (Fig. 4a). CPI for MOC, as well as
SOC, showed decreases in PAP, but less marked, and in GAP only
lower contents than NE were observed in Monte Buey and
Pergamino (Fig. 4b). SOC showed highly significant differences
(P < 0.001) in the CPI between GAP and PAP in Bengolea, Monte
Buey and Viale, and no significant differences in Pergamino
(Fig. 4a). MOC showed significant differences between treatments
in Viale (Fig. 4b). The vast agricultural history in the studied soils
significantly affected SOC contents and to a lower extent MOC ones.
The most noticeable effects of agricultural use were observed in
Monte Buey and Pergamino, with contents between 60–70% and
70–80% of the value determined in NE for SOC and MOC,
respectively, while in Bengolea and Viale the effects were less
marked. The magnitude of the reductions of SOC falls within the
range of reductions from 10 to 44%, which was previously observed
Fig. 4. Carbon pool index (CPI) for different agricultural practices. Natural environmen
The bars represent standard errors. For each site, (***), (**), (*) and ns indicate significant
treatments. Good agricultural practice (gray); poor agricultural practice (black).
in the Pampean Region (Álvarez et al., 2009) and between 20 and
50% observed in other parts of the world (Lal, 2004; Benbi et al.,
2015). The perennial species in NE would make a greater and more
continuous supply of shoot and root biomass (higher ISI),
consuming more soil water, reducing the biological activity and
causing a slower rate of mineralization as compared to the annual
agricultural species (Bayer et al., 2006). In addition, NE is
characterized by zero carbon exported compared with the grain
harvest (Franzluebbers and Stuedemann, 2002). Therefore, SOC
contents can be higher in NE than agricultural treatments. The CPI
for SOC and MOC also showed a few temporal variations, which
were revealed by low variation coefficients (less than 20% for both
fractions). Throughout the period assessed (2 years), the results
obtained agree with those observed at the beginning of the study
(Table 1), revealing the stability of the fractions in the short-term.

The differences observed between agricultural treatments
show that no-tillage with high predominance of monoculture
(PAP) significantly reduced the SOC content. The permanent
organic soil cover constitutes a previous requirement for the
success of no-tillage systems (Derpsch et al., 2010). Soybean
residues have a low C:N ratio and therefore they rapidly
decompose, remaining on the soil surface for a short-time. On
the other hand, incorporation of gramineous plants such as wheat
or maize in the rotation (GAP), with high C:N ratios in their
residues, results in a high soil protection. Several studies
conducted worldwide reported that no-tillage and crop intensifi-
cation are two efficient tools to increase the SOC (Sá et al., 2001;
Johnson et al., 2005). The present study corroborates reports by
those authors who argue that differences between GAP and PAP
respond to different carbon inputs through the primary production
(higher in GAP, with higher maize frequency and ISI) (Table 2),
increase in carbon outputs by decomposition (higher in PAP, with
lower ISI and therefore longer period of fallow) and combined
changes in carbon inputs and outputs (Table 2).

3.2. Organic fractions (POCc and POCf)

Soil fractioning by particle size may indicate how the different
organic fractions are modified by the changes in soil use and
agricultural practices (Balesdent et al., 2000; von Lützow et al.,
2007). Variable effects of the different factors were observed
(Treatment and Season) in the organic fractions associated with
the sand particle sizes (POCc and POCf) in each site.

In Bengolea, significant effects were observed in the treatments
and sampling season on POCc, while only the effect of the
treatments was observed on POCf. The POCc presented significant
differences both between the soil uses (NE vs agricultural
practices) and between managements (GAP vs PAP) in summer,
while in spring the differences between NE and GAP disappeared
(Fig. 5a). In turn, GAP presented higher POCc contents in spring
t was taken as reference (CPI = 100).
 differences at P < 0.001, P < 0.01, P < 0.05 and not significant, respectively, between



Fig. 5. Contents of coarse particulate organic carbon (POCc) (a, c, e, g) and fine particulate organic carbon (POCf) (b, d, f, h) to summer (2010 and 2011) and spring (2010 and
2011) at different sites.
The bars represent standard errors. Different letters each time between treatments indicate significant differences (P < 0.05). Natural Environment (white); good agricultural
practice (gray); poor agricultural practice (black).
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(1.97 g kg�1) than in summer (1.54 g kg�1), possibly due to the
contribution of previous crop residues (summers 2010 and
2011 with crops) and lower contents in summer (spring 2010 under
fallow), due to microbial activity and therefore, decomposition of
residues favored by the soil type (sandy loam). It is widely accepted
that decomposition occurs more rapidly in coarse texture soils
(Strong et al.,1999). Variability of POCc throughout the two years of
study in Bengolea was higher in the agricultural treatments (CV
26 and 20%, for PAP and GAP, respectively) than in NE (CV 16%) and
higher than in SOC (Table 4). This higher variability in the
agricultural treatments corresponded with different amounts and
diversities of residues (different C:N ratio) that are incorporated in
the soil. The POCf presented significant differences between
agricultural managements with no differences between NE and
GAP (Fig. 5b). Also, POCf showed similar behavior among treat-
ments throughout the different sampling seasons, with no
differences between sampling in summer and spring. The POCf

exhibited lower temporal variation than the POCc throughout the
two years of study, with CV of 13, 11 and 10% for NE, GAP and PAP,
respectively (Table 4).

The carbon content of the >105 mm fraction was the one most
affected by the agricultural practices compared with those of SOC
and MOC, with values below 40% for PAP treatments both in
summer and in spring and values ranging from 50 to 80% for GAP in
summer and spring, respectively. Significant differences were
found between GAP and PAP in both seasons (Fig. 6a). Reserves of



Table 4
Average values for the labile organic fractions at each of the sites and treatments.

Site Treatment POCc (g kg�1) POCf (g kg�1) CHt (g kg�1) CHs (g kg�1)

Bengolea NE 2.59 (16.1) 3.36 (13.2) 3.05 (24.3) 0.28 (11.8)
GAP 1.75 (19.1) 3.18 (10.8) 2.60 (33.1) 0.29 (15.5)
PAP 0.98 (26.4) 2.21 (10.1) 2.35 (30.6) 0.22 (16.2)

Monte Buey NE 3.17 (44.4) 3.07 (25.0) 4.46 (25.6) 0.60 (45.1)
GAP 1.50 (33.5) 2.54 (33.8) 3.53 (22.7) 0.34 (55.3)
PAP 1.02 (21.6) 1.74 (10.5) 2.85 (19.4) 0.20 (49.6)

Pergamino NE 2.25 (38.6) 3.12 (25.6) 4.28 (35.0) 0.53 (18.6)
GAP 1.07 (31.2) 1.99 (12.9) 2.99 (23.6) 0.28 (29.0)
PAP 1.03 (22.3) 1.67 (10.0) 2.02 (18.9) 0.21 (15.0)

Viale NE 2.91 (25.7) 2.26 (31.9) 4.16 (32.0) 0.54 (40.2)
GAP 2.17 (52.9) 2.14 (49.0) 4.26 (27.1) 0.41 (35.8)
PAP 1.49 (29.2) 1.34 (41.7) 3.27 (29.0) 0.36 (36.0)

POCc: coarse particulate organic carbon; POCf: fine particulate organic carbon; CHt: total carbohydrates; CHs: soluble carbohydrates. The numbers in brackets indicate the
coefficient of variation (CV%) of each parameter over two years.
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POCc also showed temporal variations with higher POCc contents in
spring than in summer, which were associated mainly with the
rainfall peak and higher summer temperatures (Fig. 2a and b).
Several authors report the importance of maize as a major
contributor to carbon in agricultural systems (Diekow et al., 2005;
Zanatta et al., 2007). In turn, some particular studies highlight the
contribution of maize roots to increase soil organic matter
(Balesdent and Balabane, 1996; Bolinder et al., 1999). In Bengolea,
values of the soybean/maize relationship were much lower in GAP
(1.5) compared with those in PAP (4) (Table 2); in other words, a
higher participation of maize crop occurred in GAP, affecting POCc

due to the statements above. These results point out the
importance of crop systems with high residue addition and reveal
that no-tillage by itself is not sufficient to increase or maintain the
organic contents in the soil. The management practices that favor
the accumulation of SOC interact positively among themselves, so
that the net balance of SOC will be higher when management
practices are combined (Grant et al., 2001). The POCf presented, in
average, CPI values ranging from 95 to 66% for GAP and PAP
treatments, respectively (Fig. 6b). Although, the same differences
as in POCc were observed between GAP and PAP, the POCf levels in
GAP tended to reach the same levels as NE in both sampling
seasons.

In Monte Buey, significant effects of the treatments on both
POCc and POCf, but no seasonal changes in either of the fractions
were observed. The POCc differed between NE and agricultural
managements; however, no differences between GAP and PAP in
both sampling seasons were found (Fig. 5c). In this site, POCc also
presented high temporal variability for all the treatments (CV 44,
34 and 22% for NE, GAP and PAP) (Table 4). The POCf presented the
same behavior as the POCc in summer, while in spring this fraction
allowed differentiation between agricultural practices (Fig. 5d). In
this case, GAP (2.90 g kg�1) presented 59% more of POCf compared
with PAP (1.69 g kg�1). As in Bengolea, the POCf allowed
discriminating between agricultural treatments (GAP > PAP), in
which GAP reaches the same contents as NE (GAP = NE). The
temporal variability of this fraction was higher in GAP (CV 34%)
than in NE (CV 25%) and PAP (CV 11%).

In Monte Buey, CPI values for POCcwere 50% and 34% in GAP and
PAP treatments, respectively, with significant differences between
GAP and PAP only in spring (Fig. 6c). In this case, the POCc in the
agricultural treatments represented approximately half (1.16 g
kg�1) of the mean levels in NE (2.32 g kg�1). The CPI for POCf

exhibited significant differences between GAP and PAP both in
summer and spring (Fig. 6d). However, while levels of POCf in PAP
did not exceed 70% of those observed in NE, in GAP higher levels
than those in NE were observed; this effect can be attributed to the
use of cover crops in GAP, which were established four months
before the spring sampling.

In Pergamino, the POCc and POCf showed the same variations
among treatments as those observed for SOC and MOC (NE>GAP
= PAP), with no differences between sampling seasons. Only
significant differences between NE and agricultural treatments
in POCc for both seasons were observed. The contents of POCc in the
agricultural treatments had a decrease of 1.20 g kg�1 compared
with NE (Fig. 5e). The POCf contents presented the same
differences as the POCc (NE>GAP = PAP) (Fig. 5f). However, when
agricultural treatments were analyzed by CPI, significant differ-
ence was detected only in spring (Fig. 6f).

The temporal fluctuations for POCc and POCf, as in the other
sites were higher than in SOC and MOC, with variations among
treatments (Table 4). Therefore, an effect of the management
practices on the dynamics of these labile fractions is observed. No
significant differences were found in the CPI for the POCc, in which
the agricultural managements showed 50% less for POCc indepen-
dently of the treatment and sampling season (Fig. 6e). As
previously mentioned, the CPI for the POCf showed significant
differences between agricultural practices in spring where GAP
presented approximately 60% of the POCf for NE, while PAP did not
exceed 50% (Fig. 6f).

In Viale, POCc content was significant higher in NE than in PAP,
while no differences were observed between agricultural treat-
ments and between NE and GAP for both seasons (Fig. 5g). As in
Pergamino, no differences were detected between sampling
seasons either for POCc or POCf. However, the latter fraction
revealed differences between GAP and PAP in summer. The
temporal variability at this site was higher for the GAP (CV
53–49%), PAP (CV 29–42%), than for NE (CV 26–32%) for POCc and
POCf, respectively (Table 4). Differences in the CPI between
agricultural treatments were only observed for POCf, in which GAP,
like in Bengolea, presented similar contents to NE (CPI = 85–100%).
This similarity between sites may be due in Bengolea to a higher
proportion of labile organic fractions (23% of POCf) enabling good
practices by rapidly increasing carbon contents in the soil, and, in
turn, inadequate management practices reduce it (Fig. 5a and b).
On the other hand, due to high content of expandable clays in Viale,
a large amount of contributions of organic residues may be
physically protected by microbial decomposition.

The reductions in SOC caused by agricultural practices were
mainly found in the coarse fraction (>105 mm) in the surface layer.
In general, POCc, represented by the CPI, presented between
34–52% and 50–74% of the natural contents in PAP and GAP,



Fig. 6. Effect of management practices on the carbon pool index for coarse particulate organic carbon (POCc) (a, c, e, g) and fine particulate organic carbon (POCf) (b, d, f, h) at
different sites. Natural environment was taken as reference (CPI = 100).
The bars represent standard errors. (***), (**), (*) and ns indicate significant differences at P < 0.001, P < 0.01, P < 0.05 and not significant, respectively between treatments.
Good agricultural practice (gray); poor agricultural practice (black).
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respectively. Changes in land use frequently affect mainly the
carbon of the sand fraction, which includes the labile carbon
(Tiessen and Stewart, 1983). Figueiredo et al. (2010) in Brazil
reported a reduction of 46% in the organic fraction >53 mm in
Oxisols compared with a soil under native vegetation. In a Typic
Argiudoll, with monoculture and rotation cropping systems, Duval
et al. (2014) determined that reductions in POCc due to anthropic
effects were higher compared with the other organic fractions,
with reductions of up to 50% in the POCc and no visible changes in
the SOC, revealing high susceptibility of POCc to degrade.
3.3. Carbohydrates fractions (CHt and CHs)

The CHt, in general, showed higher differences among treat-
ments in the spring samplings. In this season for the sites Bengolea,
Monte Buey and Pergamino significant differences (between
28 and 38% lower in PAP) (Fig. 7a, c and e) were observed
between NE and PAP in the CHt content. In turn, the highest
differences between agricultural treatments were also observed
(GAP vs PAP), with significant differences in Bengolea and
Pergamino (GAP > PAP), while in Monte Buey and Viale were not



Fig. 7. Content of total carbohydrates (CHt) (a, c, e, g) and soluble carbohydrates (CHs) (b, d, f, h) to summer (2010 and 2011) and spring (2010 and 2011) at different sites.
The bars represent standard errors. Different letters each time between treatments indicate significant differences (P < 0.05). Natural Environment (white); Good agricultural
practice (gray); poor agricultural practice (black).
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significant (Fig. 7a, c, e and g). The variability of CHt throughout the
two years of study was higher than that of SOC (Tables 3 and 4).
This is attributed to the labile nature of this fraction, which is
composed mainly of plant debris and microorganisms (Gregorich
et al., 1994). In general, a higher variability (CV 26–35%) in NE than
in agricultural treatments (CV 19–29%) was observed possibly due
to a greater diversity of plant debris incorporated to the soil (Hevia
et al., 2008). Conversely, in Bengolea variability was higher in
agricultural treatments (CV >31%) than in NE (CV 24%) (Table 4). In
this case, NE presented bermudagrass as a dominant species,
therefore the amount of debris contribution was lower than in the
agricultural treatments.
The differences among treatments in the CHs and CHt, were
better observed in spring, where significant differences between
NE and PAP in all the sites were found, with higher contents in NE
(Fig. 7b, d, f and h). Differences between agricultural treatments
were also observed in Bengolea, Monte Buey and Pergamino, with
higher contents of CHs in GAP. The differences in the contents of
CHs in soils under different agricultural treatments indicated
differences in the amount and type of carbon inputs to soil
(Campbell et al., 1999). Higher production of aboveground biomass
associated with GAP (Table 2), probably helped to maintain CHs
contents similar to NE in Bengolea (Fig. 7b). The CHs presented a
great variability in the different sites, with monoculture situations
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(PAP-Pergamino), low temporal differences (CV 15%) and situa-
tions with large amounts and types of contributions (GAP-Monte
Buey) with high temporal variability (Table 4). This indicates that
the CHs are affected by both the amount and the type of residues
incorporated to the soil throughout rotation. The CHs responded
rapidly to changes in the carbon provision and were a major
indicator of soil quality (Gregorich et al., 1994).

The impact of the agricultural practices on the soil quality,
through CPI for CHt and CHs presented significant differences
between GAP and PAP, with no fluctuations between seasons
spring and summer (Fig. 8). In GAP, the CPI for CHt was higher,
showing values between 72 and 82% of the levels observed in NE
Fig. 8. Effect of management practices on the carbon pool index for total carbohydrates 

environment was taken as reference (CPI = 100).
The bars represent standard errors. (***), (**), (*) and ns indicate significant differences 

Good agricultural practice (gray); poor agricultural practice (black).
for Monte Buey and Pergamino, while in PAP values were
significantly lower (57 to 62%). In Bengolea, the CPI-CHt was
83–84% and 71–82% for GAP and PAP, respectively, while in Viale
higher values to NE in GAP (100–113%) and significantly lower in
PAP (85–88%) were found. In general, an increase in the CHt in GAP
was observed, with 7, 15, 20 and 21% for Bengolea, Monte Buey,
Pergamino and Viale, respectively.

For CHs, the CPI showed higher reductions in those sites with
medium to fine textures (Monte Buey, Pergamino and Viale)
compared with those of CHt. This is attributed to the effect of
agricultural practices (Fig. 8). In turn, CPI for CHs detected
significant differences among the agricultural treatments, where
(CHt) (a, c, e, g) and soluble carbohydrates (CHs) (b, d, f, h) at different sites. Natural

at P < 0.001, P < 0.01, P < 0.05 and not significant, respectively between treatments.



Fig. 9. Biplot of principal components analysis. Vectors indicate the relative weight
of each variable on the axes. Good Agricultural Practice (GAP) (gray); Poor
Agricultural Practices (PAP) (black) and Natural environment (NE) (white) for
Bengolea (square), Monte Buey (triangles), Pergamino (diamonds) and Viale
(circles).
Organic carbon associated with the mineral fraction (MOC); soil total nitrogen (Nt);
total porosity (TP); intensification sequence index (ISI); structural index (SI);
soluble and total carbohydrates (CHs and CHt); large pores (>30 mm) (P>30); fine
particulate organic carbon (POCf); bulk density (BD); coarse particulate organic
carbon plus fine particulate organic carbon:soil organic carbon (POC(c + f):SOC); soil
organic carbon:clay (SOC:c).

Table 5
Matrix of principal component analysis (PCA) obtained with spring soil samples.

Variance explained PC1 PC2
44% 27%

Bulk density (BD) �0.28*** �0.30***

Total porosity (TP) 0.17 0.45***

Pores >30 mm (P>30) 0.32*** �0.02
Organic carbon 105–53 mm (POCf) 0.36*** �0.17
Organic carbon <53 mm (MOC) 0.17 0.43***

Total carbohydrates (CHt) 0.33*** 0.17
Soluble carbohydrates (CHs) 0.30*** �0.17
Soil total nitrogen (Nt) 0.22* 0.06
C:N 0.08 0.40***

POCc+f:SOC 0.18 �0.39***

SOC/clay 0.31*** �0.33***

Structural index (SI) 0.38*** �0.02
Intensification sequence index (ISI) 0.37*** �0.08

* Indicate significant associations at P < 0.05.
*** Indicate significant associations at P < 0.001.
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GAP presented an increase of 27, 22, 13 and 10% for Bengolea,
Monte Buey, Pergamino and Viale, respectively. Therefore, the
reduction in CH contents observed in PAP indicates that no-tillage
as a conservationist practice of the soil was not sufficient to
maintain or improve the soil quality. These results agree with those
reported by other authors (Vieira et al., 2007; de Oliveira Ferreira
et al., 2013).

From the point of view of the maximum difference or sensitivity
among treatments, for most of the organic fractions studied, early
spring season seems to be the best period for soil sampling. The CPI
shows that the agricultural treatments led to higher variations in
all the labile organic fractions (POCc, POCf, CHt and CHs) compared
with SOC and MOC. Independently of the soil type, the CPI was a
sensitive indicator in these systems under no-tillage. Other studies
have also demonstrated changes in the labile organic contents due
to changes in the management practices (Cambardella and Elliott
1992; Banger et al., 2010). For the soils analyzed in the present
study the POCf was the most sensitive fraction between different
uses (NE vs agricultural practices) and management practices (GAP
vs PAP).

3.4. Soil total nitrogen and C:N ratio

The soil total nitrogen (Nt) contents varied widely among land
uses and soil managements (from 0.99 to 2.40 g kg�1). The Nt
contents showed an increasing trend in NE, with significant
differences compared with GAP in Monte Buey and Pergamino and
with PAP in Monte Buey Pergamino and Viale. In average, the Nt
contents in NE were 5, 41, 31 and 12% higher than those in the
agricultural treatments in Bengolea, Monte Buey, Pergamino and
Viale, respectively. In turn, differences between GAP and PAP were
only observed in Monte Buey and Viale with approximately 25%
more of Nt in GAP. A significant correlation was found between the
values of SOC and Nt (r = 0.88, P < 0.001), therefore, the effect of the
treatments and sites on the C:N ratio was the same as for such
variables.

3.5. Principal components analysis of soil properties and management
practices

To synthesize the results and help understand the effects of the
different treatments, we conducted a principal components
analysis (PCA) of some of the physical (BD, TP, P>30) and chemical
properties, mainly associated with SOC and its fractions (Nt, POCf,
MOC, CHt and CHs) and indices associated with the soil properties
(C:N, POCc+f:SOC, SOC:clay, IEE) and the management (ISI) for the
surface layer of the soils (0–20 cm) (Fig. 9). The two first PCs
(PC1 and PC2) of the PCA account for 71% of the total variability
provided by the parameters studied. The PC1 explained 44% of the
variance, in which the organic fractions of the SOC (POCf and CHt),
aeration capacity (P>30) and the indices (IR, SI) were positively
weighted and were counteracted by BD (Table 5). PC1 mainly
separates the different treatments (NE, GAP and PAP). Soil quality
improved when vegetation remained for a longer time (higher ISI),
generating a higher amount of residues to the soil. This
contribution increased the different labile organic fractions (POCf

and CHt), enhanced carbon storage (higher SI) and affected
physical properties positively (P>30) or negatively (BD).
PC2 explained 27% of the variance, in which TP, MOC and C:N
ratio showed positive associations in that component, while BD,
SOC:clay and POCc+f:SOC associated negatively (Table 5). This
second PC allowed distinguishing among the different sites (Viale,
Monte Buey, Pergamino, Bengolea). These differences among sites
(PC2) were based on the fact that the variables with higher
variability values in that component were those related to typical
characteristics of each site. In other words, the upper part of the
soils is characterized by the presence of high C:N ratio, TP and
MOC, which are typical of soils with higher contents of clays
(higher protection) and high annual rainfall (higher carbon inputs)
as those in Viale, while the lower part of the soils shows higher
POCc+f:SOC, SOC:clay and BD, which are associated with coarse-
textured soils and lower rainfall values (Bengolea); Monte Buey
and Pergamino showed intermediate characteristics (Fig. 9). In
turn, Fig. 9 also indicates that GAP and PAP were further than NE in
sites of loamy soil textures (Monte Buey and Pergamino) compared
with those sites with contrasting textures (Bengolea and Viale)
where separation among NE, GAP and PAP was gradual.

The multivariate analysis has proven to be effective in
identifying soil properties that responded to agricultural practices
and offered a clear alternative to univariate analysis of ratios for
evaluating changes in soil quality (Monreal and Bergstrom, 2000).
Also, the analysis has shown to be a useful tool to reduce the
number of variables to be considered in the evaluation of soil
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quality. Results from this analysis revealed that to differentiate
among treatments, chemical (POCf and CHt), physical (BD and
P>30), and indices (SOC: clay, SI and ISI) were the best variables to
explain the total variance of the dataset in the four sites. Therefore,
these indicators/indices should be included in any minimum data
set to assess agricultural soil quality under NT in the central
Pampean Region.

4. Conclusions

The sensitivity or temporal variations of the different organic
fractions of SOC (POCc, POCf, CHt and CHs) were much higher than
those of SOC in all the treatments. In turn, magnitude of variability
differed among the fractions, where temporal fluctuations
increased in the following order MOC < SOC < POCf� CHt < CHs
� POCc.

The POCf, through the CPI, was the most sensitive organic
fraction for differentiating agricultural practices, with the greatest
differences in early spring. With regard to the time of sampling to
detect differences among treatments, the spring sampling period
appeared to be the best time for collecting samples.

Multivariate analysis allowed discriminating among sensitive
variables that characterize each site. Among the group of variables
evaluated in the present study, chemical (POCf and CHt), physical
properties (BD and P>30) and indices (SOC: clay, SI and ISI) were the
best in showing the differences among treatments for the four
sites. Therefore, these indicators/indices, should be included in any
minimum dataset to assess agricultural soil quality under NT in the
studied zone.

Based on these results it is possible to select indicators/indices
more sensitive to agricultural practices with lower seasonal
variation, while the most dynamic organic fractions will allow a
better understanding of soil biological changes (i.e.,: Figuerola
et al., 2012, 2015; Agaras et al., 2014; Ferrari et al., 2015). The
present article and those mentioned above show a set of variables
for characterizing and diagnosing different soil managements in
order to increase agricultural productivity keeping the sustain-
ability of the process and preserving soil source.
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