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Abstract. The sub-humid Chaco region of Argentina, originalbvered by dry sclerophyll forest, has been sibgk to
clearing since the end of the ‘70 and replacemétheforest by no till farming. Land use changesduced a decrease in
aboveground carbon stored in forests, but litthkeniswn about the impact on soil organic C stockee @im of this study was

15 to evaluate soil C stocks and C fractions up to demih in soils under different land use: < 1@gmtinuous cropping; > 20
yr continuous cropping, warm season grass pastuienative forest in 32 sites distributed over @teaco region. The
organic C stock content up to 1 m depth expresseelaivalent mass varied as follows: forest (1Mgha’) > pasture
(87.9 Mg ha) > continuous cropping (71.9 and 77.3 Mg'hawith no impact of the number of years under ping. The
most sensitive organic carbon fraction was the smaarticle fraction (2000m -212pum) at 0-5 cm and 5-20 cm depth

20 layers. Resistant carbon (<gf) was the main organic matter fraction in all sEngategories except in the forest. Organic
C stock, its quality and distribution in the prefilvere sensitive to land use change. The convedditimee Chaco forest to
crops was associated to a decrease of Organicck gjoto the meter depth and with the decreasheofabile fraction. The
incorporation of pastures of warm-season grassasabke to mitigate the decrease of C stocks cabgeniopping and so
could be considered a sustainable managementqeags soil organic carbon losses were not restiitd the first few cm

25 of the soil, the development of models that wouldvathe estimation of soil organic carbon changesiepth would be
useful to evaluate with greater precision the impédand use change on carbon stocks.
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1. Introduction

30 As one of the components of global change, landohssge has a great impact on terrestrial ecosygstaltering their
structure and function (Walker and Steffen, 199B)e most important land use change is due to dgriczation
(Houghton, 1999), a process that involves replaceénoé natural ecosystems, such as forests, as wodd demand

increases (Volante et al., 2012).
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In Argentina, since the late 1970s, there has lmeadvance of the agricultural frontier across @eco-region native
forests due to conversion for production of anraneps (Gasparri et al., 2009). Thus it became drikeoten countries with
the greatest forest loss in the world (FAO, 20T1%)e Eastern Subhumid Chaco is a large forest duaasince 1997 has
suffered a notable increase in cleared area (ARiagteal., 2003; Grau et al., 2005; Volante et 2009). The average
deforestation rate is among the highest in the dvarld in the country, mainly in the East of thevimoe of Santiago del
Estero, where Mollisols are the predominant sgiety\Volante et al., 2009).

Deforestation together with inadequate subsequemagement produces acceleration of erosive prosessguction of
organic matter input, decrease of soil aggregaibilgy (Cerda, 2000; Cerda et al., 2009; Garci@r@s et al., 2010),
changes in microclimate, biodiversity loss, affestster basin functions and contributes to globahate change. These
effects have been studied mostly in tropical andperate forests but have been poorly evaluatedouthSAmerica
subtropical forests (Baccini et al., 2012; Hartisle 2012; Hansen et al., 2013).

In the Subhumid Chaco, the intensity and seasgnafitrainfall, the gently undulating landscape, thegility of the
environment and the subtropical climate predispghsesoil to substantial physical degradation (Atmret al., 2003). No-
tillage was introduced in Argentina, including imet Chaco region, in the mid-nineties. It was adbmiae to its lower
production costs, the possibility it offered of amporating areas with greater limitations to crdpld/ (Satorre, 2005;
Derpsch et al., 2010), to savings in operating tand to lack of soil disturbance that reduces smkion, recovers soil
aggregate stability, conserves water and increaselson sequestration (Diaz Zorita et al., 2002)sfiie its many
advantages, no-tillage can negatively impact sothgsipal properties of the surface soil (bulk denspenetration
resistance), as mechanical formation of macrop@esduced and there is a tendency to form lamarad massive
structures (Strudley et al., 2008; Alvarez et2009; 2012). All these effects are increased bytrtesit of heavy machinery
that produces soil compaction of the first 40 crsaif, especially when the soil is wet (Botta ef 2004).

In the western part of the region, livestock prddutbecame important, replacing native forestsrggathermic pastures.
This activity has negative effects on soil physipedperties and produces reduction of soil orgaaidbon levels due to
forest clearance and animal transit (Caruso e@ll?2). However, it could have a smaller negatiapdct than continuous
agriculture on carbon sequestration and on soisighy properties as animal trampling effects extend lesser depth and
live roots are present in the soil all year long.

The objective of the present study was to determsambon content and soil physical quality of Sublilu@haco soils under
different land uses: agriculture (less than 10 yead more than 20 years under cropping), pasam@ésatural forests.

2. Materialsand Methods

The region of the sub-humid Chaco is part of theaBAmerican Chaco and occupies the southern fohgee eastern part
of the semi-arid Chaco (Vargas Gil, 1988, Figureld)Argentina it covers an area of 45,199.3% kAmnual rainfall ranges
from 700 mm in the West to 1000 mm on the limithwihe humid Chaco (East), it has a monsoon regivith, periods of

marked water deficit during the winter months amel beginning of spring. Average annual temperagigd ° C. The most
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representative soils are Haplustolls and Argiust@dargas Gil, 1988). Crop production is mainly soen crops (soybean,
corn, sorghum and cotton) sown in December andaignwith winter months generally as fallow peripitsorder to store
soil water for the summer crop. In the west of itegion, livestock production on megathermic pastymeedominates. The
natural vegetation is a xerophitic forest with doarice of various species 8thinopsis, Prosopis nigra, Zizyphus mistol

5 and shrubs of the genésacia.
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Figure 1: Location of the Gran Chaco, the Subhumid Chaco and the study area.

A total of 32 sites were selected in an area of (2D ha to the E of Santiago del Estero provindguf€e 1), which were
10 representative of the most common forms of landafghis region: native forest (reference), continsi cropping (rotation
of soybean-soybean-corn under no-till) during défé periods (6-9 years and > 20 years) and nfmae 10-year old
pastures (pasture, Gatton Par®anicum maximum) on the most representative soils (typical Haplilstand Argiustolls)
with silty and clayey texture (Table 1). From eaaltegory, 8 sites (n = 8) located in different fanmere sampled.
In each situation, composite samples were taketo dpn depth from the 0-5 cm layer, the 5-20 cmiagad then every 20
15 cm. Soil organic carbon (SOC) was determined by aeetbustion using the Walkley-Black method (Nel€oSommers,
1996) and coarse particulate organic carbon (2080 212um, CPC), fine particulate organic carbon (2if - 53 um,
FPC) and resistant organic carbon (53 RC) were determined (Cambardela & Elliot, 199®)lk density (BD) was
determined by the cylinder method (Burke et al86)9using 100 crhcylinders. Carbon content mass per unit area was
estimated using sample BD values.
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Table 1: Main characteristics of the soils of the study region.

. Area ) Clay Silt Sand
Soil Order Horizon N N . PH
(%) (gkg?)  (gkg’)  (gkg?)
Typic .
Mollisol 80 A 20 43 37 6.6
Haplustoll
AC 35 47 18 6.7
Typic .
) Mollisol 20 A 25 47 28 6.8
Argiustoll
Bt 41 40 19 6.6

Additionally, four soil sub-samples from the 0-20¢&mer were taken in each situation to determimestinuctural stability
according to the methodology described by Le Bisa@(1996). The aggregate mean weight diameter yIWas used as
an index of structural stability. Penetration rizsise was determined every 5 cm up to 40 cm defithan30°-conical tip
dynamic penetrometer (Burke et al., 1986), takdndeterminations per plot. At the same time soitewaontent was
determined at two depths (0-20 and 20-40 cm), astp&tion resistance varies with it. Data were yrel using analysis of

variance (ANOVA) after checking data normality (Bhma-Wilks test) and variance homogeneity.

3. Results and Discussion

SOC was affected by land use up to a depth of labl€T2). As land use produces changes in BD (ThIBOC content
data has been corrected by BD. Mean SOC contetat L decreased as follows: forest (120.17 Mg hpasture (94.57
Mg ha') and cropped fields (81.82 and 76.49 Mg &9 years and >20 years cropping, respectiveigrd was a
significant reduction in SOC in the cropped plaispared to the forest in the first 20 cm and frahet80 cm depth while
pastures showed this decrease only in the surégee.|Between 34% and 48% of SOC was found initke0 cm, while

in the forest it presented greater stratificatidbobpagy & Jackson, 2000). SOC vertical distribut&mds to follow the
distribution of the root system (Jobbagy & Jack1Q0), the reason why pastures have a higher S@&@t roots are
abundant down to a depth of 80-100 cm.

Land use had differential effects on SOC fracti@iigure 2). At both soil depths, coarse particuleéebon (200Qum -
212um, CPC) showed the greatest differences betweeatniemts. Resistant organic carbon (@53 RC) was the main
constituent of soil organic matter in all situaoexcept in the forest, where CPC was the maitidraevith 65% of total
SOC in the superficial horizon and 55% in the ScB0layer.

SOC content depended on the amount of carbon bated by the vegetation that varied among vegetayipes. Forest had
the greatest content, due to its higher net prirpaoguctivity, pastures represented the intermediatiation, and the lowest
contribution corresponded to crops that in thisaegonsist of one summer crop per year (Folletlet2009). Comparing

4
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cropped and pristine soils in the Pampean regiamzRozas et al. (2011) found that SOC reductmged between 36 and
53%, which placed our regional results in the medal this range of variation. This loss of SOC benexplained by the
lower contribution of crops, the greater mineraima and the greater susceptibility to erosionhefse soils (Alvarez, 2001).
The SOC fraction most affected by land use change tive most labile (CPC, 21ra -20Qum), which represented 6% of

5 total SOC in cropped plots and 57% in pasturesfarasts. The higher CR content in the cropped [{[t886 of total SOC),
showed that there is a shift towards more humifiadtions, which have a lower rate of nutrient matieation, results that
coincide with those obtained by Albanesi et al0@0and Galantini and Sufier (2008).

Table 2: Soil organic carbon (SOC) and bulk density (BD) variation in depth associated with land use: forest, pasture, 6-9 years
10 and >20 years cropped soils. Different lettersindicate significant differ ences between land use categories within each depth layer.
SOC (Mg ha™)

Cropped

6-9years >20years

Depth (cm) Forest Pasture

0-20 5797 a 3207 b 3254 b 3184 b

20-40 1952 a 2067 a 1848 a 19.19 a

40-60 1890 a 1854 a 1162 b 1083 b

60-80 1516 a 1169 b 10.15 bc 7.89 c

80-100 862 bc 1160 a 903 b 674 c

0-100 12017 a 9457 b 81.82 bc 7649 c
BD Mgm?)

Cropped

6-9years >20years

Depth (cm) Forest Pasture

0-20 089 ¢ 110 b 111 b 121 a
20 - 40 096 ¢ 109 b 107 b 114 a
40 - 60 100 d 117 a 107 c¢ 113 b
60 - 80 108 a 111 a 110 a 109 a
80 - 100 114 a 115 a 115 a 116 a

In soils with native forest, BD increased with depfrom 0.88 Mg 1 in the 0-20 cm layer to 1.14 Mgt 80-100 cm
depth. The cropped fields did not follow this treffitieir BD was highest in the surface layer (0-80) and in depth (80-100
cm) and lowest at 20 to 80 cm. The pasture undereass of livestock production had similar valueghe fields cropped
15 for 6-9 years. These higher surface BD values werensequence of the decrease in SOC and maclhiaasyt in cropped
fields (Willhelm et al., 2004, Alvarez et al., 2012and of the mechanical pressure exerted by beésin the pastures
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(Alvarez et al., 2012). Soils under more than 28rgef agriculture had a BD of 1.20 Mg°rm the first 20 cm, 8% higher
than soils under 6-9 years cropping or pasturel(lg m®) and 36% higher than the values of the forest(6c#8 Mg n).
The highest soil aggregate MWD values were measaréarest (1.61 mm) and pasture (1.74 mm) soidues that were
not statistically different. Cropped plots showed average MWD of 0.76 mm, half that of forest arabtpre soils and
5 significantly (P<0.05) different to that of thosea land-use categories. In all land use situatidast wetting was the

treatment that reduced MWD most, reducing the sfzzggregates by 40% when compared with the tra#tofdess stress
(slow wetting by capillarity). MWD, that charactees structural stability, was directly related 8C(r = 0.6, p = <0.01)
and to SOC (r = 0.48, p <0.01). CPC loss of thet 20 cm largely explained the loss of MWD in creg@gsoils. Organic
matter influences soil structure, but at the saime the formation of stabilized aggregates fad#éisacarbon sequestration

10 and provides physical protection to soil carbon W@remadu et al., 2007). However pastures, despitény a lower
amount of coarse particulate carbon @h2-20Qum) than the forest, had the same MWD values. Thiddcrespond to the
presence of a fine root network of the pasturegyf@sitton Panic) that improved aggregate resistansgess.

[ (a). 0-6 cm 35 1 (b). 520 em
L 30
25

20 }a
a,bb  o4s
10
c. blaba “ 5
S N .o
cePC FPC RC crc FPC RC

mForest mPasture  Cropped 6 - 9 years OCropped =20 years

15 Figure 2: Variation of coarse particulate carbon (2000 pm - 212um, CPC), fine particulate carbon (212um - 53um, FPC) and
resistant organic carbon (<53um, RC) associated with land use. A: Depth 0-5 cm. B: Depth 5-20 cm. Different letters indicate
significant differences between land use categories within each depth interval (P<0.05).

Penetration resistance at 0-20 cm depth showedinegarrelation with SWC (Figure 3A). PR of cragpfields was 1.1
20 MPa with 29% SWC, pastures had the same PR valtleaatiepth but with lower SWC (22 g'Rg Forest showed higher
PR values (1.5 MPa) as at the moment of samplifgCSwvas lower (13 g kY. At a greater depth (20-40 cm), no
correlation was found between those two variabfégufe 3B). Fields under more than 20 years of pigphad an average
PR of 3 MPa with high SWC values (27 g'%gSoils with 6-9 years continuous cropping and$ts had PR of 2.2 MPa,
with a SWC of 25% and 14%, respectively. The pashad the lowest PR (0.9 MPa) with a SWC of 21§ Below 20 cm
25 depth there was soil hardening in cropped plotsnewith high SWC values (27 g Ry their PR values werehigher than 2
MPa, which could be critical for root developmehiis would indicate soil compaction due to continsionachinery transit.
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Lower than 1.50 MPa values at 0-20 cm depth coel@tiributed to the high organic matter conterthat depth (Table 2
and Figure 3).
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Figure 3: Functional relationships between soil penetration resistance and gravimetric water content for different land uses at two
5 depths(A. 0-20 cm; B. 20-40 cm).

4. Conclusions
In the study region, SOC content, its quality amtridbution in the profile were sensitive to theaolge in land use. The
conversion of Chaco forests to crop production associated with SOC reductions up to one meterhdaptl with the
decrease of the labile fraction, which occurredniyain the first years after deforestation. Thearporation of pastures

10 proved to be a sustainable practice to mitigatéoCksloss produced by cropping. It is of greatiest to note that carbon
losses are not restricted to the first few cm ef $bil, as is generally shown in organic carbonsrapin greenhouse gas
inventories. The development of models that wouldwathe estimation of SOC changes in depth woutduseful to
evaluate with greater precision the impact of lasd change on carbon stocks. The change in landlsseffected soil
physical properties, such as compaction, lossratstral stability in the first 20 cm and hardenimigthe 20-40 cm depth

15 layer in fileds under no-till. Pastures, despiteitHower SOC and CPC contents than the pristinks,ssad a structural
stability equal to that of the forest, showing thhysical properties are not only correlated with level of carbon in a soil,
but also depend on the type of roots of the rephece vegetation and the stresses applied to thé.soimachinery transit).
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