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Abstract 

Carbon sequestration, reported as gains in carbon stocks, requires measurement of carbon concentration and 
bulk density of soil. Nineteen perennial pasture sites were sampled in the Boorowa region, south-eastern 
NSW to compare: i) the influence of core diameter size (155 mm vs 75 mm vs 40 mm) on bulk density and 
ii) carbon density (Mg C ha-1 to 0.30 m) calculation (fixed depth vs equivalent soil mass) on total soil carbon 
stock. Bulk density was significantly different (P <0.05) with core diameter size for all soil layers to 0.30 m 
with the exception of the 0.05 to 0.10 m soil layer. However, due to the variability in carbon concentration in 
soil there was no significant difference in carbon stocks calculated using either the fixed depth or equivalent 
soil mass carbon density values regardless of core diameter size. The mean carbon stock (Mg C ha-1 to 0.30 
m) calculated for the fixed depth and equivalent soil mass carbon density values using the 155 mm, 75 mm, 
40 mm diameter cores was 50.9 (7.4 sd) vs 49.9 (7.3 sd) 53.8 (8.3 sd) vs 53.1 (8.2 sd), and 50.9 (8.4 sd) and 
49.9 (8.0 sd), respectively. Based on these findings, the diameter of the cores used for bulk density 
measurements for carbon stock calculation should be selected based on operational ease and sampling 
efficiency rather than notions of precision of carbon stock reporting.  
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Introduction 

In Australia, trading carbon (C) that is stored in soil is increasingly being promoted as a new source of 
revenue for landholders. The mass of C in soil per hectare, also known as the “carbon stock”, is a product of 
the C concentration, bulk density (BD) and the depth of soil sampled (Lal et al. 2001). To reliably account 
for changes in C stock in soil and to minimise error in C stock calculations it is essential to have accurate 
measurements of both C concentration and bulk density (Lee et al. 2009, Wilson et al. 2010). 
 
There are two main ways to calculate the C stock in soil: 1) fixed depth carbon density (FDCD) where the C 
concentration is multiplied by the bulk density to a fixed depth and 2) equivalent soil mass carbon density 
(ESMCD) where carbon stock calculations are made using carbon concentration and bulk density over a 
varying soil thickness equivalent to a mass of soil from a base or reference site (Holmes et al. 2012, Lee et 
al. 2009, Wilson et al. 2010). The FDCD calculation is the most common calculation however, it can over- 
or under-estimate changes in carbon stocks which may result from changes in land use and management (Lee 
et al. 2009, Wilson et al. 2010). For example, management such as the establishment of perennial pasture 
may increase the concentration of C in soil thereby decreasing the density of soil (Malamoud et al. 2009, 
Rawls et al. 2003). Therefore the FDCD calculation may show no overall increase in carbon stock, where in 
reality the carbon stock has increased, but so to has the relative depth of soil. The ESMCD calculation 
accounts for changes and variations in bulk density associated with C gains and provides a more accurate 
measurement of changes in C stock (Lee et al. 2009, Schrumpf et al. 2011).  
 
In Australia, the current convention for monitoring C in soil recommends collecting a minimum of three bulk 
density measurements using a minimum core diameter of 40 mm from for each soil layer (0-0.10, 0.10-0.20 
and 0.20-0.30 m) per site (Sanderman et al. 2011). This paper compares the effect of three core diameter 
sizes on bulk density measurements. We explore the impact of bulk density core size on carbon stock 
calculations using the FDCD and ESMCD methods.  
 



Methods 

Site location and sampling 
Nineteen sites were sampled in the Boorowa region, south-eastern NSW. Sites included native and 
introduced perennial pastures. Native pastures typically contained danthonia (Austrodanthonia), microlaena 
(Microlaena stipoides) and stipa (Austrostipa scabra). Introduced pastures were typically comprised of 
phalaris (Phalaris aquatica L.) and cocksfoot (Dactylis glomerata L.). Both pasture types included exotic 
annual species such as subterranean clover (Trifolium subterraneum).  
 
The soil profiles of sampled sites site were classified as either Kurosols or Chromosols (Isbell 2002). The 
ranges of selected chemical properties of sampled sites are reported in Table 1. 
 
Sites were sampled in autumn 2010 to 0.30 m at 0-0.05, 0.05-0.10, 0.10-0.20, and 0.20-0.30 m depth 
intervals according to SCRP protocols (Sanderman et al. 2011). Cores were collected to at least 0.50 m to 
ensure a good quality core. Soil was sampled using 3 core diameters; 155 mm (n = 4), 75 mm (n = 4) and 40 
mm (n = 4). Cores were located independently across the paddock area. A Proline soil auger was used to 
collect the 155 mm diameter cores while a hydraulic soil corer was used for the 75 and 40 mm diameter 
cores.  
 
Table 1 Soil chemical properties (0 to 0.30 m): The range for pH (CaCl2), Colwell phosphorus (P), 
sulfur (S, KCl 40), CEC (cmol+/kg), Total Carbon (TC, g/100g) and Total Nitrogen (TN, g/100g). 
Phosphorus and Sulfur measured on the surface 0.20 m only.  
Depth (m) pH (1:5 CaCl2) P (mg/kg) S (mg/kg) CEC (cmol+/kg) TC (g/100g) TN (g/100g) 
0 - 0.05 4.23 - 6.17 9 - 61 13 - 48 4.27 - 13.15 1.54 - 3.72 0.11 - 0.31 
0.05 - 0.10 4.07 - 5.37 6 - 21 10 - 26 2.59 - 6.71 0.89 - 1.67 0.06 - 0.14 
0.10 - 0.20 4.08 - 5.45 4 - 12 7 - 25 1.91 - 5.87 0.46 - 0.89 0.02 - 0.07 
0.20 - 0.30 4.17 - 5.43 … … 2.19 - 7.80 0.25 - 0.64 0.01 - 0.06 

 
Analytical methods 
Bulk density was determined for each depth interval of the twelve cores collected at each site as described by 
Dane and Topp (2002). Four measurements per diameter were averaged according to the Australian soil 
monitoring protocol (McKenzie et al. 2002). Results were calculated as BD in Mg/m³ (equivalent to g/cm³) 
on an oven-dry basis to the nearest 0.01 Mg/m³.  
 
Chemical analyses were conducted on composite samples for each depth increment Soil samples were 
prepared for chemical analysis as described by Rayment and Higginson (1992; Method 1B1). All samples 
were tested for carbonates using HCl and observing the degree of effervescence (Rayment and Lyons, 2011; 
Method 19D1). No samples required pre-treatment for inorganic C. Total Carbon (g/100g) was determined 
on all samples using a LECO (CNS 2000) combustion furnace (Merry and Spouncer, 1988, Rayment and 
Higginson, 1992; Method 6B3).  
 
Results for this paper are reported as C stock in Mg C ha-1 calculated by: 
1. Fixed depth carbon density  

FDCD (Mg C ha-1) to 0.30 m = carbon concentration (g/100g) x bulk density (g/cm3) x depth (cm) 
2. Equivalent soil mass carbon density (Baldock 2012) 

ESMCD (Mg C ha-1) to 0.30 m = a + (((b - c) ÷ d) x e) 
Where; a= FDCD (Mg C ha-1) to 0.20 m, b= 10th percentile of soil mass per hectare 0-0.30 m of all sites in 
the comparison (155 mm core = 4818 Mg ha-1, 75 mm core = 5278 Mg ha-1 and 40 mm = 4987 Mg ha-1), c= 
soil mass per hectare 0-0.20 m, d= soil mass 0.20-0.30 m, and e= FDCD (Mg C ha-1) 0.20-0.30 m. 
 
Statistical analysis 
Statistical analyses were performed using GENSTAT v.8 (VSN International Ltd, UK) software. Differences 
at P = 0.05 were assessed using ANOVA for bulk density using the three different core diameter sizes and 
similarly for 0-0.30 m (all soil layers) for FDCD and ESMCD values. Differences between sites are 
interpreted as random effects and considered to be blocking elements. Core diameter was considered a fixed 
effect and therefore differences in bulk density between cores of different diameter are interpreted as being 



due to the choice of the core size. Interaction of sites (random) and diameter (fixed) is a random effect and 
forms the denominator for testing the F statistic for the presence of diameter effects.  
 
Results and Discussion 

Core diameter had a significant effect on bulk density for all soil layers with the exception of the 0.05-0.10 m 
soil layer (Table 2 and 3). In the 0-0.05 m soil layer, there was a difference between the 40 and 75 mm 
diameter core. In the 0.10-0.20 m soil layer, all three diameters are different from each other (155 < 40 < 75 
mm). In the 0.20-0.30 m soil layer, the 40 and 155 mm diameter core are different from one another. There 
was also a significant interaction between diameter and site indicating that the effect of core diameter on 
bulk density varied with site and soil layer (Table 3).  
 
The variance in bulk density for each core diameter and soil layer at each site was calculated (data not 
presented). Samples collected with the 155 mm diameter core displayed the greatest variance in all except 
the 0.10-0.20 m soil layer. This may reflect the difficulty in collecting bulk density samples using large 
diameter cores with the Proline soil auger, particularly in surface soil and where there is an abrupt soil 
textural change in the profile (i.e. 0.20-0.30 m). Samples collected with the 40 mm core displayed the least 
variance for all except the 0.10-0.20 m soil layer. We suggest that this was due to the impacts of the 
hydraulic corer on the poorly structured A2 horizon with such a small (40 mm) diameter core.  
 
Collection of 40 mm and 75 mm diameter bulk density samples using a hydraulic soil corer is more cost 
effective, time efficient, and with the evidence provided in this study, more reproducible than wider diameter 
cores collected using the Proline soil auger. Further research is required to measure the impacts of soil 
moisture at the time of sampling on bulk density measurements using different core sizes. 
 
Table 2. Mean Total Carbon (g/100g) and bulk density (g/cm3) for soil layers from all sites. Values in 
brackets are standard deviation. Probability (F pr.) and least significant difference (l.s.d.) presented.  

Core Diameter (mm) 
155 75 40 

 
Soil depth 
(m) 

 
TC 

(g/100g) BD (g/cm3) BD(g/cm3) BD(g/cm3) 

 
F pr. 

 

 
l.s.d (5%) 

 
0-0.05 2.57 (0.53) 1.13 1.16 1.08 0.07 0.07 
0.05-0.10 1.17 (0.21) 1.26 1.33 1.30 0.10 0.07 
0.10-0.20 0.59 (0.09) 1.33 1.47 1.41 <0.001 0.06 
0.20-0.30 0.39 (0.10) 1.41 1.53 1.46 0.04 0.05 
 
Table 3. ANOVA of core diameter and site interactions on BD (g/cm3) for soil layers with degrees of 
freedom (d.f.), sum of squares (s.s.), mean square (m.s.), variance ratio (v.r.) and probability (F pr.).  
Depth (m) Source of variation d.f. s.s. m.s. v.r. F pr. 
0-0.05 Site 18 2.04 0.11 2.42  
 Site.Diameter stratum - Diameter 2 0.27 0.14 2.92 0.067 
 Residual 36 1.69 0.05 2.01  
0.05-0.10 Site stratum 18 0.66 0.04 0.89  
 Site.Diameter stratum - Diameter 2 0.20 0.10 2.43 0.102 
 Residual 36 1.49 0.04 2.05  
0.10-0.20 Site stratum 18 0.75 0.04 1.27  
 Site.Diameter stratum - Diameter 2 0.72 0.36 10.86 <.001 
 Residual 36 1.19 0.03 1.75  
0.20-0.30 Site stratum 18 1.90 0.11 4.68  
 Site.Diameter stratum - Diameter 2 0.16 0.08 3.46 0.042 
 Residual 36 0.81 0.02 1.02  
 
There was no significant difference in C stocks calculated using either the FDCD or ESMCD values 
regardless of core size (Table 4). This finding reflects the greater variability in C concentration than bulk 
density measurement (Table 2). This agrees with the Holmes et al (2012) study. All sites sampled in this 
study were perennial pastures on Chromosols and Kurosols. It could be expected that greater differences 
would have been found on soil types exhibiting larger differences in profile properties and soils under more 



intensive management. It is also anticipated that the ESMCD calculation would perform more accurately and 
reliably when quantifying temporal variations in C stock under land management systems where bulk density 
may significantly change. Further research is required to determine the sensitivity of core diameter used to 
determine bulk density and/or the method used to determine C stock calculation (FDCD vs ESMCD) under 
different land use, for example cropping, or soils that are heavier in texture, for example Ferrosols.  
 
Table 4. Mean carbon density (Mg C ha-1 0-0.30 m) using FDCD and ESMCD values for different core 
diameter sizes with standard deviation in brackets. The difference in mean CD values is reported.  

Core Diameter (mm) Carbon density calculation 
155 75 40 

FDCD 50.9 (7.4) 53.8 (8.3) 50.9 (8.4) 
EMCD 49.9 (7.3) 53.1 (8.2) 49.9 (8.0) 
Difference between FDCD and EMCD + 1.00 + 0.71 +0.96 
 
Conclusion  

The diameter of the core used to take soil samples for the determination of soil C stock does influence the 
variability of bulk density measurements and this effect changed with soil depth. Despite these observations, 
the reported influence of core diameter on variability in bulk density measurements did not lead to 
significant differences in the C stocks of the soils calculated as either FDCD or ESMCD. Therefore it is 
apparent that the variability of soil C has a greater influence on the reported measures of C stocks than the 
diameter of the core used to take the bulk density samples. Based on these findings the diameter of the cores 
used for bulk density measurements in perennial pastures for carbon stock calculations should be selected 
based on operational ease and sampling efficiency rather than notions of precision of carbon stock reporting.  
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