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Background: SOC importance 
SOC: 
• is a reservoir containing about 

two to three times more carbon 
than the atmosphere or 
vegetation. 

• can significantly impact the 
global carbon cycle.  

• reserves can be lost through 
 inappropriate management 
 practices such as  
– excessive tillage, drainage, or 

removal of plant biomass, or 
other disturbances. 

A simplified version of the carbon cycle in vegetation and soil. 

Source: Steiner, Christopher 2008. Accessed from: 

http://www.biochar.org/joomla/index.php?option=com_content&task=vie

w&id=67&Itemid=7&limit=1&limitstart=4 

Conversely, improvements in land management (e.g., no-tillage, cover 

crops, forage-based rotations, etc.) that promote sequestration of SOC 

can simultaneously sustain or even increase SOC and contribute to the 

drawdown of global carbon dioxide (CO2) emissions  



Source: NASA  Images 



Background: SOC importance 

• SOC is often seen as the 
most important 
indicator of soil quality  

• Measuring and 
understanding changes 
in SOC has thus become 
an essential activity for 
land managers around 
the world 

 
McBride A, et al. 2011. Indicators 
to support environmental 
sustainability of bioenergy 
systems. Ecological Indicators 11(5) 
1277-1289. 



Relevance 
• SOC has received significant attention from 

researchers and policy makers: climate change, 
bioenergy and bio-product industries 

• Lack of consistency in measurement and 
verification methods  

 

 

 

HWSD data sources: 
“…differences in landform, 
parent material, …, and time 
of sampling were often not 
described explicitly in the 
source materials.” 
 
“…variables have been 
determined in many 
laboratories according to 
various methods and these 
methods are not necessarily 
comparable...”  

Source: The European Commission, 2014;  
FAO HWSD, 2009 



Relevance 
US regulations (RFS2 and LCFS) require a lifecycle 
analysis of emissions for nearly all fuel options.  
• GREET model for  GHG emissions, and for estimating GHGs from 

land use change these include SOC emission factor:  
– estimates of emissions from a loss of SOC resulting from a change in land cover 

 

 

 

• Bioenergy producers that can 
show a GHG offset for their fuel 
could have an advantage in the 
increasingly competitive global 
bioenergy market  

• Results of lifecycle analyses are 
extremely important to these 
producers and the end users 
seeking the most sustainable 
bioenergy option Source: Lamers et al., RSER, 15 (2011) 2655– 2676 



Methods: Literature review 

Bioethanol: corn in the US and sugarcane in Brazil  

• focus for many sustainability assessments 

• Aim is for standardized measurement protocols 



Methods: Comparison, and Analysis 

Author Cropa Depth 

(cm) 

Sample Collection  

Method 

Sample 

Design 

Bolinder et al. (1999) C 30 Cores Random 

Clapp et al. (2000) C 30 Cores Random 

Wilts et al. (2004) C/W/O 45 Cores Random 

Duiker and Lal (1999) C/W 30 Cores Systematic 

Halvorson et al. (2005) C/W 15.2 Cores Random 

Hooker et al. (2005) C/W/B 15 Cores Systematic 

Motta et al. (2000) C/S/Co/So 30 Cores Random 

Olson et al. (2005) C/S 75 Cores Systematic 

Al-Kaisa et al. (2005) C-S 15 Cores Random 

Varvel and Wilhelm (2010) C/C-S/S-C 30 Cores Random 

Aziz et al. (2013) C/C-S/W 30  Cores Random 

Evers et al. (2013) C/S/SG 15 Cores Random 

Lee et al. (2007) SG 90 Cores Random 

Yang and Wander (1998) C/S 30 Cores Random 

Yang and Wander (1999) C/S 90 Cores Random 

Rhoton et al. (2002) C/Co 15.2 Cores Random 

Table 1. Summary of reviewed studies measuring SOC for bioenergy crops, US 



Methods: Comparison, and Analysis 
Table 2. Summary of reviewed studies measuring SOC for bioenergy crops, Brazil 

Author Cropa Depth 

(cm) 

Sample Collection  

Method 

Sample 

Design 

Cerri et al. (2004)  Sc 20 Pits Systematic 

Souza et al. (2005) Sc 30 Cores Random 

Razafimbelo et al. (2006) Sc 10   Systematic 

Resende et al. (2006) Sc 60 Pits/auger* Systematic 

Szacks et al. (2007) Sc 30 Pits Systematic 

Galdos et al. (2009) Sc 100 Pits Systematic 

Pinheiro et al. (2010) Sc 100 Pits/ auger* Systematic 

Tivet et al. (2013) Sc 100 Pits   Random 

Rossi et al. (2013) Sc 60 Pits/ auger* Systematic 

Calegari et al. (2008) C/S 60 Pits Systematic 

Sisti et al (2004) S 100 Pits/ auger* Systematic 

Zotarelli et al. (2013) C/S 100 Pits/ auger* Systematic 

Diekow et al. (2006) C 100 Pits Systematic 

*Pits were opened for quantification of soil bulk density and samples for C analysis were from composite samples taken by auguring  



Emerging results and recommendations 
Position and density of sampling points 
• Sampling design is crucial step & the design of an efficient, 

cost-effective sampling and estimation scheme is the main 
challenge researchers face 

• Systematic and random sampling are the two types of 
designs used to estimate carbon stocks  
– Methodologies for carrying out these two designs are well 

documented (e.g., see IPCC, 2006).  
 

• Stratified sampling not commonly used in the reviewed 
studies  
– Stratified random sampling and systematic random sampling are 

useful for within-field variability  
– high variability in soil types and within-field  conditions common  

in many bioenergy producing areas in both the US and Brazil  
– may warrant use of the SRS technique 



Emerging results and recommendations 
Sampling procedures- Number of samples 
• Sample design and statistically reliable results 

– Cerri et al. recommends nine trenches, covering an area of 
one hectare, be evaluated 

– GRACEnet are more vague 

• based on available resources 
 

Sampling procedures- Frequency and timing 
• time taken for soil carbon sink (i.e. a new equilibrium) to 

occur is highly variable 
• IPCC guidelines suggest new steady state > 20 yr 
• Sampling once restricts recognizing how SOC varies 

temporally 
• based on available resources, other external factors 



Emerging results and recommendations 

Sampling procedures- pits and cores 

• Brazil used pits  

– For some investigations, pits were used only to take undisturbed 
samples for bulk density;  

– complement an increased number of samples collected using an 
auger  

• U.S. studies generally          
 collected soil samples           
 with a coring device 

– GRACEnet protocol  

• Emerging technology  

(e.g., rotary core device)   

Soil Sampling, University of Kentucky, College of Agriculture, Food, 

and Environment; Accessed from: 

http://pendleton.ca.uky.edu/sites/pendleton.ca.uky.edu/files/Soil_Sampli

ng.jpg 



Emerging results and recommendations 
Sampling procedures- Sampling 
depth 
• SOC is generally unevenly distributed 

over varying soil depths 

• several studies show that  long-term 
accumulation of carbon also takes 
place in deeper soil layers (e.g., 30-
100cm)  

• Variable depths in US and BR 
– Cerri et al. depth recommendations > 30cm  

– GRACEnet  >100cm 

• budget or time limitations; 
management practices are focus 

Author Cropa Depth 

(cm) 

Cerri et al. (2004)  Sc 20 

Souza et al. (2005) Sc 30 

Razafimbelo et al. (2006) Sc 10 

Resende et al. (2006) Sc 60 

Szacks et al. (2007) Sc 30 

Galdos et al. (2009) Sc 100 

Pinheiro et al. (2010) Sc 100 

Tivet et al. (2013) Sc 100 

Rossi et al. (2013) Sc 60 

Calegari et al. (2008) C/S 60 

Sisti et al (2004) S 100 

Zotarelli et al. (2013) C/S 100 

Diekow et al. (2006) C 100 

Bolinder et al. (1999) C 30 

Clapp et al. (2000) C 30 

Wilts et al. (2004) C/W/O 45 

Duiker and Lal (1999) C/W 30 

Halvorson et al. (2005) C/W 15.2 

Hooker et al. (2005) C/W/B 15 

Motta et al. (2000) C/S/Co/So 30 

Olson et al. (2005) C/S 75 

Al-Kaisa et al. (2005) C-S 15 

Varvel and Wilhelm (2010) C/C-S/S-C 30 

Aziz et al. (2013) C/C-S/W 30 

Evers et al. (2013) C/S/SG 15 

Lee et al. (2007) SG 90 

Yang and Wander (1998) C/S 30 

Yang and Wander (1999) C/S 90 

Rhoton et al. (2002) C/Co 15.2 



Emerging results and recommendations 
Sampling procedures- Sampling depth increments 
• All sampling protocols emphasize the importance of 

sampling soil proportionately (i.e., taking samples from 
a constant horizontal area) 

• Cerri et al. & GRACEnet protocols recommend samples 
to be taken in 10 cm increments throughout the soil 
profile  

• Most of the reviewed literature used     
 depth increments of 5 or 10 cm for the     
 upper soil profile (30 cm)  
– depth increments >30 cm varied substantially 

– 10 to 20 cm increments in BR (in general) 

– 20 to 30 cm depth increments (in general) 

 

http://umbs.lsa.umich.edu/research/fest/fit/methods 



Concluding remarks 

• SOC laboratory processing protocols - Bulk 
Density & Soil C fractionation 

• Long term soil experiments 

– Management practices, baseline data and 
comparisons  

– Chronosequence  

– Estimating SOC over space and time 

Input welcomed as we continue to develop 
recommendations 
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