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Abstract: It is expected that the agricultural intensification occurred in recent decades in the Argentine Rolling Pampa 

significantly alters the SOM reserves. Therefore, it is necessary to identify soil organic carbon (C) and nitrogen (N) frac-
tions to understand the functionality and stabilization of these reserves. Our objectives were to study the NT effect in two 
crop rotations, corn-double cropped wheat/soybean (MWS) and double cropped wheat/soybean (WS) on: 1) SOM and its 
particle size and biological fractions contents, 2) C and N stubble biomass and 3) some soil properties in order to explain 
the SOM differences found. The larger biomass residue remaining on the soil surface under NT promoted higher 
aggregate stability and lower soil temperature and pH. At 0-5 cm soil depth, NT exhibited higher C and N contents, for 
both uncomplexed and intimately associated to the mineral components fractions. However, the results indicated 
variations in the SOM protection according to the rotation: in MWS the high aggregate stability showed better physical 
protection, while in WS the greater cation exchange capacity and the lower value of N released by anaerobic incubation 
would indicate the presence of transformed SOM. At 5-20 cm soil depth, only in WS, C microbial biomass was higher 
with a low metabolic rate, indicating again the presence of highly decomposed SOM. The results obtained in WS under 
NT would indicate the possibility of achieving slower recycled of the SOM. 
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INTRODUCTION 

 One of the main agronomic challenges in degraded agro-
ecosystems is to find crop systems that maintain or increase 
the reserves of soil organic matter (SOM), to contribute to 
the mitigation of the greenhouse effect, enable progress in 
food security and improve the environment. 
 In the Rolling Pampa, the most important cropping re-
gion of Argentina, important changes took place in the pro-
duction systems during the 1970s: the agriculture cycles, 
which traditionally alternated with pasture cycles, began to 
be transformed into continuous agriculture. Indeed, the rela-
tionship between the cultivated surface and the surface with 
pastures decreased at about 4% annually [1]. In addition, 
soybean was introduced as a single annual crop or as a dou-
ble crop accompanying wheat and the work of the soil was 
intensified: primary work was carried out with moldboard 
plow and plow up to about 20 cm deep. Towards the end of 
the 1980s, the soils of this region had already suffered the 
loss of 40-60% of the topsoil SOM [2]. 
 No-tillage (NT) practices were first introduced in the 
middle of 1970s to provide several environmental benefits  
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such as the reduction of soil erosion, the improvement of the 
soil structure and infiltration, and the conservation of soil 
water. Until 1988, the agricultural area under NT was only 
0.02% of the total national agricultural surface. After that, 
NT has continued to develop and evolve in recent decades 
and the Argentine Rolling Pampa has become one of the 
world’s fastest growing areas of NT adoption. Currently, the 
agriculture surface under NT represents 78.5% of the na-
tional agricultural area [3]. In the 1990s, the agricultural in-
tensification of the Argentine Rolling Pampa advanced to-
wards simplified production schemes under NT, with spring–
summer species, especially soybean (70% of the agricultural 
surface), and, secondarily, maize (15% of the agricultural 
area), and wheat preceding soybean some years, or other-
wise, the soil remaining fallow between the two summer 
crops. About 80% of soybean, 61% of wheat and 72% of 
corn are cultivated under continuous NT [4]. This general 
adoption of NT occurred together with a high dependence on 
broad spectrum herbicides and increasing mineral nitrogen 
fertilization rates related to maize and wheat production [5, 
6]. Since the early 1990s, conventional tillage in this region 
has consisted of chisel plow (CP) as a primary tillage to a 
depth of 15 to 20 cm and disking and/or harrowing or field 
cultivator as secondary tillage to a depth of 10 cm to prepare 
a suitable seedbed following plowing. Usually, soybean is 
drilled as a continuous monoculture or, to a lesser extent, 
rotated in more intensive cropping, doubled-cropped after 
wheat or in integration with maize and wheat in sequences 
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with three or four cultures every two or three years, maize-
double cropped wheat/soybean or doubled-cropped 
wheat/soybean-maize-soybean, respectively. It is expected 
that the agricultural intensification occurred in recent dec-
ades significantly alters the SOM reserves [7].  
 The silty loam soils of the Argentine Rolling Pampa un-
der NT with dominance of soybean present a progressive 
decrease in their physical, chemical and biological fertility 
[8-10]. The main causes of such decrease include the long 
periods of fall-winter fallow [11], the low annual carbon (C) 
input to the soil (2-3 Mg C ha-1 year-1) [11, 12] and the en-
hancement of the mineralization of SOM by products of the 
biological fixation of nitrogen (N), which lead to soil pH 
values close to neutrality, which favors decomposing micro-
bial activity [13, 14]. In addition, this crop system presents 
little soil coverage and low stability of the structure, trends 
to compaction, reduces the infiltration rate due to the pres-
ence of a laminar structure with a preferentially horizontal 
orientation of pores [15], produces a significant contribution 
of N (up to 36 kg ha year-1) to the groundwater [16] and 
promotes the further loss of ≈ 20 kg N ha−1 year−1 through 
runoff during rainy periods [17, 18].  
 On the other hand, the crop rotations under NT present 
SOM reserves higher than those under CP, suggesting that 
the continuous practice of NT in the Rolling Pampa can re-
duce CO2 emissions and N losses to adjacent systems [11]. 
Therefore, it is necessary to improve the characterization of 
SOM stabilization in these intensified sequences to contrib-
ute to the achievement of sustainable agrosystems. 
 Our objectives were to study the NT effect in two crop 
rotations, maize-double cropped wheat/soybean (MWS) and 
double cropped wheat/soybean (WS), on: 1) SOM and its 
particle size and biological fractions contents, 2) C and N 
stubble biomass and 3) some soil properties, in order to ex-
plain the SOM differences found. 

MATERIALS AND METHODOLOGY 

Study Site and Experimental Design 

 The study was conducted at the Pergamino Experimental 
Station of the Instituto Nacional de Tecnología Agropecuaria 
of Argentina (INTA) (33º 51’ S; 60º 40’W), where the cli-
mate is temperate humid without a dry season and with a hot 
summer [19]. The mean annual temperature is 16.7 ºC and 
the mean annual rainfall for the 1910–2010 period was 971 
mm (Agroclimatological network database, INTA). The area 
is covered by a fine, illitic, thermic Typic Argiudoll (US Soil 
Taxonomy), Luvic Phaeozem (WRB) of the Pergamino Se-
ries, without water erosion phases (soil slope < 0.3%), and 
the texture of the A horizon is silty loam with 23% and 64% 
clay and silt, respectively [20].  
 Two assays of crop sequences were carried out in a 4.5-
ha plot: the maize-double cropped wheat/soybean rotation 
(MWS) began in 1979, and the double cropped 
wheat/soybean (WS) was added in 1983. Each assay pre-
sented a completely randomized block design. The main plot 
was 45 m long by 14 m wide, and the tillage systems were 
randomized in the main plots. The treatments analyzed in 
this study were CP and NT. Under CP, the soil was chiseled 
at a depth of 15 cm and disk- and teeth-harrowed at a depth 
of 10 cm in late June every year, whereas, under NT, only a 

narrow (0-5 cm) strip of soil was drilled to deposit the crop 
seeds. In both tillage systems, weeds were chemically con-
trolled and no previous old plowed soil was recorded under 
the farm work depth. Wheat and maize were fertilized with 
90 and 100 kg N ha-1, respectively. In addition, maize and 
wheat were fertilized with 12 kg of phosphorus ha-1. 

Soil and Plant Measurements 

 In June 2008, before carrying out the tillage previous to 
maize in MWS and to wheat in WS, soil samples were taken 
at three depths: 0-5, 5-10 and 10-20 cm. Three sites were 
chosen at random for sub-sampling in each of the treatments, 
avoiding visible wheel tracks. Then, disturbed samples were 
dried in an oven at 30 ºC and sieved to 2 mm. SOM particu-
late labile fractions (fraction > 53 µm: particulate organic C 
(POC) and particulate organic N (PON)) were determined by 
the method of Cambardella and Elliot [21], replacing chemi-
cal dispersion of the original method by mechanical water 
agitation with glass balls [22]. Soil organic C (SOC), soil 
organic N (SON), POC and PON were analyzed by dry 
combustion using an elemental analyzer for C and N 
(LECO). Mineral associated C (MAC) and mineral associ-
ated N (MAN) were obtained by difference between SOC 
and POC and between SON and PON, respectively. Soil pH 
in 0.02 M CaCl2 was determined electrometrically using a 
soil solution proportion of 1:2.5 and cation exchange capac-
ity (CEC) using Soil Survey Laboratory Staff method [23]. 
Soil aggregate stability (AS) and biological properties were 
analyzed at the 0-5 and 5-20 cm layers. AS for aggregates > 
0.5 mm diameter was determined with the Douglas and Goss 
[24] method with slight modifications. The stability index 
was calculated with Kemper´s [25] procedure: 

AS =
Dry weight aggregates > 0.5mm

Initial dry weight aggregates
x 100  

 The values assigned to AS were as follows: AS < 20%: 
unstable; AS between 20 and 40%: moderately stable, and 
AS > 40%: stable. 
 The biological properties analyzed were: (1) microbial 
biomass carbon (MBC), using the fumigation-extraction 
method [26, 27]; (2) basal respiration (BR) [28], and from 
the data obtained, the metabolic quotient (qC02) and 
MBC/SOC ratio [29] were calculated; and (3) incubated an-
aerobic nitrogen (IAN), for which the samples were incu-
bated in anaerobiosis for 7 days at 40°C [30]. The N-NH4

+ 
released during the incubation period was determined by 
micro steam distillation [31]. 
 Soil bulk density (BD) was determined by the cylinder 
method [32]. In a place adjacent to the disturbed sample, a 
small pit of 0-30 cm depth was opened and a cylinder was 
extracted at each depth. The cylinder, which had a volume of 
58.9 cm3, was placed vertically at 0-5 cm, and horizontally at 
the other two soil depths. All the samples were dried in an 
oven at 105 ºC to constant weight and density was calculated 
according to the internal diameter (5 cm) and height (3 cm) 
of the cylinder.  
 Disk permeameters were used to characterize steady-state 
infiltration rates (Ir) at 0 cm tension. Infiltration measure-
ments were conducted near the three randomly selected sites 
of each plot. A 5-mm layer of sand was spread on the ex-
posed area and leveled to ensure proper contact with the 
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plate. These measurements were performed on the surface 
soil for 60 min to reach steady-state conditions [33]. 
 Soil temperature and soil water content were measured 
from August 8th 2008 to January 9th 2009. Thermochronn 
iButton sensors were used for continuous recording of tem-
perature. These sensors recorded changes of 0.5°C in soil 
temperature in a -30 to 70°C range. These sensors were 
scheduled to take measurements every 2 hours and placed at 
the 10 cm soil depth. For the recording of water content, soil 
Watermark probes were used. These probes provide water 
potential values in the measurement range from -10 to -200 
kPa. The readings were performed twice weekly in the morn-
ing and, as with temperature sensors, probes were placed at 
the 10 cm soil depth. To convert water potential readings into 
volumetric moisture content, a water characteristic curve was 
constructed using water tension tables and pressure plates. 
 On the other hand, during the fallow period after soy-
bean, stubble was sampled near the three random sites of 
each plot, and the samples were taken with a ring of 0.25 m2. 
Then, the samples were dried at 30°C, ground, sieved to 0.05 
mm and homogenized, and C and N contents were analyzed 
by dry combustion using an elemental analyzer (LECO). The 
C and N of the stubble biomass were calculated in Mg ha-1.  
 There were no significant differences between the tillage 
systems for the grain yields of each crop for the periods ana-
lyzed (1980-2008 and 1984-2008 in MWS and WS, respec-
tively). Grain yields were used to estimate the C and N an-
nually contributions. The harvest indexes used were 0.50, 
0.34 and 0.38 [34] for maize, wheat and soybean, respec-
tively. The assumed root masses were 30% for all crops in 
relation to total aboveground biomass, and including 
rhizodeposition [35]. The C/N used for aboveground and 
root biomass were 57, 64 and 41 for maize, wheat and soy-
bean, respectively, determined during some years in the 
same assays. The average contribution of C was of 5.7 and 
5.6 Mg ha-1 year-1 under NT and CP in MWS and of 6.0 and 
5.6 Mg ha-1 year-1 under NT and CP in WS, whereas the av-
erage contribution of N was of 0.11 and 0.10 Mg ha-1 year-1 
under NT and CP in MWS and of 0.12 and 0.11 Mg ha-1 
year-1 under NT and CP in WS.  

Statistical Analysis 

 The effects caused by the tillage treatments on the parame-
ters studied were analyzed for each trial separately for a com-
pletely randomized block design. An analysis of variance 
(ANOVA) using the GLM procedure of SAS [36] was carried 
out. The means were compared by Tukey’s test (p < 0.05). 
 Simple regression analysis was carried out to explain the 
relationship between variables, using the procedure REG of 
SAS [36]. 

RESULTS 

Depth Distribution of SOC, SON and BD and Total C 
and N Stubble Biomass 
 The tillage systems had no significant effects on BD in 
any of the depths analyzed. The concentrations of SOC and 
SON were higher under NT than under CP in the MWS and 
WS at 0-5 cm, but not in the others depths (Table 1). 
 SOC and SON stocks at 0-20 cm were: a) in MWS, 45.6 
and 4.3 Mg ha-1 under NT and 42.5 and 3.9 Mg ha-1 under 
CP, respectively, and b) in WS, 44.5 and 4.4 Mg ha-1 under 
NT and 41.5 and 4.2 Mg ha-1 under CP, respectively (Fig. 1), 
SOC stock under NT at 0-20 cm was 7% higher than under 
CP in both rotations, whereas the SON stock under NT at the 
same depth was 11% and 5% higher than under CP in MWS 
and WS, respectively. The differences between NT and CP 
expressed as annual average were 10-12 g C m-2 year-1 and 
0.9-1.5 g N m-2 year-1. 
 The C stubble biomass accumulated on the soil under NT 
was 65% and 56% higher than in CP in MWS and WS, re-
spectively, while there were no differences in the N stubble 
biomass accumulated on the soil between tillage systems. 
Under NT, total C and N stocks, including the C and N stub-
ble biomass and the SOC and SON at 0-20 cm, showed 4-5 
Mg C ha-1 and 0.2-0.4 Mg N ha-1 more than under CP in WS 
and MWS, respectively (Fig. 1). 
Soil Physical and Chemical Properties 
 Fig. (2) and Fig. (3) show the differential effect of the tillage 
systems on the evolution of temperature and water potential 

Table 1. Soil Organic Carbon and Nitrogen and Bulk Density Distribution at Three Depths Under Two Tillage Systems in Two Crop 
Rotations 

Tillage Systemsa 

NT CP NT CP NT CP Depth 
(cm) 

Crop 
Sequencesb SOC 

(g C kg soil-1) 
SON 

(g N kg soil-1) 
BD 

(Mg m-3) 

MWS 24.9*  20.0 2.27* 1.84 1.04 1.10 
0-5 

WS 21.7* 18.4 2.03* 1.80 1.18 1.14 

MWS 17.8 17.4 1.71 1.60 1.23 1.22 
5-10 

WS 17.3 16.4 1.71 1.66 1.26 1.24 

MWS 16.3 15.5 1.59 1.43 1.33 1.35 
10-20 

WS 16.4 15.8 1.70 1.63 1.27 1.32 

SOC: soil organic carbon; SON: soil organic nitrogen; BD: bulk density.  
* indicate significant differences between tillage systems within the same crop sequence (p < 0.05). 
a NT: no-till; CP: chisel plow. 
b MWS: maize-double cropped wheat/soybean; WS: double cropped wheat/soybean. 
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SOC: soil organic carbon; SON: soil organic nitrogen. 
* indicate significant differences between tillage systems within the same crop sequence (p < 0.05). 
a Tillage systems: NT: no-tillage; CP: chisel plow. 
b Crop rotations: MWS: maize-double cropped wheat/soybean; WS: double cropped wheat/soybean.  
c C and N stubble biomass on soil surface. 
Fig. (1). Depth distribution of soil organic carbon and nitrogen stocks under two tillage systems in two crop rotations. 
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a Tillage systems: NT: no-tillage; CP: chisel plow. 
b Crop rotations: MWS: maize-double cropped wheat/soybean; WS: double cropped wheat/soybean. 

Fig. (2). Soil mean daily temperature at 10 cm soil depth under two tillage systems in two crop rotations. Period evaluated: 155 days. 
 

in MWS and WS between the first week of August 2008 and 
the second week of January 2009. In MWS, the period ana-
lyzed included part of the autumn-winter fallow and part of 
the subsequent cultivation of maize (planted on October 23rd 

2008) while in WS, the period covered almost the entire cy-
cle of wheat (planted on July 14th 2008 and harvested on De-
cember 15th 2008 ) and three weeks after this. At 10 cm, un-
der NT, the soil temperature was systematically lower 
(1.1°C) than under CP in both rotations during the period 
analyzed (Fig. 2). There were no precipitations between the 
beginning of the measurements and September 30th 2008 

(Fig. 3). Thus, the potential water decreased in both tillage 
systems by effect of the evaporation during the fallow of 
maize and by effect of the evapotranspiration during the 
growth of wheat. In MWS, the evaporation was lower under 
NT, while in WS, the evapotranspiration was higher under 
NT. This occurred during the first fortnight of September 
and was reversed in the second fortnight, due to the lower 
increase in temperature under NT than under CP, during a 
period of sudden increase in temperature. In addition, in the 
same period, in WS the soil was drier than in MWS. The 
spring coincided with minor rains, except for the ones occurred 
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a Tillage systems: NT: no-tillage; CP: chisel plow. 
b Crop rotations: MWS: maize-double cropped wheat/soybean; WS: double cropped wheat/soybean. 

Fig. (3). Absolute value of soil water potential at 10 cm soil depth under two tillage systems in two crop rotations. Period evaluated: 155 days. 

Table 2. Soil Chemical and Physical Properties Under Two Tillage Systems in Two Crop Rotations 

Tillage Systemsa Crop 
Rotationsb NT CP 

 AS- 0-5 cm (%) 

MWS 
WS 

51.5* 
21.9*  

14.5  
10.0  

 AS – 5-20 cm (%) 

MWS 
WS 

22.4*  
19.5*  

12.8  
12.9  

 Ir (cm h-1) 

MWS 
WS 

4.2  
4.5*  

3.5  
2.7  

 CaCl2 pH -0-5 cm 

MWS 
WS 

4.98  
4.81  

5.36*  
5.12*  

 CaCl2 pH – 5-10 cm 

MWS 
WS 

4.94  
4.93  

5.23*  
5.10  

 CaCl2 pH – 10-20 cm 

MWS 
WS 

5.21  
4.99  

5.29  
5.14  

 CEC – 0-5 cm (cmolc kg-1) 

MWS 
WS 

16.87  
17.01*  

16.18  
15.79  

 CEC - 5-10 cm (cmolc kg-1) 

MWS 
WS 

15.44  
14.71  

16.06  
15.67  

 CEC - 10-20cm (cmolc kg-1) 

MWS 
WS 

15.95  
16.22  

16.87  
16.13  

AS: aggregate stability; Ir: infiltration rate; CaCl2 pH: proportion soil: solution 1:2.5, CEC: cation exchange capacity.  
* indicate significant differences between tillage systems within the same crop sequence (p < 0.05). a NT: no-till; CP: chisel plow. b MWS: maize-double cropped wheat/soybean; WS: 
double cropped wheat/soybean. 
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Table 3. Particle Size Fractions of SOM Under Two Tillage Systems in Two Crop Rotations 

Tillage Systemsa 

NT CP NT CP NT CP NT CP 

POC PON MAC MAN 

Depth 

(cm) 

Crop 

Rotationsb 

(g kg soil-1) 

MWS 4.70* 3.22 0.35* 0.22 20.2* 16.8 1.93* 1.60 
0-5 

WS 4.24* 2.28 0.35* 0.16 17.4* 16.1 1.68 1.63 

MWS 1.08 1.50 0.10 0.12 16.8 15.9 1.62 1.48 
5-10 

WS 1.04 1.42 0.16 0.15 16.3 15.0 1.56 1.53 

MWS 0.68 0.63 0.07 0.07 15.6 14.8 1.52 1.35 
10-20 

WS 0.68 0.92 0.11 0.16 15.8 14.9 1.60 1.46 

POC: particulate organic carbon; PON: particulate organic nitrogen; MAC: mineral associated carbon; MAN: mineral associated nitrogen. * indicate significant differences between 
tillage systems within the same crop sequence (p < 0.05). a NT: no-till; CP: chisel plow. b MWS: maize-double cropped wheat/soybean; WS: double cropped wheat/soybean. 

Table 4. Biological Fractions of SOM Under Two Tillage Systems in Two Crop Rotations 

Tillage Systemsa 

NT CP NT CP NT CP NT CP NT CP Depth 
(cm) 

Crop 
Rotationsb MBC 

mg C kg Soil-1 

BR 

mg C kg Soil-1 hour-1 

qCO2 

mg C kg MBC-1 hour-1 10-3 

IAN 

mg N kg Soil-1 

MBC/SOC 

(%) 

MWS 397 387 2.5 2.1 6.4 5.7 36.6 37.9 1.60 1.93 
0-5 

WS 384 377 2.6 2.8 6.9 7.6 21.5 35.0* 1.77 2.05 

MWS 235 252 1.7 1.4 7.3 5.0 6.7 13.2 1.40 1.56 
5-20 

WS 357* 308 1.5 1.9 4.2 6.2* 11.8 14.0 2.14 1.92 

MBC: microbial biomass carbon; BR: basal respiration; qCO2: metabolic quotient; IAN: incubated anaerobic nitrogen; MBC/SOC: microbial biomass C/soil organic C ratio. * indi-
cate significant differences between tillage systems within the same crop sequence (p < 0.05). aNT: no-till; CP: chisel plow. b MWS: maize-double cropped wheat/soybean; WS: 
double cropped wheat/soybean. 
 

at the beginning of December. In MWS under NT there was 
less evapotranspiration than in CP until the end of the study 
period. In the case of WS, evapotranspiration  
increased significantly and there were no evident differences 
in water potential between tillage systems; however, well 
advanced the crop cycle, there was a trend towards a greater 
evapotranspiration under NT; a lower moisture of the soil 
was also evident under NT in the post-harvest period  
(Fig. 3). Although wheat yield did not differ between tillage 
systems, the biomass under NT was higher than under CP 
(data not shown), confirming a greater evapotranspiration 
under NT. 

 The tillage systems affected the following soil properties: 
AS, Ir, pH and CEC (Table 2). Under NT, there was an in-
crease in AS at 0-20 cm in both sequences, although with a 
more marked increase in MWS than in WS, particularly at 0-
5 cm: 3.6 and 2.2 times greater than under CP, respectively. 
In the case of MWS, the structure was stable, whereas in 
WS, the structure tended to be unstable. At 5-20 cm, the 
structure was clearly unstable under CP, and moderately 
stable, although close to the threshold of instability, under 
NT. The pH was lower under NT than under CP at 0-5 cm in 
both rotations and at 5-10 cm in MWS. In WS, the Ir and the 
CEC at 0-5 cm under NT were higher than under CP and 
showed no differences between tillage systems in MWS. 

Physical and Biological Fractions of Soil Organic Matter  

 Under NT, the concentrations of POC, PON and MAC 
were higher at 0-5 cm than under CP in both rotations, 
whereas for POC and PON, the differences between tillage 
systems were more pronounced in WS (Table 3). In addition, 
MAN was higher under NT than under CP in MWS, and 
there were no differences between tillage systems in either 
rotation in the remaining soil depths. The differences in 
MAC and MAN between tillage systems were proportionally 
less important than those in POC and PON: 20 and 8% for 
MAC in MWS and WS, respectively; 21% for MAN in 
MWS, 46 and 86% for POC in MWS and WS, respectively, 
and 59 and 219% for PON in MWS and WS, respectively. 
On the other hand, POC and PON were positively related 
with AS at 0-20 cm only in MWS (R2=0.75 and 0.78, respec-
tively, under NT, and R2=0.48 and 0.34, respectively, under 
CP). 
 There was no effect of the tillage system on the biologi-
cal variables studied in MWS, but the disturbance of the soil 
in WS increased IAN at 0-5 cm, reduced the MBC and in-
creased the respiration rate, giving a greater metabolic quo-
tient than under NT at 5-20 cm (Table 4). The proportion of 
MBC represented between 1.4 and 2.1% of the SOC in the 
two rotations. MBC was positively related with SOC 
(R2=0.51), SON (R2=0.61), BR (R2=0.52), POC (R2=0.62), 
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PON (R2=0.59) and IAN (R2=0.63), whereas IAN was posi-
tively related with BR (R2=0.56), SOC (R2=0.52) and POC 
(R2=0.58), and BR was positively correlated with POC 
(R2=0.60) and PON (R2=0.51) in the two rotations and the 
two tillage systems. 

DISCUSSION 

Effect of the Tillage Intensity on SOC and SON Stocks 

 As expected, since NT leaves nearly all the residues on 
the soil surface and these contribute to the subsequent forma-
tion of SOM, the changes in their concentration were re-
corded closer to the surface of the soil than at greater depths 
[37]. However, fewer studies have examined changes in 
SOC and SON stocks [38]. The existence of larger SOC and 
SON stocks under NT in the rotations for the same mass of 
soil had already been reported for the year 2004 in the same 
experiments [11]. In addition, as the diversity of crops (re-
garding quantity and quality) increases, so does the micro-
bial biomass and the rate of SOM decomposition in the tilled 
systems, causing a marked decrease in the SOC stocks [39] 
and, therefore, an increase in the difference between tillage 
systems in crop rotations. The frequent drying and rewetting 
of the residues left on the surface increases the resistance of 
certain nitrogenous compounds against microbial attack and 
leads to higher N accumulation near the soil surface under 
NT [40]. The magnitude of the differences in stock found 
between tillage systems was of ca. 3 and 0.2-0.5 Mg ha-1 for 
SOC and SON, respectively, although there were small 
changes between sampling years due to random sampling 
variation.  
 Since the stocks obtained in 2008 were similar to those 
found previously [11], the tillage systems seem to have 
reached a new equilibrium. Generally, the conversion of 
plow till to no till systems can reach a new equilibrium in a 
period of 15-20 years [41]. 
 The formation of SOM is a function of the accumulation 
of decomposed recalcitrant products [42] and is strongly 
related to the amount of crop residues returning to the soil 
[43]. Since there were no differences in crop yield between 
the tillage systems in both analyzed rotations, the return of C 
and N to the soil was not a causative factor in the differences 
of stocks found. 
 The factors that explain differences in SOM stocks be-
tween tillage systems can be summarized as: a) the periodic 
disruption of the soil structure, b) changes in the climate of 
the soil, and c) the incorporation of SOM within the soil ma-
trix [44]. Indeed, we verified that the greater residue accu-
mulation on the soil surface under NT led to the following 
major changes in the soil: a) a more stable surface structure, 
particularly in MWS, which protects the organic matter lying 
within the aggregates from degradation [45]; b) a decrease in 
the soil temperature, favorable for the preservation of SOM, 
and changes in water potential that decrease the mineraliza-
tion rate during the period of wheat [46]; c) a decrease in pH 
near of the soil surface, which protects SOM from the mi-
crobial attack [13]; and d) greater CEC and Ir in WS, which 
would indicate a higher proportion of SOM associated with 
the organo-mineral complex of the soil and its possible trans-
fer in depth. Alvarez and Steinbach [34] reported a high 
preservation of the organic fraction associated with the min-

eral matrix in WS, whereas Radcliff et al. [47] found a 
greater Ir under NT in the same rotation. 

Physical Indicators of Tillage Intensity 

 The absence of tillage caused a change in the relative 
distribution of particulate organic matter (POM) and of the 
SOM associated with the organo-mineral complex. Results 
with similar proportions between the two types of SOM frac-
tions were reported by Oorts et al. [48] and Domínguez et al. 
[49].  
 The higher MAC and MAN mean values obtained under 
NT would indicate lower bioavailability of the SOM associ-
ated with the organo-mineral complex due to the formation 
of microbial metabolites and residues which stabilize and 
accumulate in silts and clays by protective or irreversible 
adsorption [50]. This represents an expression of the long-
term (25-30 years) response of the differential management 
of the crop residues on this pool of more recalcitrant SOM, 
which plays an important role in the long-term stabilization 
of the soil aggregates [51]. The structure stability index used 
would indicate different mechanisms of stabilization be-
tween rotations under NT. The physical protection of the 
SOM by the soil structure, which represents a very important 
contribution to the decrease in its mineralization under NT 
[52] and in which stable aggregates are formed around or-
ganic matter of recent incorporation and around POM [53, 
54], was particularly important in MWS under NT, where 
the higher POC and PON stocks were correlated with a sta-
ble soil structure. However, in WS, although the aggregate 
stability and the values of POC and PON were greater under 
NT than under CP, the soil structure was almost unstable. It 
is important to point out that the method used to measure the 
AS does not record the stability of aggregates < 0.5 mm, 
which could provide the structure with a high stability under 
WS. It is well known that microaggregates offer better SOM 
physical protection than macroaggregates [44, 55, 56]. 
 Although in both rotations under NT the stubble biomass 
was greater than under CP, in MWS, the difference was 
more important than in WS. Consequently, although both 
tillage systems returned similar C masses to the soil, it is 
likely that in WS there is a greater contact of these residues 
with the soil, which favors their faster introduction into the 
soil. Stemmer et al. [57] found that the mineralization of the 
maize was delayed when the straw was left on the surface 
and attributed it to the low contact of the residue with the 
soil. In MWS, part of the maize stalks would be incorporated 
very slowly because they remain standing after the harvest 
and because their nature and morphology offers a contact 
surface with the soil of about half of that of wheat stubble 
[58]. In WS, the fall of soybean leaves of second sowing 
with annual frequency from the R6/R7 stage, which have 
very low C/N relationships, stimulates the breakdown of 
wheat residues and becomes a second nitrogen fertilization 
of low dose (around 25 kg N ha-1) [59] that leads to the for-
mation of labile fractions very processed by fungal activity 
[60] and would be indicating relatively slower SOM turnover 
times. Linneres et al. [61] and Lal [62] observed that the 
contribution of mineral N to cereal stubbles increased the 
performance of transformation into stable humus. In addi-
tion, the balance between the inputs and outputs of N from 
the agrosystem, calculated for the entire period of the crop 
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sequences, showed positive values in WS (502 kg N ha-1) 
and negative in MWS (-494 kg N ha-1) [11], a fact that would 
stimulate the humification in WS. On the other hand, work-
ing at the Morrow plots (USA), Khan et al. [63] found that 
after 40-50 years of nitrogen fertilization, when the N ap-
plied to the different crop sequences exceeded by 50-190% 
the N removed by the grain, the SOC stock decreased by 
means of an increase in its net mineralization. In our case, 
the N applied through fertilization in WS exceeded by 31% 
the N removed by the grain for the entire period analyzed. 
Therefore, no acceleration of the SOM mineralization is ex-
pected [11]. 

Biological Indicators of the Tillage Intensity  

 The biological indicators MBC, qCO2 and IAN were 
sensitive to the long-term reduction in tillage intensity only 
in WS. In MWS, our results were in accordance with those 
found 15 years before by Alvarez et al. [64], in the same 
experiment. In this last rotation, the high variability found in 
the same variables under CP did not allow finding changes 
between tillage systems (19 and 17.9%, 39.6 and 29.7% and 
26.6 and 22.5% at 0-5 and 5-20 cm for MBC, qCO2 and 
IAN, respectively). The uneven distribution of the above-
ground crop residues (particularly that of maize stalks) intro-
duced into the soil by tilling could be the cause of this high 
variability. IAN was the variable that presented the greatest 
variation coefficients. The relationships found between the 
biological fractions, the labile particle size fractions of the 
SOM and the SOM indicated that these variables increase 
with the contents of SOM. 
 The MBC/SOC relationship, used to determine changes 
in the quality of SOM under different rotations and tillage 
systems [65], was not sensitive in our study. Several works 
have shown that, after some years subsequent to the adoption 
of a conservation tillage system (such as CP and NT) after 
conventional tillage with moldboard plow, there are in-
creases in MBC, MBC/SOC and IAN, and a relatively 
marked decrease in qCO2 near the soil surface [65-67]. Some 
of these changes have also been observed for qCO2 in the 
long term [68]. Our results in WS showed higher microbial 
biomass, which consumes less C under NT at 5-20 cm, likely 
due to a greater transport of transformed organic compounds 
derived from crop residues at depth. The higher Ir under NT 
indicates the possibility of increasing the transfer of C in 
soluble form or as suspended colloid bound to clay particles 
from the surface to the deeper layers. The reprecipitation of 
the soluble C and its deposition in clay-humic colloids in 
deeper layers is a mechanism to increase the C residence 
time in the soil [69]. 

 Nieder and Benbi [70] have reported contradictory results 
in relation to the effects of management and of NT on mi-
crobial biomass and the associated biological indexes al-
ready mentioned. In our case, one possible interpretation of 
the behavior of these indicators in WS under NT is that in 
the long-term evolution, the microbial communities that are 
further away from the surface but in almost constant contact 
with the rhizosphere of live roots use C more efficiently, 
incorporating it to the soil, reducing the intensity of its min-
eralization and leading to its relative increase in comparison 
with that observed in CP. The functional biodiversity and 
activity of soil microorganisms decrease gradually based on 

the disturbance of the soil from pastures to ploughed soils 
[71]. The decrease in the efficiency in the use of the sub-
strates in more disturbed situations such as CP may result 
from the response of microorganisms to more adverse soil 
situations, the predominance of zymogen flora over native 
flora or the alteration of bacteria:fungi relationships, as they 
present different strategies to use C [72].  
 The lower values of IAN under NT at 0-5 cm in WS may 
indicate that the N introduced into the soil by fungal activity 
consists of less available and labile or more protected sub-
strates than under CP. The soil environment near the surface 
under NT would originate more recalcitrant organic N forms 
[73], reducing its rate of potential mineralization. 
 In MWS, the maize period is preceded by a relatively 
extensive period of winter-fall fallow (7 months) which 
keeps the soil wet and facilitates the mineralization of labile 
forms of SOM; for the remaining 5 months, with the cultiva-
tion of maize, there would be a stable macro-structural po-
rous system by the combined action of the crop roots, the 
micro-organisms and the soil particles, which remains during 
the next phase of WS. In the absence of maize (WS), and 
with relatively short fallow periods (two months), the C and 
N are used more efficiently by microorganisms, leading to 
the formation of more humified substances and probably 
protected in aggregates of smaller size than those found in 
MWS. The inclusion of cover crops of fall-winter cycle to 
reduce the extensive fallow period during the soybean-maize 
period in MWS could reduce the mineralization of SOM in 
this period and increase the C and N input to the soil. 

 The retention of crop residues on the soil in agrosystems 
managed under long-term NT with average inputs of 5-6 Mg 
C ha-1 year-1 kept a high content of SOM, especially in the 
surface layer, which had very important implications for the 
soil fertility because it improved some of its physical, 
chemical and biological properties. Besides, other aspects of 
its management, related to the quality of such residues and 
the time of occupation of the soil by live roots, were high-
lighted as factors of stabilization of C and N. The character-
istics of the SOM in WS would be indicating the possibility 
of achieving slower recycling of C and N, and therefore, of 
contributing more effectively to the retention of these ele-
ments in the soil-plant system. However, it is necessary to 
continue evaluating their long-term effect in order to under-
stand future changes in the reserves of SOM, considering a 
growing increase in the C and N inputs due to the genetic 
improvements of crops and to a further intensification of the 
crop sequences. The production of wheat residues in these 
experiments, in general does not exceed 4 Mg C ha-1 year-1. 
Thus, under the soil-climatic conditions of the Rolling 
Pampa, a large quantity of wheat residues can quickly enter 
the soil transformed, in either of the two crop rotations, 
without accumulating large amounts of stubble on the soil 
(ca. 11 Mg ha-1). However, in sustained conditions of very 
high productivity of wheat and maize, the problem of a stub-
ble accumulation that hinders soybean planting immediately 
after the wheat harvest is starting to be observed in MWS 
under NT with high fertilizer rates. For these cases, a 
planned export of part of the residue biomass for the purpose 
of bioenergy would be taken into account to maintain the 
productive stability of this agrosystem. 
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CONCLUSION 

 In the soil and climatic conditions of the Argentine Roll-
ing Pampa, the implementation of a proper management of 
crop residues has the potential to improve the soil quality 
and maintain long-term productivity. Intensified crop rota-
tions at a rate of two crops per year or three crops every two 
years under NT in the long term retained more C and N in 
the soil than when they were disturbed under conservation 
tillage. However, the two rotations differed in the way to 
protect them: MWS kept them thanks to a high stability of 
macroaggregates, whereas WS did so through more humified 
and transformed ways of slower recycling. 
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