
H
a

C
a

b

a

A
R
R
A
A

K
M
M
G
C
S
A

1

(
2
(
T
(
t
a
f
e

B

0
d

Agriculture, Ecosystems and Environment 154 (2012) 23– 33

Contents lists available at ScienceDirect

Agriculture,  Ecosystems  and  Environment

jo ur n al homepage: www.elsev ier .com/ lo cate /agee

ow  does  agricultural  management  modify  ecosystem  services  in  the
rgentine  Pampas?  The  effects  on  soil  C  dynamics

onstanza  Caridea,b,∗,  Gervasio  Piñeiroa,  José  María  Parueloa,b
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a  b  s  t  r  a  c  t

Crop  management  modifies  the  structure  and  functioning  of the ecosystems.  C  dynamics  has  been  identi-
fied as  a key  intermediate  or support  ecosystem  service  that  is profoundly  altered  by  agricultural  practices.
The  temperate  grasslands  of  Argentina,  the  Pampas,  are  one  of  the  main  crop  production  regions  of  the
world.  Crop  sequence,  tillage  and  fertilization  change  inputs  and  outputs  and,  consequently  the  whole
C  dynamics.  Our objectives  in  this  article  were  (i)  to provide  a spatially  explicit  characterization,  based
on remotely  sensed  data,  of  crop  sequences  and tillage  systems  in  the Rolling  Pampas,  (ii)  to evaluate
changes  in  C gains  by computing  the  absorbed  photosynthetic  active  radiation  (APAR)  from  NDVI  data  of
different  crop,  (iii)  to evaluate  the  soil  organic  carbon  (SOC)  balance  of  different  management  schemes
(crop  sequence,  conventional  tillage  vs. no  till and  three  levels  of  nitrogen  fertilization)  using  the CEN-
TURY model,  and  (iv)  to estimate  the  changes  in  SOC  at a regional  level.  The  results  showed  that  54%  of
the  area  was  under  continuous  agriculture,  with  only  two  crop  rotations  occupying  61%  of  the  area,  and
the main  tillage  system  was  no-tillage  (73%  of the  area  analyzed).  Annual  APAR  was  lower  in crops  than
in rangelands,  except  for wheat-soybean  double  crop.  Based  on  CENTURY  simulations  the  crop  manage-
ment which  had  a most  negative  SOC balance  (SOC  reference  value  (100%)  = 79  t  ha−1)  was  crop  sequence
“maize/soybean”  under  conventional  tillage  and  with  no  fertilizer  application  (37%  losses  of SOC  in  60

years).  The  management  that  presented  the  most  positive  SOC  balance  was  “soybean/wheat-soybean
double crop  (6  years)  pasture  (4 years)”  under  no till  and  with  high  fertilization  (10%  increase  of SOC  in
60 years).  A  positive  and  linear  relationship  was  found  between  APAR  estimates  derived  from  satellite
data  and  simulated  SOC  providing  basis  for a quantitative  hypothesis  on the  importance  of  C inputs  on
SOC’s  dynamics.  At  regional  scale,  if crop  sequences  proportions  remain  constant,  the  lost  of SOC  would
average  a 15% in  60  years.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Grasslands, one of the most transformed biomes of the world
Hannah et al., 1995; Hoekstra et al., 2005; Ellis and Ramankutty,
008), have been considered highly relevant to global carbon
C) sequestration (Scurlock and Hall, 1998; Shuman et al., 2002).
heir role as a C sink is associated to a positive carbon balance
inputs–outputs), mainly in soils. Carbon inputs (primary produc-
ivity) and outputs (respiration, photodegradation and exports)

re controlled differentially by environmental and anthropogenic
actors. The primary productivity in grasslands is positively and lin-
arly associated to precipitation (Sala et al., 1988; Paruelo et al.,

∗ Corresponding author at: Av. San Martín 4453, C1417DSE. Ciudad Autónoma de
uenos Aires, Argentina. Tel.: +54 11 4524 8000x8139; fax: +54 11 4514 8730.

E-mail address: ccaride@ifeva.edu.ar (C. Caride).

167-8809/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2011.05.031
1999) while heterotrophic respiration/decomposition is mainly
related to temperature (Reichstein and Beer, 2008). Consequently,
accumulation of soil organic carbon (SOC) at regional scale is
positively correlated with the ratio of precipitation/temperature
(Álvarez and Lavado, 1998). At local scale, management as crop
sequence, tillage or fertilization, are important controls of car-
bon dynamics affecting differentially both carbon gains and losses
(Viglizzo et al., 2004). The crop sequence will set the time, quantity
and C/N ratio of plant tissue incorporated to the soil. The time and
quantity depend, mainly, on crops phenology (annual/perennial,
winter/summer), radiation use efficiency and harvest index. The
C/N ratio depends on the species and growing conditions. Gen-
erally C/N ratio is higher in cereals than in legumes (Cadisch et

al., 1994). Conventional tillage increases soil aeration and incor-
porates plant residues into the soil. This modifies several controls
of decomposition, such as soil temperature, water content, pH
and the surface exposure of stubble (Liu et al., 2006). No-tillage

dx.doi.org/10.1016/j.agee.2011.05.031
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:ccaride@ifeva.edu.ar
dx.doi.org/10.1016/j.agee.2011.05.031
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inimizes soil mechanical disturbance reducing decomposition
ate and consequently decreasing soil organic carbon losses
Balesdent et al., 2000). No till system also reduces the loss of
rganic matter by erosion as it leaves a greater percentage of soil
overed with plant residues (Fu et al., 2006).

Carbon inputs and SOC can be characterized, following Fisher
t al. (2009),  as two key intermediate ecosystem services (IES) in
rasslands, i.e. functional and structural aspects of the ecosystem
hat generate, directly or indirectly benefits for the human beings.
itousek et al. (1986) estimated that the proportion of the ter-
estrial net primary productivity (NPP) appropriated by humans
orldwide, both directly (consumption) or indirectly (loss), was

reater than 15%. McNaughton et al. (1989) identified intra-annual
ariation in C gains as a main descriptor of ecosystem functioning.
aruelo et al. (2001) showed that the land-use influences the vari-
tion of C gains throughout the year (seasonality). The amount of
upport, provision and regulation ecosystem services (MEA, 2005)
ay  be decreased by NPP seasonality, NPP reductions or a higher

roportion of C exported out of the system. Organic matter and
OC are closely and positively related to aggregate stability and
rosion resistance (Tisdall and Oades, 1982; Lal, 2007). Further-
ore, organic matter increases the availability of nutrients (mainly

itrogen) and improves the fertilization efficiency due to its high
ation exchange capacity that prevents nutrient losses (Kramer
t al., 2006). For example crops, which have higher seasonality
f C gains, increase soil losses by erosion and therefore reduce N
etention (Vitousek and Reiners, 1975). Soil organic carbon losses
epresent, then, a reduction in soil productivity and, additionally, a
et increase of the atmospheric CO2 pool with direct impacts on cli-
ate. The IES and final ecosystem services (FES) relationship can be

onsidered as a production function. FES, those ES directly related to
enefits for the human beings (i.e. C sequestration, fertility or ero-
ion control), may  be a function of one or several IES (i.e. SOC stocks
nd C gains) and of additional variables (climatic and weather con-
itions, C cost of the agricultural inputs, topography, post-harvest
anagement of the agricultural products).
The Rolling Pampa is the subregion of the Río de la Plata grass-

ands with the longest agricultural history in Argentina (Soriano
t al., 1991; Hall et al., 1992; Viglizzo et al., 2001) (Fig. 1). Before
he 16th century, the local hunters and gatherers generated a rel-
tively low impact on the original environment. With the arrival
f Europeans and the introduction of domestic herbivores (Giberti,
954), grazing became the main regulator of the structure and func-
ioning of the native grasslands (Soriano et al., 1991). Due to the
ack of fences that protected crops from grazers, manpower and
ransportation, during the first centuries of colonization crops were
erformed only at small scales near villages (Sbarra, 1964). In the

ate 19th century, massive immigration, the spread of wired fences
nd the railway network promoted changes in land use patterns,
ncreasing the cropped area (Hall et al., 1992). At the beginning
f the 90s in the 20th century, the spread of no-tillage, double-
ropping and the lower cost of inputs (fertilizers, pesticides, etc.)
romoted a further expansion and intensification of agricultural
roduction resulting in an increase of crop yields and a reduction of
he area devoted to ranching (Senigagliesi et al., 1997; Viglizzo et al.,
001; Paruelo et al., 2005). The appearance of RR soybean (resistant
o glyphosate herbicide) in 1996 simplified the management and
ncreased the area of this crop, reducing the share of wheat, maize
nd, mainly, sunflower (SAGPyA, 2006). The more intensive use of
oils during the previous century changed the C dynamics of the
ystem and therefore the IES they provide. In the Pampas region
uerschman (2005) estimated that human appropriation of NPP

aries between 19.7 and 45.2% depending on the type of land use.
n the rolling pampas, Álvarez (2001) estimated that SOC decreased
5% in the first 15 cm with respect to its original value. Michelena
t al. (1988) reported soil losses of 3–5 cm over the past 100 years
nd Environment 154 (2012) 23– 33

in the same area as result of agricultural use. It is difficult to know
how much of the observed carbon loss was due to a negative carbon
balance or to soil erosion. Álvarez et al. (2006) assigned 58% of the
C loss to a negative balance and 42% to soil erosion.

Which is the impact of management practices on these two  key
IES (NPP and SOC) in the Pampas? A first step to answer this ques-
tion is to estimate how each possible land use will affect NPP and
SOC. Additionally and to generate regional estimates, a spatially
explicit description of land use pattern and specifically the crop
sequences on the region is needed. Our specific goals in this article
were:

(i) To perform a spatially explicit description of land use (crop
sequence) and tillage systems on Argiudolls (the most impor-
tant soil unit) of the Rolling pampas.

(ii) To evaluate changes in C gains by computing the absorbed
photosynthetic active radiation (APAR) from spectral indices
derived from satellite data for the different land cover units.

iii) To simulate, using CENTURY biogeochemical model, the effects
of the different management practices (land use, tillage and
fertilization) on soil organic carbon contents (60 years from a
reference value).

(iv) To generate regional estimates of SOC changes (simulated)
under the present management scheme. Our aim with the sim-
ulations was not to get the actual SOC content of the region but
to compare different management schemes.

2. Materials and methods

2.1. Study area

The study area is located in the Rio de la Plata grasslands
(Buenos Aires province, Argentina) (Fig. 1A) and occupies an area
of 3,114,318 ha. It includes part of 3 phytogeographic districts:
the Rolling Pampa, the Flooding Pampa and the Inland Pampa
(Soriano et al., 1991) The predominant soil types in the area are:
Argiudoll, Hapludoll, Natracuoll, Argialboll and Natracualf (INTA-
SAGyP, 1990). Our analysis focused on the Argiudoll soils of the
Rolling Pampa (1,294,488 ha), the most abundant cropped soil unit
(Fig. 1B). The average annual rainfall in this area is 978 mm and
the average annual temperature is 16.5 ◦C (INTA Pergamino data,
average 1967–2004).

2.2. Land cover and land use characterization

The characterization of spatial and temporal heterogeneity of
land cover (crop sequence) was  performed using Landsat 5 TM
and Landsat 7 ETM+ images. Images were geometrically and radio-
metrically corrected (Chander et al., 2007). We performed five
classifications for the period 2000–2005, (one classification per
growing season, June–July) using the reflectance values of bands
3, 4 and 5. Classification algorithm Maximum likelihood (Lillesand
et al., 1994) was applied on, at least, 3 dates that represents the
phenological dynamics of each land cover. Land cover ground truth
data corresponds to geo-referenced records registered on the main
roads included in the scene. The ground truth was randomly divided
into two subsets. The first (70% of the data) were used to train
the algorithm, and the second one (30% of the data) to evaluate
the classification. The classes defined included the five main land
covers: water, rangelands (natural grasslands and perennial sown

pastures), wheat–soybean double crop (WS), maize (M) and soy-
bean (S). Finally, a 3 × 3 majority filter was  applied to each classified
land cover image to reduce the salt-and-pepper effect (Lillesand
et al., 1994). Urban areas, occupying an area of 13,993 ha (0.45% of
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Fig. 1. (A) Geographic location of the Río de la Plata Grasslands (dark gray) and Landsat scene Path 226 Row 084 (line). (B) Study Area—Province boundaries, phytogeographic
d utline
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istricts of the Río de la Plata Grasslands and Argiudoll soils of the Rolling Pampa (o

he area analyzed), were masked using the layer of population of
he Soil Atlas (INTA-SAGyP, 1990).

The five classifications were overlapped to generate a new layer
f crop sequence (Fig. 2). The participation of each crop in the period
f 5 years was  used to generate crop sequences/rotations schemes
ased on the standards used in this region (see Table 2). The crop
equences/rotations were then classified in three land use classes:
ontinuous agriculture (crops every year), crop–rangeland rotation
crops during part of the period and the rest rangelands) and cattle

razing (rangelands every year). Continuous sequences of range-
ands were assumed to be “grassland” and rangelands in rotation

ith crops were assumed to be “Pasture” (P). Alfalfa (Medicago
ativa) is the most frequently used species in pastures.

ig. 2. Methodological scheme to characterize crop sequence and tillage system
rom LANDSAT TM imagery.
d in inset).

The tillage system was  characterized only for the area devoted
to maize and soybean crops during the growing season 2004–2005.
Such characterization was  based on a classification of reflectance
values of bands 3, 4, 5 and 7 (duly corrected) of a Landsat 5 TM image
from 25 September 2004. According to seeding dates recorded by
SAGPyA (2006) for this area and year, at this date maize and soybean
had not yet emerged. The ground truth data used to perform the
classification were obtained during September and October 2004.
As in the land cover classifications, 70% of this information was
used to train the algorithm while the remaining 30% was used for
evaluation. A mask of the area with no maize or soybean (clas-
sification 04/05) was applied and a supervised classification was
performed (maximum likelihood) discriminating the classes “con-
ventional tillage” and “no-tillage” (Fig. 2).

The accuracy of the classifications was assessed by constructing
a confusion matrix (Congalton, 1991) and calculating the Kappa
coefficient and its standard error (Cohen, 1960; Fleiss et al., 1969).
The satellite images processing was performed using ENVI 4.1
(ENVI Research Systems, Inc. Copyright © 2004) and ArcGIS 9.1
(ESRI Copyright © 2005).

2.3. Estimate of absorbed photosynthetic active radiation (APAR)

We used APAR as an estimator of C gains. Monteith (1972)
showed that NPP is a linear function of the amount of radiation
intercepted by the canopy. APAR was  calculated by the equation:

APAR (MJ  m−2) = fPAR × PAR (MJ  m−2) (1)

where fPAR: fraction of the photosynthetically active radiation
intercepted by the green tissues of the canopy
PAR: photosynthetically active radiation
fPAR was  obtained from the Normalized Difference Vegeta-

tion Index (NDVI)). NDVI is calculated from the red and near
infrared reflectance recorded by the MODIS sensor. NDVI is a linear
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stimator of fPAR (Baret and Guyot, 1991; Sellers et al., 1992;
amon et al., 1995; Myneni et al., 1995). We  used the product
ODIS MOD13Q1 that corresponded to a 16 days composite of daily

alues and generated a site specific calibration for the fPAR–NDVI
MOD13Q1) relationship (Fig. A1,  Appendix A). The MODIS FPAR
roduct was not used because it is based on Land Cover Type
aps which showed some serious mismatches for our area. A

ocal based calibration of FPAR from NDVI was, in our opinion, a
etter approach. The product MOD13Q1 for the period between
000–2001 and 2004–2005 growing seasons was obtained from
ttps://lpdaac.usgs.gov/lpdaac/get data. We  eliminated NDVI data
ot labeled as “Ideal” (according to the quality information band
rovided in the product). The image of crop sequence was  vector-

zed to obtain the limits of management units included in the study
rea (considering as management unit a spatial unit that had the
ame crop sequence during the 5 growing seasons). We  selected
ODIS pixels (250 m)  that were completely included within man-

gement units. We  calculated the average NDVI values at the
anagement unit level to avoid spatial correlation effect in the

ata. Then the data set was divided by growing season and cover
nformation was assigned to each management unit each year.
DVI values were rescaled from 16 days to monthly composites
y calculating the weighted mean. The values of fPAR were calcu-

ated by using monthly NDVI values at the management unit level
nd the site specific calibration specified above.

PAR was obtained from the average value of daily global solar
adiation for the study area reported in the monthly charts of the
tlas of Solar Energy of the Argentina (Grossi Gallegos and Righini,
007). Each value was multiplied by the number of days of the
espective month and then by the coefficient 0.49 to obtain PAR
Righini and Grossi Gallegos, 2005). The product of monthly fPAR
imes PAR was added up to obtain annual APAR estimates at the

anagement unit level. Differences among land covers were eval-
ated using ANOVA.

.4. Impact of crop sequence, tillage system and fertilization on
OC content

CENTURY 5.4.3 model (Parton et al., 1987) was used to quan-
ify SOC changes under different crop sequences in Argiudolls
f the Rolling Pampa. The model does not consider the SOC
hanges by erosion so the results must be considered as con-
ervative. CENTURY was parameterized and evaluated for the
ampas by Piñeiro et al. (2006).  They also performed a sensitiv-
ty analysis of CENTURY for fire frequency, species composition
nd atmospheric CO2 content observing that model results were
ot substantially affected by changing these factors (Piñeiro et al.,
006). The model simulates carbon, other nutrients (N, P and
) and water dynamics for forests, savannas, steppes, grasslands
nd agroecosystems. The organic matter submodel includes three
ools of soil organic matter: active, slow and passive with differ-
nt potential rates of decomposition, and turnover times of 1–5,
0–40 and 100–1000 years, respectively. The model runs with a
onthly time step and its inputs are information of the site (cli-
ate and soil) and management (crop, tillage, fertilizer, stocking

ate, etc.). More information on model characteristics is available
t http://www.nrel.colostate.edu/projects/century5/.

Soil parameters were obtained from the Soil Map of the Buenos
ires Province (INTA-SAGyP, 1990) and corresponded to the most
ommon Argiudoll in the study area (Argiudol Típico fino (Carto-
raphic Unit M17tc2)). Climatic data corresponded to the average
f 38 years (1967–2004) recorded in INTA Pergamino. Land use

ata were obtained from the image classification analysis and two
illage systems were considered, conventional tillage and no till.
nly N fertilization was considered, assuming no P and S limi-

ations. Three levels of fertilization were used for crops: (i) no
nd Environment 154 (2012) 23– 33

fertilization, (ii) the average fertilization reported by FAO for the
crops of the Pampas in the 2002/2003 growing season (wheat:
40 kgN ha−1, maize: 28 kgN ha−1 and soybeans: 2 kgN ha−1) (FAO,
2004) and (iii) high fertilization (2 × average). Fertilization was  not
simulated for rangelands or for soybean in double cropping. Her-
bivore consumption was  computed following the approach used
by Piñeiro et al. (2006) yielding values ranging from consumptions
of 4% of aboveground net primary productivity (ANPP) for systems
grazed by native herbivores to 67% of the ANPP for current grazing
conditions. No crop-stubble grazing was considered so all residues,
in both tillage systems, were returned to the soil. The crop parame-
ters used were those provided by the model for current genotypes
and yields.

Based on Piñeiro et al., 2006, simulations were conducted in
three steps: (1) native herbivores grazing, until SOC stabilization
(6000 years; SOC: 95.94 t C ha−1); (2) 300 years of cattle grazing
with stocking rate adjustments every 100 years, reaching a value of
SOC of 79.32 t C ha−1 (considered here as the reference value); and
(3) 60 years of the different management practices to be evaluated.

2.5. Regional estimates of SOC changes

The spatial explicit estimates of current SOC loss at regional
level was  derived from the land cover classifications (crop sequence
layer), the tillage system classification and the output values of
CENTURY model considering average fertilization. When there
was no information about tillage system (areas under wheat soy-
bean double crop or rangelands during 2004/2005 growing season)
no-tillage was assumed. The magnitude of current SOC loss was
spatially represented in a grid of hexagonal cells, each one of
6495 ha. It is important to point out that this estimation is only
vertically spatial explicit because no mass transfer between cells
has been considered.

3. Results and discussion

3.1. Land cover and land use characterization

All land use classifications had an accuracy higher than 90%
(Appendix B). In the Rolling Pampa Argiudolls the two main land
covers were rangelands and soybean crop. Rangelands were the
main land cover during the first three growing seasons (2000–2001
to 2002–2003), being the soybean crop the main land cover in the
last two (2003–2004 and 2004–2005). Maize was the crop with
lowest area during all the growing seasons except the last one. The
area occupied by water was lower than 1% along all the studied
period.

Based on remotely sensed data we found that eleven crop
sequences occupied more than 90% of the area under study.
Six sequences corresponded to continuous agriculture, four to
crop–rangelands rotation and one to rangelands, representing an
area of 54%, 16.3% and 29.7% respectively. The two  main crop
sequences in continuous agriculture were soybean/wheat soybean
double cropping/maize (19%), and soybean monoculture (14%),
participating the remaining crop sequences with less than 10%
each one (Fig. 3). Soybean/wheat soybean double crop/maize cor-
responds to the basic crop sequence recommended for the area
(CREA, 1996), while soybean monoculture had the highest eco-
nomic return in the short term (Lorenzatti, 2004).

The total accuracy of the tillage system classification was 96%.
No-tillage was the dominant system in summer crops and it was

used in 76% of the area occupied by soybean (without considering
the soybean that was  part of double cropping systems) and in 66%
of the maize fields. Based on official data (SAGPyA, 2006) the area
under no-tillage during that growing season (2004–2005) was  68%

https://lpdaac.usgs.gov/lpdaac/get_data
http://www.nrel.colostate.edu/projects/century5/
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Fig. 3. Percentage of the study area under different crop sequence. Crop sequences
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Fig. 5. Average annual absorbed photosynthetic active radiation (management
ere derived from the temporal analysis of land cover classifications (5 years).
he numbers in brackets represent the number of years in a 10 years sequence.
:  Soybean; WS:  double crop Wheat-Soybean; M:  Maize; P: Pasture.

or soybean and 53% for maize for the whole Buenos Aires province.
he differences in the estimates could be related to the different
cales of analysis since the study area of this work covered the por-
ion of the Buenos Aires province where no-tillage has the highest
doption (Studdert et al., 2008).

.2. Estimate of absorbed photosynthetic active radiation (APAR)

Different land covers presented a particular seasonal NDVI
ynamics. The average NDVI values for different crops and dates
anged from 0.33 to 0.90 (Fig. 4). Rangelands showed the lowest
ariability among dates being the coefficient of variation (CV) the
ame for pastures and grasslands (0.10). Crops displayed a more
arkedly seasonality with a higher intra annual variability (CV
aize: 0.34; soybean: 0.33; wheat soybean double crop 0.31). Soy-
ean had the highest NDVI peak (0.90) during the period February
–17, followed by the soybean in double crop (0.86) in the period
–21 March, maize (0.82) in the period December 19–31 and wheat
0.82) in the period September 30–October 15.

ig. 4. Average MODIS-NDVI seasonal dynamics for each land cover in the study
rea (management units average of 5 campaigns (2000–2001 to 2004–2005)).
units average of 5 campaigns (2000–2001 to 2004–2005)) for the different land cov-
ers analyzed (vertical bars). Different letters indicate significant differences (p < 0.01;
Tukey’s test). Squares: percentile 10, Triangles: percentile 90.

Wheat–soybean double crop had the highest average annual
APAR values (1353 MJ  m−2 year−1) and maize the lowest
(953 MJ  m−2 year−1) (Fig. 5). These values of APAR corre-
sponded to 50% and 35% of the annual average incoming PAR
(2694 MJ  m−2 year−1) respectively. Rangelands intercepted on
average 1234 MJ  m−2 year−1. At the crop sequence level, average
annual APAR (estimated from the average APAR of the 5 growing
seasons for each cover and the cover participation in the sequence)
varied from 1021 to 1246 MJ  m−2 year−1, being the difference
among them less than 10% of the annual average incoming PAR
(Table 1).

3.3. Impact of crop sequence, tillage system and fertilization on
SOC content

Based on CENTURY simulations, continuous agriculture on the
Argiudolls of the Rolling Pampas generated, in 60 years, SOC losses
ranging from 4 to 37% of the reference value (79 t ha−1) depend-
ing on management practices. For the crop–rangeland sequences
maximum SOC losses were 16% and SOC increases of 2–10% were
observed in some sequences under no till and N fertilization. Cattle
grazing had a SOC loss of 9%. (Table 2)

After 60 years of continuous agriculture all the simulations,
including those fertilized with high doses (2 × average), showed
a reduction in SOC contents. The highest losses were observed in

the “soybean/maize” sequence under conventional tillage and no
fertilization (37%) and the lowest in the “soybean/wheat soybean
double crop/maize/wheat soybean double crop” under no-tillage
and high fertilization (4%). Grain exports in agricultural systems

Table 1
Average annual absorbed photosynthetic active radiation calculated for different
crop sequences and the percentage each represents of the Average Annual PAR.

Crop sequencea Average Annual APAR (MJ/m2) % PAR

S/M 1021 37.88%
S  1089 40.41%
S/M/S/WS 1121 41.59%
S/M  (6) P (4) 1126 41.78%
S/WS/M 1131 41.99%
S  (6) P (4) 1166 43.29%
Grassland 1185 43.96%
S/WS/M/WS 1187 44.05%
S/WS/M (6) P (4) 1192 44.24%
S/WS 1221 45.31%
S/WS (6) P (4) 1246 46.24%

a Crop sequences were derived from the temporal analysis of land cover classi-
fications (5 years). The numbers in brackets represent the number of years in a 10
years sequence. S: Soybean; WS:  double crop wheat–soybean; M:  Maize; P: Pasture.
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Table 2
Simulated changes in SOC (%; SOC reference value (100%) = 79 t ha−1) after 60 years with different management (crop sequence, tillage system and fertilization) in Argiudolls
of  the Rolling Pampa (North of Buenos Aires province, Argentina).

Land use Crop sequencea Conventional
tillage

No tillage

Without fertilization Average fertilization Average
fertiliza-
tion × 2

Without
fertilization

Average
fertilization

Average
fertiliza-
tion × 2

Continuous Agriculture S −34% −34% −34% −28% −28% −28%
S/WS  −29% −17% −7% −26% −15% −7%
S/M  −37% −26% −18% −31% −22% −14%
S/M/S/WS −35%  −26% −17% −29% −19% −10%
S/WS/M/WS −31%  −16% −5% −27% −11% −4%
S/WS/M −34%  −24% −15% −29% −16% −5%

Crop  (6 years)
Rangelands (4 years)
rotation

S (6) P (4) −12% −12% −11% −4% −4% −4%
S/WS  (6) P (4) −7% −5% −3% −1% 4% 10%
S/M  (6) P (4) −16% −12% −9% −6% −1% 3%
S/WS/M (6) P (4) −13% −5% −4% 2% 9%

Cattle  Grazing Grassland −9%
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APAR estimation derived from satellite data and simulated SOC
(Fig. 6) suggesting the importance of C inputs on the dynamics of
SOC. Each point in Fig. 6 corresponds to the simulated values of
SOC losses and to the average APAR for the different sequences.
a Crop sequences were derived from the temporal analysis of land cover classifi
equence. S: Soybean; WS:  double crop Wheat-Soybean; M:  Maize; P: Pasture.

emove large amounts of nutrients. Soil nitrogen is a key factor in
he organic matter formation due to the stable C/N ratio. There-
ore, the nitrogen lost must be restored through fertilization or
egumes cultivation (both generate a positive balance of nitrogen
n the soil) to maintain the levels of organic matter. Several authors

arn that despite the higher amount of fertilizer applied since the
990s these volumes do not reach the amount of nutrients exported
y the grains, producing chemical and physical degradation of soils
Flores and Sarandón, 2002; Díaz Zorita, 2005).

The low amount of nitrogen applied to soil as fertilizer in soy-
ean cultivation, which generally derives from the application of
iammonium phosphate fertilizer (DAP) at sowing (FAO, 2004;
ustin et al., 2006), did not reduce the losses of SOC under none of

he two tillage systems. Nitrogen fertilization is not a widespread
ractice in the soybean cultivation because it reduces the biologi-
al fixation of nitrogen, a low cost source of N, but that only covers
0–50% of the nitrogen exported in the grain. The N negative bal-
nce resulting from these practices in the Pampas was estimated
etween 42 and 126 kg ha−1 (Austin et al., 2006). Possible options
o reduce losses of soil nitrogen during the soybean cultivation
nclude fertilization with slow release products below the zone
f nodulation and/or nitrogen application during the reproductive
tages in high-yielding cultivars (>4500 kg ha−1 for soybean yield)
Salvagiotti et al., 2008).

In the simulations, unfertilized maize crops had a higher nega-
ive effects in the carbon balance than soybean monoculture, since C
osses in crop rotations including maize were greater than the same
otations including soybean (Conventional tillage: 37% vs. 34%; No
ill: 31% vs. 28%). The results contrast with field observations where
he inclusion of maize in the sequence generally increases SOC due
o higher residue biomass returned to soil (Studdert and Echeverría,
000). Maize showed the lowest annual average APAR (Fig. 5) sug-
esting lower carbon gains. Even though Maize is a C4 species with
igher radiation use efficiency than the other crops considered (C3
pecies) and therefore higher PPN (C input to the system), its lower
umification rate due to higher lignin content (Andriulo et al., 1999)
ould reduce the C inputs to the soil. Huggins et al. (1998) reported
hat although aboveground C returned to the soil from maize was
n average 40% higher than C returned from soybean, SOC did not
iffer from crop sequence. In our simulations, when maize was fer-
ilized with N, soybean monoculture lost higher amounts of SOC

han the soybean/maize sequence.

There was a positive effect (less SOC losses) of the
heat–soybean double cropping presence in the sequence,
articularly with higher levels of fertilization. This positive effect
s (5 years). The numbers in brackets represent the number of years in a 10 years

would be due to a higher APAR (Caviglia et al., 2004) and to the
higher doses of fertilizer applied to wheat with respect to other
crops (FAO, 2004).

Both losses and gains of SOC were observed under
crop–rangeland rotations. The highest losses were in the
soybean/maize (6 years) pasture (4 years) sequence under
conventional tillage and no fertilization (16%), being the highest
gains obtained in soybean/wheat soybean double crop (6 years)
pasture (4 years) sequence under no-tillage and high fertilization
(10%).

The losses observed in grasslands are associated with changes
in the outputs and inputs of nitrogen in the system. Cattle grazing
increased N emissions reducing soil nitrogen pool (Piñeiro et al.,
2006). A lower soil N pool constrains organic matter accumulation
and consequently reduces SOC, making the system more dependent
on external N inputs (Piñeiro et al., 2006). Nitrogen fertilization
or inter-seeding of legume species that incorporates nitrogen to
the soil may  potentially contribute to reduce SOC losses in these
systems.

Our data showed a positive and direct relationship between
Fig. 6. Relationships between the average annual APAR (5 years) and SOC simulated
balance (60 years under conventional tillage and no fertilization (SOC reference
value (100%) = 79 t ha−1)). Each point represents a crop sequence. Squares: Contin-
uous agriculture; Triangles: Crop–rangeland rotation and continuous grazing.
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Fig. 7. (A) Simulated loss of SOC in 60 years, as % of the reference value (79 t ha−1), in the Argiudolls of the Rolling Pampa. The value of each cell summarizes the effect of the
observed management (crop sequence and tillage system with average fertilization). Santa Fe and Buenos Aires are provinces, Pergamino, Salto and San Antonio de Areco
a l SOC, 
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re  towns and solid lines correspond to county limits. (B) Simulated loss of regiona

ig. 6 showed that SOC losses for crop–rangeland rotations were
ot only lower (three times in average) but also more responsive to
hanges in APAR (higher slope for the model fitted to the APAR-SOC
oss relationship for crop–rangeland rotations than for continuous
griculture). Crop sequences under conventional tillage and with-
ut fertilization included in a crop–rangeland rotations showed

 losses 2–4 times lower than their equivalent under continuous
griculture showing, once again, the positive effect of the legume
astures in the rotation in the absence of N additions through fer-
ilizers (Casanovas et al., 1995; Studdert et al., 1997; Díaz Zorita
t al., 2002; Miglierina et al., 2000). Crop sequences under no-tillage
nd without fertilization included in a crop–rangeland rotations
howed C losses 5–26 times lower than their equivalent under
ontinuous agriculture (Table 2). By adopting no-tillage, applying
ertilizers and including alfalfa in the crop sequence farmers would
e able to increase SOC. Fig. 6 is a good example of the relationship
etween an IES (APAR) and a FES directly related to several human
enefits (C losses as a descriptor of C sequestration or soil fertility).
s in many production functions used in agriculture (i.e. APAR vs.
rain yield), additional factors need to be considered (i.e. level of
ertilization, soil texture, etc.). Further exploration of the produc-
ion functions of FES from IES derived from remotely sensed data
ppears as a promising way to improve the use of the ES concept
n land planning and management.

.4. Regional estimates of SOC changes
Considering current land use, the observed proportion of dif-
erent tillage system and assuming an average fertilization level,
he simulated SOC losses in the studied area (1,294,488 ha) were
as % of the reference value, along 60 years.

15.9 Tg C in 60 years (0–20 cm depth). This represents a reduction
of C stocks of 15.5% according to the reference value (79 t ha−1).
Considering that 300 years of grazing had reduced SOC by 14.7%,
total losses with respect to the original situation (96 t ha−1) would
be 30.2%.

Even though carbon loss has not a linear behavior these values
would represent an average decrease rate of 204.7 kg ha−1 year−1

or 265,025 Mg  year−1 for the study area (about 13,000 km2). This
annual value is equivalent to 0.6% of C emissions from fossil
fuel consumption at the country level (41,679,000 Mg  C year−1

2005—CDIAC, 2008). If the rate in other agricultural areas were only
half the one observed in the Rolling Pampas (a conservative estima-
tion), emissions from the agricultural sector would represent more
than 12% of the emissions associated with fossil fuels.

The map  shows lower SOC losses on the eastern portion of the
studied area than in the west (Fig. 7). These patterns results from
differences in land uses, being continuous agriculture the most
widespread use near Pergamino and crop–rangeland rotations and
cattle grazing more common in the south of San Antonio de Areco.

4. Conclusions

(i) Continuous agriculture is the main land use in the Rolling
Pampas and only two  crop sequences (soybean monoculture
and soybean/wheat soybean double crop/maize) represents
the 61% of its area. This two  crop sequences have very dif-

ferent C dynamics response to management such as tillage or
fertilization. The particular arrangement of land uses through
time has a large impact on the level of two key IES, C gains
and soil C losses. A proper characterization of the pampas
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The fraction of PAR intercepted by the canopy was calculated as:

fPAR = PARi − PARt
PARi
0 C. Caride et al. / Agriculture, Ecosyst

agroecosystems requires the description of, not only, the spa-
tial distribution of land cover and/or land uses, but also, the
temporal distribution of them.

(ii) Compared to the less modified land cover (grasslands grazed
by cattle) agricultural use may  either increase or decrease the
amount of PAR absorbed (APAR) by green tissues, a linear indi-
cator or NPP or C gains. We  showed that land covers may  differ
by 15% in the proportion of the incoming PAR which repre-
sent differences up to 30% among them. Differences in APAR
among land covers were associated mainly to differences in
the annual dynamics of PAR absorption. Crop sequences with
a large wheat soybean double crop and/or rangelands partici-
pation had the greatest average annual APAR.

iii) SOC losses were directly associated to the N balance and to the
C inputs. A proper management of N balance (fertilization and
pastures including legumes) may  even increase SOC stocks. The
magnitude of the effect of N balance was higher that the effect
of C inputs, i.e. those rotations that include legume pastures
had SOC losses three times lower than continuous agriculture
sequences (Fig. 6). The effect of C inputs (quantified through
changes in APAR) was lower but highly significant (Fig. 6). The
reduction in C losses per unit of increase in APAR was higher
in crop–rangelands rotations suggesting a positive interaction
of N balance and C gains on SOC losses.

Our analyses allow us to derive impact functions for these two
ES. Tables 1 and 2 summarize the quantitative effect of the most
requent management on the level of provision of “C gains” and
C losses” services. A particular management can be evaluated in
erms of physical production, economic outputs and impact on IES.
f course the analysis cannot state the level of reduction of ecosys-

em services to be accepted. Such decision needs to incorporate
he opinions, values and interests of stakeholders and the society
s a whole. However, the availability of impact functions as those
resented here may  set quantitative boundaries to the discussion.
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ppendix A.

.1. Relationship between field based NDVI and MODIS NDVI

.1.1. Samples
Six management units, each of them big enough to include at

east 4 pixels MODIS of 250 m,  were selected in the northern part
f Buenos Aires province (Pergamino). The management units were
ccupied by maize (3), soybean in double crop (2) and soybean (1).

.1.2. ASD measurements
In four dates throughout the growing 2008–2009 season (14

ovember 2008, 05 December 2008, 24 December 2008 and 21 Jan-
ary 2009) we measured the surface reflectance signatures using
 hyperspectral sensor FieldSpec® 3 (Analytical Spectral Devices;
 nm spectral resolution). Six to eight subsamples were obtained
er management unit, each of them in turn were the average
f three measurements. NDVI values were calculated averaging
nd Environment 154 (2012) 23– 33

reflectance values for the portion of the spectrum that corresponds
to red and near infrared bands of MODIS (620–670 nm for the red
band (band 1) and 841–876 nm for the infrared band (band 2))
(NDVI ASD).

A.1.3. MODIS product
Images corresponding to the MOD13Q1product were obtained

from https://wist.echo.nasa.gov/api/. Each image corresponded to a
16 days composite of NDVI at 250 m.  The composites used matched
the dates of field measurements. The information of the 250 m pix-
els was averaged to obtain a NDVI value per management unit
(NDVI MODIS). Only NDVI data flagged as “Ideal” were used.

To analyze the correspondence between ground and satellite
NDVIs a regression was done with both estimates:

NDVI − MODIS = 0.7751 NDVI − ASD + 0.1339 (R2 = 0.83) (A1)

A.2. Calibration of the NDVI-MODIS and fractional
photosynthetic active radiation (fPAR) relationship

A.2.1. Samples
Fourteen management units were selected in northern Buenos

Aires province (Pergamino, Hurlingham): maize (5), soybean in
double crop (2) and soybean (7).

A.2.2. ASD measurements
In six dates throughout the growing season 2008–2009, 14

November 2008, 05 December 2008, 24 December 2008, 29 Decem-
ber 2008, 9 January 2009 and 21 January 2009 measurements were
taken with a hyperspectral sensor FieldSpec® 3 (Analytical Spec-
tral Devices; 1 nm spectral resolution) to obtain each management
unit surface reflectance signature. Six to eight subsamples were
obtained per management unit, each of them in turn were the aver-
age of three measurements. NDVI values were calculated averaging
reflectance values for the portion of the spectrum that corresponds
to red and near infrared bands of MODIS (620–670 nm for the red
band (band 1) and 841–876 nm for the infrared band (band 2))
(NDVI ASD).

A.2.3. fPAR measurements
Simultaneously with ASD measurements we  recorded pho-

tosynthetically Active Radiation using a linear quantum sensor
(©Cavadevices) that measures the photon flux between 300 and
1000 nm,  and up to 3000 �mol  m−2 s−1, over a 1 m linear surface.
Fig. A1. NDVI-FPAR relationship. Soybean and maize crops; North of Buenos Aires
province, Argentina; Growing Season 2008–2009.

https://wist.echo.nasa.gov/api/
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The CENTURY simulation consisted in 4000 years of grassland
and native grazing to get the SOC stabilized, 300 years of domestic
grazing (adjusting stocking rate, see Piñeiro et al., 2006), 80 years
of no grazing and finally the experiment of 13 years of soybean
C. Caride et al. / Agriculture, Ecosyst

here PARi is the incoming PAR measured locating the quantum
inear sensor just above the canopy and PARt is the transmitted
AR registered underneath the canopy. Six to eight subsamples
ere performed per management unit, averaging them to obtain

he management unit fPAR.
The NDVI ASD was transformed to NDVI MODIS using Eq. (A1). A

on-linear model was fitted to the relationship NDVI MODIS-fPAR
Eq. (A2) and Fig. A1):

PAR = 2.517 NDVI2 − 1.159 NDVI + 0.126 (R2 = 0.95) (A2)

ppendix B. Confusion matrixes of land cover
lassifications – Landsat Path-226 Row-084 (North of
uenos Aires province, Argentina) – Growing Seasons
000–2001 to 2004–2005

Growing Season 2000–2001

Dates: 17/11/2000, 12/01/2001, 09/03/2001 (total N = 254)
Overall Accuracy 0.91
Kappa Coefficient 0.89
Kappa Variance 0.02

Class Prod. Acc. % User. Acc. %

Water 1.00 1.00
Forage resources 0.96 0.89
Wheat–Soybean 0.79 1.00
Maize 0.78 0.78
Soybean 0.88 0.89

Growing Season 2001–2002

Dates: 09/09/2001, 22/12/2001, 23/01/2002 (total N = 302)
Overall Accuracy 0.96
Kappa Coefficient 0.95
Kappa Variance 0.03

Class Prod. Acc. % User. Acc. %

Water 1.00 1.00
Forage resources 0.96 0.97
Wheat–Soybean 1.00 0.90
Maize 0.91 1.00
Soybean 0.90 0.94

Growing Season 2002–2003

Dates: 17/12/2002, 18/01/2003, 23/03/2003 (total N = 354)
Overall Accuracy 0.94
Kappa Coefficient 0.93
Kappa Variance 0.02

Class Prod. Acc. % User. Acc. %

Water 0.91 1.00
Forage resources 0.96 0.90
Wheat–Soybean 0.93 0.92
Maize 0.92 0.99
Soybean 0.95 0.96

Growing Season 2003-2004

Dates: 03/05/2003, 09/10/2003, 04/01/2004, 14/02/2004 (total N = 695)
Overall Accuracy 0.91
Kappa Coefficient 0.88
Kappa Variance 0.00
Class Prod. Acc. % User. Acc. %

Water 0.99 1.00
Forage resources 0.88 0.87
Wheat–Soybean 0.85 0.83
Maize 0.91 0.92
Soybean 0.92 0.93
nd Environment 154 (2012) 23– 33 31

Growing Season 2004-2005

Dates: 25/11/2004, 30/12/2004, 04/03/2005 (total N = 1026)
Overall Accuracy 0.92
Kappa Coefficient 0.90
Kappa Variance 0.00

Class Prod. Acc. % User. Acc. %

Water 0.99 1.00
Forage resources 0.89 0.55
Wheat–Soybean 0.89 0.98
Maize 0.89 0.96
Soybean 0.95 0.95

Appendix C. CENTURY evaluation

C.1. Objective

To evaluate CENTURY model SOC results with SOC of long term
experiments in the study region.

C.2. Materials and methods

We  used yield and SOC data of a long term experiment in
Pergamino (Andriulo et al., 1999). Also information about soil,
crops, management and climate of this experiment was gathered.

1. Soil
(a) SOC time variation (specifying depths)
(b) Texture, layers depth, SOC initial condition, filed capacity,

wilting point, pH.
2. Crops

Grain and biomass yields (or yield index) along the experimen-
tal period.

3. Management
Information on crop sequence, fertilization, tillage, sowing

date, etc.
4. Climate

(a) Climate data along the experimental period: daily or monthly
precipitation, maximum temperature, minimum tempera-
ture.

(b) Historic climatic data of the site.

This information was obtained from Andriulo et al. (1999) or
provided by the authors. This experiment was done in the INTA
Pergamino station. The site has not been plowed or grazed for 80
years. The experiment consisted in cultivating soybean for 13 years.
Fig. C1. Variation of SOC, measured and simulated by CENTURY model, along 13
years of soybean monoculture, in a Rolling Pampa’s Argiudol (Pergamino).
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onoculture. The SOC data were converted to kg ha−1 for the first
0 cm of depth as it is simulated by the model. Model simulations
ere performed with the available data.

The SOC content simulated was compared with the SOC content
ecorded in the experiment.

.3. Results

The decrease of the SOC simulated by the CENTURY model was
imilar to the one reported in the experiment, being the simu-
ated values inside the confidence level of the values measured by
ndriulo et al. (1999) (Fig. C1).
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Piñeiro, G., Paruelo, J.M., Oesterheld, M.,  2006. Potential long term impacts of live-
stock introduction on carbon and nitrogen cycling in grasslands of Southern
South American. Global Change Biology 12, 1267–1284.

Reichstein, M.,  Beer, C., 2008. Soil respiration across scales: The importance of a
model–data integration framework for data interpretation. Plant Nutrition and
Soil Science 171, 344–354.

Righini, R., Grossi Gallegos, H., 2005. Análisis de la correlación entre la radiación
fotosintéticamente activa y la radiación solar global en San Miguel, provincia de
Buenos Aires. Avances en Energías Renovables y Medio Ambiente 9, 1101–1104.

SAGPyA, 2006. http://www.sagpya.mecon.gov.ar/ (July 2007).
Sala, O.E., Parton, W.J., Joyce, L.A., Lauenroth, W.K., 1988. Primary production of the

central grassland region of the United States. Ecology 69, 40–45.
Salvagiotti, F.K., Cassman, G., Specht, J.E., Walters, D.T., Weiss, A., Dobermann, A.,

2008. Nitrogen uptake, fixation and response to fertilizer N in soybeans: a
review. Field Crops Research 108, 1–13.

Sbarra, N.H., 1964. Historia del Alambrado en la Argentina. EUDEBA. In: Buenos Aires.
Scurlock, J.M.O., Hall, D.O., 1998. The global carbon sink: a grassland perspective.

Global Change Biology 4, 229–233.
Sellers, P.J., Berry, J.A., Collatz, G.J., Field, C.B., Hall, F.G., 1992. Canopy reflectance,

photosynthesis, and transpiration. III: A. reanalysis using improved leaf mod-
els  and a new canopy integration scheme. Remote Sensing of Environment 42,
187–216.

Senigagliesi, C., Ferrari, M.,  Ostojic, J., 1997. La degradación de los suelos en el par-
tido de Pergamino. In: Gráfica, O. (Ed.), ¿Argentina Granero del Mundo Hasta
Cuándo? La Degradación del Sistema Agroproductivo de la Pampa Húmeda y
Sugerencias para su Recuperación. Centro de Estudios Avanzados de la Uni-
versidad de Buenos Aires; Harvard University; INTA; Consejo Profesional de
Ingeniería Agronómica. Buenos Aires, pp. 137–154.

Shuman, G.E., Janzen, H.H., Herrick, J.E., 2002. Soil carbon dynamics and
potential carbon sequestration by rangelands. Environmental Pollution 116,

391–396.

Soriano, A., León, R.J.C., Sala, O.E., Lavado, R.S., Deregibus, V.A., Cauhepé, M.A., Scaglia,
O.A.,  Velázquez, C.A., Lemcoff, J.H., 1991. Río de la Plata grassland. In: Couplant,
R.T. (Ed.), Ecosystems of the World, Natural Grasslands. Elsevier, Amsterdam,
pp.  367–407.

http://cdiac.ornl.gov/ftp/trends/emissions/arg.dat
http://cdiac.ornl.gov/ftp/trends/emissions/arg.dat
http://www.sagpya.mecon.gov.ar/


ems a

S

S

S

T

C. Caride et al. / Agriculture, Ecosyst

tuddert, G.A., Domínguez, G., Eiza, M.,  Videla, C., Echeverría, H.E., 2008. Materia
orgánica particulada y su relación con la fertilidad nitrogenada en el sudeste
bonaerense. In: AACS-CERZOS-UNS (Ed.), Estudio de las Fracciones Orgánicas en
Suelos de la Argentina. Universidad Nacional del Sur. Bahía Blanca, pp. 20–25.

tuddert, G.A., Echeverría, H.E., 2000. Crop rotations and nitrogen fertilization to
manage soil organic carbon dynamics. Soil Science Society of American Journal
64, 1496–1503.
tuddert, G.A., Echeverría, H.E., Casanovas, E.M., 1997. Crop-Pasture rotation for sus-
taining the quality and productivity of a Typic Argiudoll. Soil Science Society of
American Journal 61, 1466–1472.

isdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils.
Journal of Soil Science 33, 141–163.
nd Environment 154 (2012) 23– 33 33

Viglizzo, E.F., Lértora, F., Pordomingo, A.J., Bernardos, J.N., Roberto, Z.E., Del Valle, H.,
2001. Ecological lessons and applications from one century of low external-input
farming in the Pampas of Argentina. Agriculture Ecosystems and Environment
83,  65–81.

Viglizzo, E.F., Pordomingo, A.J., Castro, M.G., Lértora, F.A., Bernardos, J.N.,
2004. Scale-dependent controls on ecological functions in agroecosys-
tems of Argentina. Agriculture Ecosystems and Environment 101,

39–51.

Vitousek, P.M., Reiners, W.A., 1975. Ecosystem Succession and Nutrient Retention:
a  hypothesis. Bioscience 25, 376–381.

Vitousek, P.M., Ehrlich, P., Ehrlich, A., Matson, P., 1986. Human appropriation of the
products of photosynthesis. BioScience 36, 368–373.


	How does agricultural management modify ecosystem services in the argentine Pampas? The effects on soil C dynamics
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Land cover and land use characterization
	2.3 Estimate of absorbed photosynthetic active radiation (APAR)
	2.4 Impact of crop sequence, tillage system and fertilization on SOC content
	2.5 Regional estimates of SOC changes

	3 Results and discussion
	3.1 Land cover and land use characterization
	3.2 Estimate of absorbed photosynthetic active radiation (APAR)
	3.3 Impact of crop sequence, tillage system and fertilization on SOC content
	3.4 Regional estimates of SOC changes

	4 Conclusions
	Acknowledgements
	A.1 Relationship between field based NDVI and MODIS NDVI
	A.1.1 Samples
	A.1.2 ASD measurements
	A.1.3 MODIS product
	A.2 Calibration of the NDVI-MODIS and fractional photosynthetic active radiation (fPAR) relationship

	A.2.1 Samples
	A.2.2 ASD measurements
	A.2.3 fPAR measurements
	Appendix B Confusion matrixes of land cover classifications – Landsat Path-226 Row-084 (North of Buenos Aires province, Ar...


	Appendix C CENTURY evaluation
	C.1 Objective
	C.2 Materials and methods
	C.3 Results
	References

	References


