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Abstract 

 

Soil organic carbon (SOC) is the main terrestrial carbon reservoir. The development of reliable tools for SOC 

stock monitoring at large scale is fundamental to face climate change. The IPCC carbon inventory method is 

based on three tiers. The higher the tier, the greater the estimation accuracy, but also the need for resources. 

Argentinean Semiarid Chaco (ASC) is a deforestation hotspot. In order to improve SOC stocks estimations in 

that region, we developed a Tier 2 (T2) following a proposed approach for regions with information 

limitations. The RothC model was used to derive SOC change factors and empirical data was used to estimate 

SOC under native forest (SOCref). Selected models to predict stock change factor for cropland (Fc) and for 

grassland (Fg) showed very good fit (R2 = 0.89 and R2 = 0.90, respectively). Hence, SOC changes simulated 

with RothC could be predicted with linear models. The stock change factors (Fc and Fg) for forest to cropland 

and forest to grassland conversions were always less than 1. This indicates that deforestation, whether for 

grassland or cropland land use, decreased SOC stocks. We proved that T2 based on RothC simulations 

approach could be applied in ASC, a region with information limitations. 
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Introduction 
The most important anthropogenic greenhouse gas (GHG) is the CO2, and its main sources from human 

activity are primarily from fossil fuel emissions and secondarily from net land use change emissions (IPCC, 

2013). Soil organic C (SOC) stock is the main terrestrial C reservoir and land use change generate CO2 fluxes 

from soil to atmosphere (Lal, 2011). Thus, in the context of international policy agendas on GHG emissions 

mitigation, the development of reliable tools for SOC stock monitoring at large scale is fundamental (Lal, 

2011).  

The Intergovernmental Panel on Climate Change (IPCC) developed a C inventory method (IPCC-CIM) to 

estimate CO2 emissions from soil (IPCC, 2006). The IPCC-CIM is based on three tiers. The higher the tier, 

the greater the accuracy of the outputs, but also the need for knowledge and information (IPCC, 2006). Tier 

1 (T1) is easily applicable but, unfortunately, its estimates showed a very poor match with observed data at 

regional scale (Berhongaray and Álvarez, 2013; Villarino et al., 2014). On the other hand, Tier 2 (T2) and 

Tier 3 development require the availability of much more information resources and, therefore, they would 

be feasible only in special and limited cases.  

In response to T1 limitation, Villarino et al. (2014) proposed a T2 based on simulations performed with the 

RothC model (Coleman and Jenkinson, 1996). By using this approach, a significant improvement was 

obtained over T1 for Argentinean Pampa Region with very little demand for additional information (Villarino 

et al., 2014). In regions where information about SOC stock relations with land use changes is scarce, the 



development of a T2 based on that proposed estimation mechanism, could be a good option to improve SOC 

stock estimations using the IPCC-CIM.  

In South American Semiarid Chaco has occurred the highest rate of subtropical forest loss in the 21st century 

(Hansen et al., 2013), and approximately 62% of this region is located in Argentinean Semiarid Chaco (ASC) 

(Vallejos et al., 2014). The ASC region is a vast plain of about 29 Mha located at north-central Argentina. 

Native vegetation of this region is mainly a xerophytic forest. Deforestation rates in the ASC have increased 

exponentially since 1976, reaching a maximum value (2.5 % yr-1) between 2006 and 2012 (Vallejos et al., 

2014). The main goal of this work was to test the suitability of the IPCC T2 based on RothC simulations 

(Villarino et al., 2014) to estimate SOC stocks along land use change in ASC.  

 

Methodology 

The T2 developed was based on Villarino et al. (2014) proposal (Eq. 1):  

SOC = SOCin x Fi  (Eq. 1) 

where SOC is the estimated SOC stock (Mg ha-1), SOCin is the initial SOC (Mg ha-1), Fi is the stock change 

factor for the i-th land use (i.e. cropland or grassland). 

Forty counties belonging to ASC were evaluated in 1976, 1996 and 2012. Land use change was classified 

into seven categories: forest remaining forest, forest to cropland, forest to grassland, cropland remaining 

cropland, cropland to grassland, grassland remaining grassland and grassland to cropland. Forest change 

area was obtained from remote sensing estimations (Vallejos et al., 2014) and cropland area was taken from 

the Argentinean Integrated Agricultural Information System (SIIA, 2015). It was assumed the area that is 

not neither cropland nor forest, is grassland. 

The SOC stock under native forest (SOCref) was estimated with linear models that predict SOCref as a 

function of soil sand content and mean annual precipitation. Data for model fitting was obtained from soil 

samples (Villarino et al., 2017) and from climate (Bianchi and Cravero, 2010) and soil maps (INTA, 1990; 

Angueira et al., 2007). 

The stock change factor for croplands (Fc) and for grasslands (Fg) were developed from SOC simulations 

with RothC model. For cropland simulations, 11 hypothetical crop rotations that included cotton, maize, 

soybean, sunflower, and wheat were defined for the ASC, based on querying to local experts. These 

rotations were simulated with three rotation yield levels and under two tillage systems (full tillage and no-

till). Carbon inputs were estimated from crop yields. The RothC model simulates SOC stock change under 

full tillage. To simulate no-till system, soil surface condition was loaded in the model as permanently 

covered. For grassland simulations, we assumed that dry matter (DM) productivity of grasslands was 4.6, 

5.7, and 6.7 Mg DM ha-1 when mean annual precipitation of the county was between 487-642 mm, 643-797 

mm, and 798-875 mm, respectively (De León, 2004).  

All scenarios were simulated at 0-30 cm soil depth, under three soil clay percentage levels (3%, 13 % y 20 

%), and during 10, 20, 30, 40, and 50 years. The average age of a new grassland or cropland area within a 

period was calculated as the difference between the ending and the starting years of the period divided by 

two (Villarino et al., 2014). The starting points for croplands simulations were forest at equilibrium, 

estimated with the inverse mode of RothC model and for grassland simulations were five initial SOC stocks 

obtained from cropland simulations (55, 42, 36, 30, and 18 Mg C ha-1). With all possible combinations, 

2970 data of Fc and 675 data of Fg were obtained. Then, multiple linear regression models were fitted to 

predict Fc or Fg using soil clay content (g 100 g-1), cotton, maize, soybean, sunflower, and wheat 

proportions (%) in the rotation, weighted average yield (average of each crop yield weighted by the 

proportion of each one in the rotation), initial SOC stock, elapsed time under cropland or grassland, tillage 

system, and DM production level as predicting variables. Finally, the best model was selected through 

graphical analyses of the residuals and the highest R2 criterion. 

  



Results  
Selected models to predict Fc and Fg showed very good fit (R2 = 0.89 and R2 = 0.90, respectively, Table 1). 

Hence, SOC changes simulated with RothC could be predicted with linear models (Table 1).  

 

Table 1: Summary of fitted linear models to predict stock change factor for croplands (Fc) and for grassland (Fg) 

Response 

variable 
Predictor variable 

Estimated 

parameter 
Standard error p-value 

Fc 

Intercept 5.422 0.307 <0.000001 

Clay (g 100 g-1) 0.001352 0.000136 <0.000001 

Time (yr) -0.00788 0.000102 <0.000001 

Soybean (%) -0.04536 0.003065 <0.000001 

Maize (%) -0.04549 0.003065 <0.000001 

Wheat (%) -0.04302 0.003054 <0.000001 

Sunflower (%) -0.04436 0.003089 <0.000001 

Cotton (%) -0.04568 0.003071 <0.000001 

Weighted yield (Mg ha-1) 0.04594 0.001176 <0.000001 

SOCi (Mg ha-1)2 -0.000058 0.000001 <0.000001 

NT 0.05165 0.003589 <0.000001 

Time (yr) * NT 0.001962 0.000135 <0.000001 

Fg 

Intercept 1.312 0.01957 <0.000001 

Time (yr) 0.00779 0.000466 <0.000001 

SOCi (Mg ha-1) -0.02081 0.000844 <0.000001 

SOCi2 (Mg ha-1)2 0.000204 0.00001 <0.000001 

DM-5.7  0.05383 0.0045 <0.000001 

DM-6.7 0.1058 0.004522 <0.000001 

Clay (g 100 g-1) 0.007798 0.001287 <0.000001 

Clay2 (g 100 g-1)2 -0.000156 0.000056 0.00526 

Time (year) * SOCi (Mg ha-1) -0.000262 0.000013 <0.000001 

 

SOCi: initial soil organic carbon. NT, DM-5.7, and DM-6.7 are categorical variables. For croplands under 

no-till (NT) system, NT = 1, and under full tillage NT = 0. For grasslands, when dry matter (DM) 

production is 4.6 Mg DM ha-1, DM-5.7 = 0 and DM-6.7 = 0, when DM production is 5.7 Mg DM ha-1, DM-

5.7 = 1 and DM-6.7 = 0, and when DM production is 6.7 Mg DM ha-1 DM-5.7 = 0 and DM-6.7 = 1. The 

asterisk (*) indicates interactions between predictor variables. The adjusted R2 of Fc and Fg models were 

0.89 and 0.90, respectively. 

 

The stock change factors (Fc and Fg) for forest to cropland and forest to grassland conversions were always 

less than 1. This indicates that deforestation, whether for grassland or cropland land use, always decreased 

SOC stocks (Fig. 1). The Fg for forest to grassland conversion was between 0.87 and 0.88 and the Fc for 

forest to cropland conversion was between 0.77 and 0.91 (Fig. 1). The Fc for cropland remaining cropland 

was always lower than the Fg for grassland remaining grassland (Fig. 1). This means that cropland 

remaining cropland loss more SOC proportions than grassland remaining grassland.  

 



  

Fig. 1: Stock change factors for croplands (Fc) and for grasslands (Fg) used to estimate soil organic carbon changes in 

grassland (SOCg) and cropland (SOCc) for each evaluation year (bold number inside ovals). Circular arrows indicate 

grassland remaining grassland (solid) and cropland remaining cropland categories (dashed). SOCref: soil organic carbon 

under forest. Number between brackets are the standard deviation. 

 

The highest SOCref stocks were estimated for the north-east and south-east, whereas the lowest SOCref 

stocks were estimated for the center-east of the ASC. Between 1976 and 2012, the average SOC stocks were 

estimated as maintained similar to SOCref in north and south of ASC, whereas a tendency to SOC decrease 

was estimated in the central ASC (Fig. 2). 

 



 
 

Fig. 2: Soil organic carbon under forest (SOCref) and average soil organic carbon (SOC) stocks in the Argentinean 

Semiarid Chaco counties in 1976, 1996 and 2012. 

 

Discussion 
The Fc for forest to cropland conversion grew from 1976 through 2012 (Fig. 1). This could be explained by 

the model parameters in the Fc model (Table 1). The positive value of weighted yield parameter (Table 1) 

indicates a positive correlation between SOC stocks and crop yields, and these last grew from 1976 to 2012 

(SIIA, 2015). On the other hand, switching from full tillage to no-till strongly affects SOC dynamics and, in 

many situations, causes a SOC accumulation near soil surface (West and Post, 2002). In agreement with 

this, the estimated parameter for no-till was positive (Table 1). No-till system was introduced in the 1990s. 

Hence, this tillage system change led to an increase in Fc in 2012. 

For 16, 10 and 8 yr under cropping after deforestation, Fc’s of 0.75, 0.85 and 0.90, respectively, were 

estimated in ASC from observed data (Villarino et al., 2017). The Fc’s estimated in this work for these 

cropping ages were 0.77, 0.84 and 0.91 (Fig. 1). Therefore, there is a high degree of agreement between 

studies. The Fg for forest to grassland conversion was between 0.87 and 0.88. Caruso (2008) studied 11 sites 

in ASC where forest changed to grassland, and the average SOC change under grassland was -24% (Fg = 

0.76). However, this average resulted from an extremely high range, with a maximum of 6% (Fg = 1.06) 

and a minimum of -43% (Fg = 0.57). In other ASC sites, Ciuffoli, (2013) observed -30 and -10 % SOC 

changes for 4 and 31 yr since forest to grassland conversion, respectively (Fg between 0.7 and 0.9). Hence, 

these studies (Caruso, 2008; Ciuffolli, 2013) suggest that forest to grassland conversion leads to highly 



variable SOC changes. Nevertheless, the Fg’s estimated in this work (Fig. 1) have a moderate degree of 

agreement with the observed values (Caruso, 2008; Ciuffolli, 2013). 

 

Conclusions 
In this work we proved the IPCC T2 based on RothC simulations approach (Villarino et al., 2014) could be 

applied in ASC, a region with information limitations. The estimated stock change factors of T2 were 

similar to the reported in other studies carried out in ASC. We encourage to countries or regions that are 

using T1 due to data limitation to derive a similar T2 method using our proposed approach. 
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