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ABSTRACT 

Globally, most agricultural systems have lost 40 to 70% of their natural soil organic 

carbon (OC) through removal of harvest product and past management practice. It is 

critical to identify and implement practices that minimise or reverse the decline in soil 

carbon while balancing economic sustainability and global food needs. Increasing OC 

storage in agricultural soils provides an opportunity to offset greenhouse gas emissions, 

improve soil health, fertility, structure, water-holding capacity and plant productivity.  

The amount of stored OC varies among soil types and is strongly influenced by clay 

concentration. Sandy soils often have low OC content because of low input from limited 

plant growth and rapid decomposition due to low clay concentration. Sandy soils cover 

a large proportion of Australia’s agricultural region and are common worldwide. Thus, 

increasing OC in sandy soils is a good opportunity for increased OC storage. In natural 

soils, there is a positive correlation between clay and OC concentration because binding 

of OC to clay reduces decomposition by soil microbes. Therefore, the addition of clay 

to sandy soil has the potential to increase OC storage.  

Subsoil clay addition to sandy soils is a practice used in South Australia, Victoria and 

Western Australia to overcome water repellence and increase water retention, fertility 

and plant productivity. The addition of subsoil clay to sand creates clods of different 

sizes, from a few mm to more than 200 mm in diameter distributed in the soil profile. 

The method chosen for subsoil clay addition can influence clod size and distribution in 

the soil profile. Little is known about the potential of clay-amended soils to increase 

OC content and whether clay addition methods can be optimised to increase the OC 

storage capacity. The aim of the thesis was to determine the effect of subsoil clay 

addition to sand on clay distribution and OC content. 
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A series of field studies and two incubation experiments were carried out to determine 

the effect of subsoil clay addition to sand on OC and clay distribution and content. 

Procedures were validated to ensure sampling captured the variability of OC and bulk 

density in clay-amended soil. The distribution of clay and OC in the soil profile was 

quantified for clay-amendment methods. In addition, the effects of clod size, clod 

chemical properties and amount of added subsoil clay on OC concentrations were 

evaluated. 

In the first study the number of soil samples required within a 25-m grid for accurate 

OC and bulk density measurement in clay-amended soils was determined. Further, OC 

concentration, bulk density and OC stocks in sandy soil without and with clay addition 

were measured. The study was carried out on two agricultural properties in South 

Australia (one in the South East, the other on Eyre Peninsula), where sandy soils 

without clay addition (1–3% clay) were compared with three methods of kaolinitic 

subsoil clay addition to sand (clay spread, delved or spaded). Within a 25 m x 25 m 

sampling area, twenty randomly allocated soil cores to 50 cm depth were collected after 

harvest. The results showed that 10 randomly allocated cores within a 25 m x 25 m 

sampling area was sufficient to represent the variability of OC concentration in sandy 

soil without and with clay addition. Two to three samples were required within the 

sampling area for accurate representation of bulk density. Stratified sampling is 

recommended for delved sites with sample allocation based on the proportion of area 

represented by delve lines and that between delve lines. Subsoil clay addition to sand 

increased OC stock in 0-30 cm depth by up to 14 t ha–1 in the South East and 22 t ha–1 

on the Eyre Peninsula. OC stock increase was site specific. OC stock was influenced 

by the clay addition method and dependent on the amount of clay added and depth of 

incorporation. Clay spreading increased clay and OC close to the soil surface, delving 
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increased them at depth and spading distributed OC and clay evenly within the mixed 

depth. 

The second study assessed i) size, number and vertical distribution of clods and OC at 

two field sites with clay addition and ii) the effect of clod size and properties on OC in 

incubation experiments. Two field sites, Eyre Peninsula (EP) and South East (SE) with 

different clay addition method, spaded or delved, were studied. Soil was excavated from 

a 30 cm quadrat in 10 cm increments from 0 to 40 cm, sieved into various clod sizes in 

which soil mass, clod number and OC concentration were determined.  Subsoil clay 

properties from 40-60 cm depth including clay concentration, pH, exchangeable 

cations, iron and clay mineralogy from both sites were analysed. Delving elevated clay 

and created few, mainly large clods, which were poorly distributed in the sandy soil. 

Spading mixed clay from 20-30 cm below the soil surface and created many, smaller 

clods, which were more evenly distributed within 0-30 cm than with delving. OC 

concentration was highest in the smallest clods, particularly those from close to the soil 

surface. Clod number per unit of soil mass was more important for OC stock than OC 

concentration of the clods. Clods collected from the two field sites were further used in 

incubation experiments to determine the effect of clod size and properties (clay and iron 

concentration) on potential accumulation and protection of OC. In the accumulation 

experiment, subsoil clay was collected at depth greater than 40 cm from EP and SE 

crushed and sieved to clods of 2-6 and 6-20 mm size. The clods were added to sand at 

80 mg clay g-1 sand and incubated with monthly wheat residue addition for 300 days at 

a water content optimal for microbial activity. In the protection experiment, 2-6 mm 

and 6-20 mm clods collected from 0-10 cm depth at the SE site were added to sand at 

80 mg clay g-1 sand and incubated for 420 days at a water content optimal for microbial 

activity. Smaller clods (2-6 mm) accumulated OC at a higher rate and offered greater 

protection to decomposition by microbes than larger clods (6-20 mm). Clod properties, 
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clay concentration and sesquioxide content influenced OC concentration of 6-20 mm 

clods but not the 2-6 mm clods. This suggested that the large surface area of the 2-6 

mm clods minimised the effect of clod properties. Furthermore, clod number was a 

critical factor in increasing OC stock. Due to different clay concentration in the EP 

(58%) and SE (39%) subsoil, to achieve the same target clay addition rate more clods 

were added per pot for SE compared to EP. OC concentration of the 2-6 mm clods did 

not differ between EP and SE, thus the higher OC stock in the clods from the SE site 

was driven by clod number (mass). The higher clod number increased the total surface 

area and thus the chance that added wheat residue would come in contact with the clod 

surface. We conclude that in clay-amended soils the addition of many, smaller clods 

distributed throughout the depth of modification can maximise OC content. 

The third study aimed to i) compare OC stock in a range of clay-amended and 

unamended sandy soils under cereal cropping in South Australia and ii) identify factors 

that influence OC stock to develop best practices to increase OC storage in clay-

amended sandy soils. The study was carried out on four agricultural properties in South 

Australia. Soil OC content, clay content and selected physical and chemical properties 

of clay-amended treatments and unamended sands were measured. Clay amendment 

treatments differed in the method of clay addition (clay spread or delved), depth of 

incorporation (shallow and deep) and amount of subsoil clay added to the surface 30 

cm. Soil cores to 50 cm depth were collected within a 25 m x 25 m sampling area. There 

was a positive correlation between OC and clay stock, but it only explained 46% of the 

variation in OC stock. This indicated that other factors influenced OC stock in clay-

amended treatments. Even vertical distribution of clay within the surface 30 cm was a 

key factor in increasing OC storage in clay-amended soils. Subsoil clay properties and 

amount added to the surface 30 cm, as well as depth to undisturbed subsoil also 

influenced OC stock.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Introduction 

Organic carbon (OC) is essential for a number of soil physical, chemical and biological 

processes (Baldock and Skjemstad 1999) and is strongly associated with soil health and plant 

productivity (Hoyle 2013). Soil OC also plays a role in offsetting atmospheric carbon dioxide 

(CO2) emissions that are contributing to climate change (IPCC 2001). Soils are recognised as 

the largest terrestrial sink for OC, holding three times the amount stored in vegetation and twice 

as much as that present in the atmosphere (Batjes 1996). For carbon sequestration to occur, 

there needs to be transfer and storage of carbon from the atmosphere to the soil. Soil can act as 

both a sink and source of OC. Agricultural management can disrupt the natural soil OC and 

nutrient cycling balance causing a decline in the OC of agricultural soil (Lal 2004). The 

potential of agricultural soils to sequester OC has been widely debated with concern about the 

ability to store additional OC (Powlson et al. 2011); the rate at which soil OC can accumulate 

(West and Post 2002); the concept of OC saturation (Canadell et al. 2007) and equilibrium 

(Jenny et al. 1949); and the longevity of OC sequestered in soil (Johnston et al. 2009).  

Globally, most agricultural ecosystems have lost 50 to 70% of their natural soil OC pool (Lal 

2007). It is critical to identify and implement practices that minimise or reverse the decline in 

soil OC whilst balancing economic sustainability and global food needs. Restoring some of this 

OC is an opportunity for sequestration (McCarl et al. 2007); under intensive agricultural 

practices, sequestration rates of 0.3-0.5 Mg C ha-1 yr-1 of C are possible (Lal 2007). It is 

estimated that cropped soils will take 20-30 years before OC saturation occurs and a new 

equilibrium is reached (Minasny 2017, Sommer and Bossio 2014).  
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Given the highly weathered soils, and often harsh and dry climate across much of Australia’s 

cropping region, findings from more temperate northern hemisphere trials should be viewed 

with caution (Kirkegaard 1994). A review by Sanderman et al. (2010) established that under 

Australian conditions, conversion of native land for agriculture has resulted in 40 to 60% loss 

of soil C.  Under improved management of cropland (such as improved rotation, adoption of 

no-till or stubble retention) compared to conventional management, sequestration rates of 0.2-

0.3 Mg C ha-1 yr-1 can be expected. Furthermore Sanderman et al. (2010) state that the greatest 

theoretical potential for C sequestration within existing agricultural systems will likely come 

from large additions of organic materials (manure, green wastes, biochar), maximising pasture 

phases in mixed cropping systems, shifting from annual to perennial species in permanent 

pastures, with the greatest gains expected from more radical management shifts such as 

conversion from cropping to permanent pasture and retirement and restoration of degraded land.  

The addition of clay to sandy soils also has the potential to increase soil OC storage through 

improved plant growth (above and below ground) and increased stabilisation by binding to clay. 

This literature review describes factors that affect OC storage in agricultural soil, and identifies 

those important under Australian conditions and their influence on soil OC. The possible 

opportunities for increasing OC in sandy soil with subsoil clay addition are described and 

benefits to agricultural productivity discussed. Additional factors that may influence OC 

storage in clay-amended soil are discussed and research gaps identified. 

1. Factors affecting soil OC storage 

Soil carbon (C) is present in both inorganic (IC) and organic (OC) forms. IC is mineral-based, 

derived from lithogenic and pedogenic processes, relatively stable and with the exception of 

liming, not strongly influenced by land management practices. IC is not included in calculations 

for OC sequestration. OC is the C associated with soil organic matter and ranges between 40-

60% of organic matter by weight (Chan 2008). Soil organic matter includes all living and non-
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living organic material in the soil (Baldock and Skjemstad 1999) including plants, soil fauna, 

microbial biomass and plant residues. OC can be influenced by land management practices and 

is the form of C used to calculate sequestration. 

OC plays a critical role in the soil, creating aggregates of soil particles, stabilising structure, 

increasing water infiltration and overall water holding capacity, storing and releasing nutrients, 

and improving cation exchange and buffering capacity (Baldock 2007, Hoyle 2013, Krull et al. 

2004). Accordingly, increasing soil OC is not only important for C sequestration but also for 

improved land management, fertility, water use efficiency, productivity (Chan et al. 2003, Lal 

2004, Liddicoat et al. 2010, Sanderman et al. 2010), reduced erosion and increased resilience 

against the impacts of climate change (Paustian et al. 2016).  

The amount of OC in soil is the balance between the rates of input (plant residue, composts or 

manures) and output (CO2 release as a result of microbial decomposition, leaching and soil 

erosion). There are a number of factors that individually or in combination affect the total 

amount and distribution of OC in the profile, including soil type, climate, topography and soil 

biota (Krull et al. 2004). 

Ingram and Fernandes (2001) grouped factors influencing soil C storage into potential, 

attainable and actual. Potential storage is determined by the soil type factors including; clay 

content (potential is greater for clay than sandy soils), mineralogy (high cation exchange 

capacity and presence of multivalent cations such as calcium, aluminium and iron enhances C 

sequestration), soil depth (OC decreases with depth) and bulk density. Attainable storage is 

determined by environmental factors (climate and solar radiation) that affect plant production. 

Actual storage is determined by management practices that increase inputs or decrease losses. 

Optimising management practices will allow OC storage to increase up to but not beyond the 

attainable storage because of limitations affecting plant productivity. Thus, the only way to 

further increase OC is to permanently change the soil type, alter plant productivity through 
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efficient use of resources such as water and/or regularly add an external source of OC. However, 

for long-term storage, any OC added to the soil must be stabilised, as OC added beyond the 

protective capacity of the soil’s clay component will be more susceptible to decomposition 

(Krull et al. 2001).  

Stabilisation of soil OC can be defined as any process which slows the decomposition process 

(Sanderman et al. 2010). The processes can be divided into two categories (Lützow et al. 2006, 

Six et al. 2002): 

1. spatial inaccessibility of OC to microbes and enzymes through protection via soil 

aggregation (Six et al. 1999, Six et al. 2002, Tisdall and Oades 1982), storage in pores 

too small for most bacteria and fungal hyphae (Van Veen and Kuikman 1990), sparse 

and variable distribution of microbes and enzymes in the soil (Ekschmitt et al. 2008, 

Young et al. 2008), and hydrophobicity of OC as a result of partial degradation 

(Bachmann et al. 2008, Dal Ferro et al. 2012).  

2. restricting access of microbes and enzymes by interaction of OC with minerals, metal 

ions and other organic substances involving sorption on minerals, complexation and 

precipitation with polyvalent metals (Denef et al. 2001a, 2001b; Fernández-Ugalde et 

al. 2011; Lutzow et al. 2006; Rakhsh et al. 2017; Saidy et al. 2012; Six et al. 2004, 

Sanderman et al. 2010). 

Stabilisation mechanisms of OC differ in longevity 1) soil biochemical recalcitrance: a few 

years to decades, 2) physical inaccessibility: decades to centuries, and 3) organo-mineral and 

organo-metal interactions: centuries to millennia (Kögel-Knabner et al. 2008). However, any 

change of land use (e.g. cropping to pasture) alters the OC balance and attaining a new 

equilibrium can take 25 (Alvarez 2005) to more than 50 years (Baldock and Skjemstad 1999). 
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1.1. Australian Climate and Environmental Conditions 

In Australia, soil OC stock varies greatly across the continent (Minansy et al. 2017) ranging in 

the surface 30 cm from less than 10 t ha-1 in arid regions to 250 t ha-1 in cooler and wetter 

regions in natural ecosystems (Luo et al. 2010). Water availability has a major influence on OC 

stock in Australia, where both the total amount and distribution of annual rainfall is important 

(Hobley and Wilson 2016). Total average annual rainfall varies between 100 mm to 3000 mm 

but over 80% of Australia has rainfall below 600 mm with 50% below 300 mm (ABS 2012). 

Seasonal rainfall causes different rates of relative OC input and loss in wetter and drier months 

(Hobley and Wilson 2016). Higher OC stocks are often associated with higher spring and 

summer rainfall (Orgill et al. 2017). Where water availability is limiting, biomass production 

is reduced, affecting OC input into soil. In contrast, where water is not limiting, radiation, 

temperature (Hobley and Wilson 2016) and land use (Bui et al. 2009) regulate biomass 

production. Organic matter decomposition is controlled by temperature and water availability 

and largest changes occurred where total annual rainfall is between 400 to 600 mm (Luo et al. 

2010). OC decreases with soil depth and different factors affect OC in the surface and subsoil 

(Hobley and Wilson 2016). Environmental and management factors strongly influence OC in 

the surface 10 cm with soil type and water availability more influential below 20 cm (Badgery 

et al. 2013, Hobley et al. 2015). Soils with no limitation to water availability had higher OC 

below 10 cm than areas with seasonal rainfall or those from warmer, drier climates (Hobley and 

Wilson 2016). The dominating effects of climate and soil type may make modest changes in 

OC stock due to management factors difficult to detect (Orgill et al. 2017). 

Early studies on conserving or increasing soil OC under Australian cropping conditions 

identified the importance of conservation tillage (e.g. no-till with stubble retention) versus 

conventional tillage (Valanzo et al. 2005). However, no differences in OC were found in areas 

with rainfall below 500 mm because of limitations to biomass production (Chan et al. 2003). 

Under grazing, pasture improvements including fertilisation, liming, irrigation and sowing of 
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more productive grass varieties, generally resulted in sequestration rates of  0.1–0.3 Mg C ha-1 

yr-1 with larger gains of 0.3–0.6 Mg C ha-1 yr-1 after conversion of cultivated land to permanent 

pasture (Sanderman et al. 2010).  

The Soil Carbon Research Program (SCaRP) coordinated research across Australia to define 

realistic and scientifically robust C sequestration options for agricultural soil (Baldock et al. 

2013). In south-eastern Australia the opportunities to store additional OC in the soil are less 

than the opportunities for loss where low winter-dominated rainfall and high temperatures make 

biomass production unpredictable (Davy and Koen 2013).  In sandy Western Australian soil, 

limited capacity for OC storage was identified where rainfall was below 551 mm and average 

temperature above 17.2˚C (Hoyle et al. 2016). 

Where water availability was limiting there was no to little difference in OC between 

management practices and it was concluded that conservation tillage (minimum tillage and 

stubble retention) may at best slow the rate of OC loss (Cotching et al. 2013, Davy and Koen 

2013, McLeod et al. 2013) but in this way can still have a positive contribution to reducing 

greenhouse gas emissions (McLeod et al. 2013). However, the long term use of multiple 

practices such as stubble retention, zero tillage, legume rotations and elimination of fallow may 

lead to increases in OC (Robertson et al. 2015) and are likely to be adopted as long as they 

maintain or increase plant productivity and are economically sustainable (Cotching et al. 2013). 

Increasing OC input through management practices is essential for increased OC but long term 

storage is only possible with transformation to more stable OC fractions. Transformation of 

particulate OC (POC) into more stable forms of humus OC and resistant OC is essential for 

long term OC storage as the less stable forms are more quickly lost from the soil following 

disturbance (McLeod et al. 2013). Humus OC increased with depth and was influenced by soil 

texture whereas POC decreased with soil depth and was influenced by management and climate 

factors (Davy and Koen 2013, Hoyle et al. 2016). In South Australian red brown earths, humus 
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OC was higher under cropping than mixed crop and livestock systems which may be explained 

by the higher fertiliser inputs in a cropping system increasing transformation from POC to HOC 

(Macdonald et al. 2013) and greater OC input with cropping because  of lack of removal of 

plant shoots by grazing.  

With a changing climate, identification of management practices that minimise or reverse the 

decline in soil OC remains a major challenge for sustainable agricultural productivity 

(Macdonald et al. 2013). 

2. Addition of clay to sandy soil 

The potential of a soil to store more OC requires inputs exceeding outputs, conversion of inputs 

to more stable forms of OC and the capacity of the soil to store the new OC (Davy and Koen 

2013). 

The amount of stored OC varies among soil types (Hoyle et al. 2013) and is strongly influenced 

by clay concentration (Rakhsh et al. 2017). In natural soils, there is a positive correlation 

between clay and OC concentration (Dalal and Mayer 1986, Baldock and Skjemstad 1999 and 

2000), largely due to the soils’ capacity for plant productivity and protection from microbial 

breakdown. 

The low nutrient and water holding capacity of sandy soil make it difficult to increase OC 

content (Hall et al., 2010). The addition of clay to sandy soil (clay amendment) can increase 

OC storage through binding to clay surfaces (Baldock 2007, Skjemstad et al. 1993) and by 

occlusion in micro-aggregates formed by clay (Tisdall and Oades 1982). OC concentration of 

subsoil is generally lower than that of a similar textured topsoil due to lower OC input (Rumpel 

and Kögel-Knabner 2011) and therefore likely to have higher potential for stabilisation of OC 

as saturation of the mineral particles is unlikely to have occurred (Lutzow et al. 2006). 

Stabilisation of OC will depend on clay mineralogy, sesquioxide concentration, carbonate 
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concentration and formation of stable micro-aggregates, (Denef et al. 2001a, 2001b; Fernández-

Ugalde et al. 2011, Lutzow et al. 2006, Rakhsh et al. 2017, Saidy et al. 2012, Six et al. 2004). 

Addition of clay from the subsoil to sandy topsoil first occurred in the 1970’s in the south-east 

of South Australia (Cann 2000) to overcome water repellence in sands (Harper et al. 2000, 

Ma'shum et al. 1989, McKissock et al. 2000, Ward and Oades 1993). Co-benefits include yield 

increases between 20-130% (Davenport et al. 2011, Hall et al. 2010), increased nutrient 

availability (Bailey and Hughes 2012, Hall et al. 2010), increased root growth (Bailey et al. 

2010, Hall et al. 1994) increased water retention (Betti et al. 2015), decreased saturated 

hydraulic conductivity (Betti et al. 2016) and reduction in frost damage (Rebbeck et al. 2007). 

Improved yields have also been reported in Thailand with the addition of bentonite to sandy 

soil for forage sorghum (Noble et al. 2001) and Turkey with the addition of pumice to increase 

water holding capacity (Ozhan et al. 2008). 

Subsoil clay addition to sandy soil is a practice used in South Australia, Victoria and Western 

Australia to overcome water repellence, improve water retention, fertility and plant 

productivity, but little is known how it affects OC storage. Subsoil clay addition to sandy soil 

may increase OC input from improved plant growth resulting from increased nutrient and water 

retention. 

Incubation experiments assessing the effect of clay addition to sand have shown higher OC 

concentration associated with ground clay (< 2 mm) mixed with sand than in sand alone 184 

days after ground plant residue addition (Rakhsh et al. 2017). In clay-amended sand, Tahir and 

Marschner (2016) found no clear difference between OC concentration in 1 mm clods compared 

to 3 mm clods 45 days after residue addition. The lack of difference between clods may be 

because size and thus surface area were not sufficiently different. Cumulative respiration was 

reported to be lower after crop residue addition in ground (< 2 mm) clay (Roychand and 

Marschner 2013, Shi and Marschner 2012) and in 3 mm than 1 mm clods (Tahir and Marschner 
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2016), indicating decreased accessibility of OC to microbial decomposition due to binding to 

clay surfaces.  

In field studies OC was compared after subsoil clay addition to an untreated sandy soil. Hall et 

al. (2010) reported a 0.2% OC increase in the top 10 cm, eight years after clay addition. 

Churchman et al. (2014) reported increases in OC in the surface 30 cm ranging between 0.1 to 

0.65% resulting in increased stock of about 12 t ha-1, 29 years after addition of fine-textured 

bauxite processing waste. Bailey and Hughes (2012) found a 0.4% increase in OC in the 

bleached A2 horizon up to 7 years after addition of subsoil clay. These studies indicate the 

potential for increasing OC by adding subsoil clay to sandy soils.  

2.1. Area of sandy soils suitable for clay addition 

Sandy soils cover 900 million hectares (M ha) of the world’s surface (FAO/UNESCO, 1995) 

and are used for agriculture in many regions (Usowicz and Lipiec 2017). Sandy soils are often 

excluded from global agricultural soil sequestration models due to their low capacity to 

sequester OC due to low clay content (Zomer et al. 2017). There is large potential to increase 

C sequestration if the OC storage capacity of sandy soils can be increased through clay addition. 

Sandy soil includes sand to loamy sand textures (clay content < 15%) with or without the 

presence of a clay B horizon. Such profiles fall within the Australian Soil Classification orders 

Chromosol, Sodosol, Kurosol, Tenosol, Calcarosols, Ferrosol and Kandosol (Isbell, 2002). 

Chan et al. (2003) found light-textured soils covered the major soil types used for cropping 

corresponding to 86% of the area used for cereal cropping (Chromosols, Sodosols and 

Kandosols), a third of which are texture contrast soils.  

In Australia, there are approximately 5 M ha of sandy soils used for agriculture (Harper 2012) 

that have clay-rich subsoil within 0.8 m of the soil surface suitable for clay addition; 

approximately 2.6 M ha are in South Australia (Hall J 2011 pers. comm.). It is estimated that 
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0.16 M ha have already been clay-amended in Southern and Western Australia (Churchman et 

al. 2014). 

2.2. Clay addition methods 

In South Australia, the most common methods of subsoil clay addition are to the surface of the 

sand (spreading) or elevation of subsoil clay (delving, spading) throughout the soil profile 

(Figure 1).  

 

 

 

 

 

 

Figure 1. Subsoil clay addition methods clay spreading using Clay Mate (1), clay spreading 

using carry grader (2) clay pit for clay spreading (3), delving (4), deep incorporation with 

spading (5) spades on rotating axle of spader (6). Source: Amanda Schapel, Brett Masters and 

David Woodard, Rural Solutions SA.  

 
Selection of the appropriate amendment method is determined by the depth to clay-rich subsoil 

(Davenport et al. 2011) and the machinery available. Clay spreading is the only available option 

for deep sands where clay-rich subsoil is at more than 60 cm depth. Clay-rich subsoil is 

excavated from a nearby pit, spread on the sand surface and then incorporated. Delving is used 

where clay-rich subsoil is within 30-60 cm of the soil surface (Desbiolles et al. 1997) and 

purposely designed tynes elevate the clay-rich subsoil into the sand above. After delving, 

elevated clay clods on the soil surface are spread using bars, dragging clay from the delve line 

1 2 3 

4 5 6 



11 

into the area between delve lines (0.7-2 m depending on machine design) and then incorporated 

using offset discs, spaders etc. The area between delve lines is modified to the depth of 

incorporation but below this depth, the sand remains undisturbed. Spading can be used as a clay 

amendment method where clay-rich subsoil is within 30-40 cm of the soil surface. Subsoil clay 

is elevated and incorporated in one pass using specially designed ‘spades’ spaced 0.35 m apart 

on a rotary axle. While delving creates distinct areas of amendment, that is delve lines and area 

between the delve line, clay spreading and spading result in a more uniform distribution of 

subsoil clay clods to the depth of incorporation. All clay amendment methods result in a mix of 

clay clods ranging in size from a few mm up to greater than 200 mm (Schapel A 2017 pers. 

obs) in a sandy matrix (Figure 2). 

 

Figure 2.  Schematic diagram (not to scale) of distribution of clay clods in the soil profile with 

clay addition to the surface or elevation from subsoil. 

Clay spreading was first used in the 1970’s (Cann 2000, Carter and Hetherington 1994), delving 

in the 1990’s (Desbiolles et al. 1997) and deep incorporation by spading since the late 2000’s 

in South Australia and Western Australia. Inversion ploughing is used in Western Australia to 

overcome water repellent sands but does not necessarily involve clay incorporation and due to 

its limited use in South Australia, is not discussed here. 
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2.3. Additional factors influencing OC storage in clay-amended soil 

The factors discussed in Section 2 affect OC storage in clay-amended soils. However, as a new 

soil profile is created, with subsoil clods distributed throughout sandy horizons, additional 

influencing factors need to be considered. (Figure 3). The main variables hypothesised to affect 

OC storage are type and amount of subsoil clay applied, size and chemical properties of the 

clods and spatial distribution of clods. Very little is known about how these factors affect soil 

OC and what stabilisation processes occur in the newly generated profile. 

Subsoil clay addition 

Subsoil clay should have high potential for OC stabilisation as saturation of the mineral particles 

is unlikely to have occurred (Lützow et al. 2006). OC input into subsoils occurs via: plant roots 

and root exudates, leaching of dissolved organic matter and bioturbation (Rumpel and Kögel-

Knabner 2011), and influenced by clay parent material (Kögel-Knabner et al. 2008). However, 

the amount of OC in the subsoil is lower than in the topsoil (Hobley and Wilson 2016) 

suggesting there is capacity to stabilise additional OC with the incorporation of the subsoil clay 

into sandy horizons.  

Stabilisation of OC will vary depending on the sesquioxide and carbonate concentration in the 

clods (Fernandez-Ugalde et al. 2011, Saidy et al. 2012) and, perhaps most importantly for long-

term stabilisation, the formation of protective micro-aggregates (Denef et al. 2001b, Six et al. 

2004).  

Clay mineralogy is important for protection of soil OC. In a laboratory experiment, cumulative 

respiration compared to sand alone was lower in sand where finely ground smectitic clay soil 

was added however addition of finely ground kaolinitic clay soil had no effect (Nguyen and 

Marschner 2014). The authors hypothesised this was due to the low surface area and cation 

exchange capacity of kaolinitic compared to smectitic clay. However, kaolinitic and illitic clays 

are more effective than smectitic or vermiculitic clays in alleviating water repellence (Ma'shum 
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et al. 1989) as the kaolinite is spread more readily over sand grains and remain evenly 

distributed after drying (Ward and Oades 1993). Naturally dispersible illites and kaolinites 

underlie large areas of water repellent siliceous sand in South Australia (Ma'shum et al. 1989). 

Although kaolinitic clay may have lower capacity for OC protection than other clay minerals 

due to low CEC and surface area, addition of this subsoil clay to siliceous sand could result in 

higher OC stabilisation capacity than unamended sand alone. 

Chemical stabilisation can occur through binding of OC to hydroxyl groups of iron and 

aluminium (Saidy et al. 2012). Iron oxides also improve aggregation which can limit access to 

microbes to OC within aggregates (Singh et al. 2018).  

The amount of subsoil clay added to the sandy profile will determine the clay concentration and 

hence stabilisation capacity of the amended soil. Subsoil clay is not mixed homogenously with 

the sand but distributed as clods ranging in size from a few mm up to greater than 200 mm 

(Schapel A 2017 pers. obs) in a sandy matrix. Size, chemical properties and distribution of 

subsoil clods are likely to influence soil OC but little is known about this effect.  

Other processes that may influence OC content 

Modelling by FullCAM has shown that sandy topsoils are often close to saturated with OC and 

new management practices or land use options that enable soil OC to be stored deeper in the 

soil profile are needed to increase OC storage (Hoyle et al. 2013). Adding subsoil clay to sand   

by tillage such as delving, incorporation etc. can increase the capacity of the clay-amended soil 

to store OC at depth. Tillage of sand can also overcome physical limitations such as high bulk 

density and soil strength that reduce root growth and productivity (Usowicz and Lipiec 2017). 

The incorporation of organic residues to depth during the subsoil clay addition process may 

offset the loss of OC resulting from soil disturbance. Olchin et al. (2008) observed that when 

wheat residues were incorporated to 15 cm, tillage-induced aggregate disruption reduced OC 

stabilisation despite residue incorporation.  
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Figure 3. Conceptual model of the factors that influence soil OC. Factors specific to clay 

amendment are coloured brown. Abbreviations: mgmt. – management, OM – organic matter, 

D – delving, CS – clay spreading, temp – temperature, CaCO3 – calcium carbonate, WHC – 

water holding capacity, EC – electrical conductivity. 
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However, when wheat residues were incorporated to 30 cm, the disruption through tillage was 

offset by slower decomposition of residues deeper in the profile. Incorporation of organic matter 

during the clay amendment process may lead to improved soil function and OC storage due to 

the critical role OC plays in the soil.  

Increasing water storage capacity in sandy soils can improve plant productivity where low and 

seasonal rainfall limits growth (Usowicz and Lipiec 2017). Betti et al. (2016) found that the 

addition of as little as 10% clay-rich subsoil to sand significantly decreased saturated hydraulic 

conductivity but plant available water only increased when more than 20% clay-rich subsoil (5-

10% actual clay concentration) was added and tended to be higher for mixtures with clod size 

less than 6 mm. Furthermore they found that if clods less than 6 mm in size were added to sand 

an intimate mixture of smaller pores was created which retained more water whereas if clods 

greater than 6 mm were added a bimodal mixture was created where clods existed as discrete 

entities in a sand matrix, creating larger pores and lower water contents.  

In sandy soils, Hoyle et al. (2016) suggested the more efficient use of soil resources including 

water and nutrients to increase net primary productivity can buffer against losses imposed by 

climate restrictions. However, the potential for OC storage in sandy soils is limited by 

inherently low soil fertility as N, P and S requirements for transformation of POC into HOC 

and ROC may not be met (Kirkby et al. 2011). The addition of subsoil clay to sand has been 

shown to increase the nutritional capacity (Bailey and Hughes 2012, Hall et al. 2010), with 

increased water retention (Betti et al. 2016) should improve OC storage in clay-amended soil. 
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Sampling procedures and laboratory analysis  

The spatial distribution of clods is likely to influence not only soil OC but also the sampling 

methodology required to collect soil samples. Soil sampling procedures have significant impact 

on the validity and usefulness of the collected data. Clay-amended soils have variable 

distribution of clods horizontally and vertically, especially delved soils that have the greatest 

spatial heterogeneity (Betti et al. 2015) and may require adapted sampling procedures.  

There are many sampling procedures described for Australian soils that are designed for 

specific purposes (McKenzie 2008). For carbon accounting, McKenzie et al. (2000, 2002a, 

2002b) recommended collection of 25 samples within a 25 x 25 m area that are combined into 

5 composite samples for analysis. Separate analysis of the composite samples provides an 

assessment of the degree of OC variability and reduces costs compared to analysis of all 25 

samples. The national Soil Carbon and Research Program (SCaRP) examined variations in OC 

content and composition under different agricultural practices and soil types across Australia 

and collected 10 samples within a 25 x 25 m area (Sanderman et al. 2011). (Wilson et al. 2010) 

evaluated the effect of sampling procedure on total OC, bulk density, pH and total nitrogen in 

northern New South Wales and found the sampling intensity to achieve defined levels of 

precision and confidence differed among land uses and soil properties. They concluded that 10 

samples across a sampling area of 25 m x 25 m yielded adequate precision and confidence for 

OC.  

For accurate OC assessment, the method of laboratory analysis is also important. Analytical 

soil carbon tests have been described by Rayment and Lyons (2011) and are summarised below. 

Wet oxidation is commonly used in Australia, with the Walkley and Black technique the most 

widely used. However, this test only provides an approximate measure due to incomplete 

oxidisation of the organic matter. The Heanes wet oxidation method measures the total amount 

of organic carbon, TOC, and is more accurate but it uses chemicals that are toxic and are 
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difficult to dispose of in Australia so is not as extensively used (Conyers et al. 2011). Catalysed 

high temperature combustion (LECO) is another common method but it also measures 

inorganic carbonates often found in South Australian soils. High concentrations of inorganic C 

can make small changes in OC difficult to detect. Chemically removing carbonates by acid pre-

treatment, increases the accuracy of the OC measurement but is time consuming, costly and not 

commercially available. Infrared reflectance spectroscopy (NIR and MIR) have been used with 

success but require a large dataset of soil types for calibration. Mid-Infrared (MIR) 

spectroscopy in combination with statistical methods such as partial least squares regression, is 

increasingly being recognised as a quick and effective tool for measuring numerous soil 

attributes including soil carbon pools (Sanderman et al. 2010). Physical or chemical 

fractionation of OC into particulate, humus and resistant fractions provides greater detail of the 

carbon pools in each of the size ranges and the fluctuations that can be sensitive to land use, 

soil type and climatic variables (Rayment and Lyons 2011). However, it is a time consuming 

and expensive analytical test. 

For the purpose of this thesis, field sampling and laboratory procedures will follow as closely 

as possible those developed for the Australian Soil Carbon Research Program to enable 

comparison to the national program results. However, the clay amendment method is 

hypothesised to affect subsoil clod size and distribution vertically and horizontally within the 

sandy matrix. Therefore, the selection of sample location and number of samples may need to 

be adjusted to enable accurate and reliable OC results from the 25 m x 25 m sampling area. 

Furthermore, LECO analysis with acid pre-treatment was not commercially available at the 

time of this study.  Because of the high concentration of carbonates in the study areas, OC 

Walkley Black analysis will be used despite its limitation in measuring total OC. 
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Summary and thesis aims 

This literature review has identified the benefits of subsoil clay addition to sandy soil and the 

potential for increased OC storage in clay-amended compared to unamended sandy soil. 

Nevertheless, it also identified a number of knowledge gaps. There is limited OC concentration 

and bulk density information for clay-amended field sites collected below 10 cm soil depth 

making it difficult to evaluate OC storage. The effect of clay-amendment method on clay and 

OC concentration and distribution in the soil profile needs to be investigated and compared to 

unamended sandy soil to evaluate how they differ and the opportunities to increase OC storage. 

To assess the OC storage capacity in clay-amended soils, field sampling of sites with different 

methods of subsoil clay addition to sand needs to be carried out. However, it is unknown if the 

sampling protocols adopted for the Australian Soil Carbon Research Program can accurately 

represent OC and bulk density in clay-amended soil because of the variable spatial distribution 

of subsoil clods in the sandy soil. Therefore, sampling protocols need to be developed and 

validated to ensure that collected results accurately represent field conditions. The protocols 

need to take into account differences in clay-amendment methods where subsoil clay is elevated 

from the subsoil or spread to the surface and then incorporated into the sandy soil. Lastly, the 

effect of clay concentration, clod size, clod distribution and clod properties on OC concentration 

and stock needs further investigation.  

A series of field studies and two incubation experiments were carried out to determine the effect 

of subsoil clay addition to sandy soil on OC and clay distribution and content. Procedures were 

developed and validated to ensure sampling captured the variability of OC and bulk density in 

clay-amended soil. The distribution of clay and OC in the soil profile was quantified for 

different clay-amendment methods. Lastly, the effects of clay concentration, distribution, clod 

size and chemical properties of the added subsoil clay on OC concentration were evaluated. 
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The aims of the thesis were 

(i) develop procedures to ensure sampling captured the variability of OC and bulk 

density in clay-amended soil (Chapter 2). 

(ii) determine the effect of subsoil clay addition to sand on OC content (Chapters 2, 3, 

4). 

(iii) evaluate the effect of clod size and clod chemical properties on OC concentration 

(Chapter 3). 

(iv) quantify the distribution of clay and OC in the soil profile for different clay-

amendment methods (Chapter 3 and 4).  

 

References 

Alvarez R. (2005). A review of nitrogen fertilizer and conservation tillage effects on soil 

organic carbon storage. Soil Use and Management 21 (1), 38-52. 

Australian Bureau of Statistics (2012). 1301.0 Year Book Australia, 2012, In: Statistics, , 

Canberra, Australia. 

Bachmann J, Guggenberger G, Baumgartl T, Ellerbrock, RH, Urbanek E, Goebel M.-O, Kaiser 

K, Horn R and Fischer WR. (2008). Physical carbon-sequestration mechanisms under 

special consideration of soil wettability. Journal of Plant Nutrition and Soil Science 

171(1), 14-26. 

Badgery WB, Simmons AT, Murphy BM, Rawson A, Andersson KO, Lonergan VE and van 

de Ven R. (2013). Relationship between environmental and land-use variables on soil 

carbon levels at the regional scale in central New South Wales, Australia. Soil Research 

51(8), 645-656. 



20 

Bailey G and Hughes B. (2012). An observational study of clay delving and its impact on the 

A2 horizon in sand over clay soils. In: LL Burkitt and LA Sparrow (eds) Proceedings 

of the 5th Joint Australia and New Zealand soil science conference: Australian Society 

of Soil Science Inc. Hobart, pp. 207-210. 

Bailey G, Hughes B, Tonkin R, Dowie R. and Watkins N. (2010). Gross soil modification of 

duplex soils through delving and spading. 19th World Congress of Soil Science, Soil 

Solutions for a Changing World. Brisbane, Australia. 

Baldock J. (2007). Composition and Cycling of Organic Carbon in Soil. In: P Marschner and Z 

Rengel (eds) Nutrient cycling in terrestrial ecosystems. Springer-Verlag: Berlin, pp. 1-

35.  

Baldock JA, Macdonald L and Sanderman J. (2013). Foreword to soil carbon in Australia’s 

agricultural lands. Soil Research 51(8), 1-2.  

Baldock JA and Skjemstad JO. (1999). Soil organic carbon/soil organic matter. In: K Peverill, 

D Reuter and L Sparrow (eds) Soil Analysis – An Interpretation Manual. CSIRO 

Publishing Melbourne, Victoria, Australia, pp. 159-170. 

Baldock JA and Skjemstad JO. (2000). Role of the soil matrix and minerals in protecting natural 

organic materials against biological attack. Organic Geochemistry 31(7–8), 697-710. 

Batjes NH. (1996). Total carbon and nitrogen in the soils of the world. European Journal of Soil 

Science 47(2), 151-163. 

Betti G, Grant C, Churchman G and Murray R. (2015). Increased profile wettability in texture-

contrast soils from clay delving: case studies in South Australia. Soil Research 53(2), 

125-136. 



21 

Betti G, Grant CD, Murray RS and Churchman GJ. (2016). Size of subsoil clods affects soil-

water availability in sand–clay mixtures. Soil Research 54(3), 276-290. 

Bui E, Henderson B and Viergever K. (2009). Using knowledge discovery with data mining 

from the Australian Soil Resource Information System database to inform soil carbon 

mapping in Australia. Global Biogeochemical Cycles 23(4) GB4033. 

Canadell JG, Pataki DE, Gifford R, Houghton RA, Luo Y, Raupach MR., Smith P and Steffen 

W. (2007). Saturation of the Terrestrial Carbon Sink. In: JG Canadell, D Pataki and D 

Pitelka (eds) Terrestrial Ecosystems in a Changing World. The IGBP Series. Berlin 

Heidelberg, Springer-Verlag. 

Cann MA. (2000). Clay spreading on water repellent sands in the south east of South 

Australia—promoting sustainable agriculture. Journal of Hydrology 231–232, 333-341. 

Carter DJ and Hetherington RE. (1994). Claying of water repellent sands in the Albany district 

of the south coast of Western Australia. In: DJ Carter and WE. Howes (eds) Proceedings 

of the Second Natural Water Repellency Workshop. Perth, Western Australia, pp. 140–

144. 

Chan KY. (2008). Increasing soil organic carbon of agricultural land. Primefact 735. 

Department of Primary Industries, New South Wales, Australia, pp. 1-5. 

www.dpi.nsw.gov.au/primefacts,  

Chan KY, Heenan DP and So HB. (2003). Sequestration of carbon and changes in soil quality 

under conservation tillage on light-textured soils in Australia: a review. Australian 

Journal of Experimental Agriculture 43(4), 325-334. 

Churchman GJ, Noble A, Bailey G, Chittleborough D and Harper R. (2014). Clay Addition and 

Redistribution to Enhance Carbon Sequestration in Soils. In: AE Hartemink and K 

McSweeney (eds) Soil Carbon. Springer International Publishing, Cham, pp. 327-335. 



22 

Conyers M K, Poile GJ, Oates AA, Waters D and Chan KY. (2011). Comparison of three carbon 

determination methods on naturally occurring substrates and the implication for the 

quantification of ‘soil carbon’. Soil Research 49(1), 27-33. 

Cotching WE, Oliver G, Downie M, Corkrey R and Doyle RB. (2013). Land use and 

management influences on surface soil organic carbon in Tasmania. Soil Research 

51(8), 615-630. 

Dal Ferro N, Berti A, Francioso O, Ferrari E, Matthews GP and Morari F. (2012). Investigating 

the effects of wettability and pore size distribution on aggregate stability: the role of soil 

organic matter and the humic fraction. European Journal of Soil Science 63(2), 152-

164. 

Dalal R and Mayer R. (1986). Long term trends in fertility of soils under continuous cultivation 

and cereal cropping in southern Queensland. II. Total organic carbon and its rate of loss 

from the soil profile. Soil Research 24(2), 281-292. 

Davenport D, Hughes B, Davies S and Hall, D. (2011). Spread, Delve, Spade, Invert: A Best 

Practice Guide to the Addition of Clay to Sandy Soils. Rural Solutions SA, Agricultural 

Bureau of South Australia, Caring for our Country, Grains Research and Development 

Corporation., Grains Research and Development Corporation (GRDC), Kingston, ACT, 

Australia. 

Davy MC and Koen TB. (2013). Variations in soil organic carbon for two soil types and six 

land uses in the Murray Catchment, New South Wales, Australia. Soil Research 51(8), 

631-644. 

Denef K, Six J, Bossuyt H, Frey SD, Elliott ET, Merckx R and Paustian K. (2001a). Influence 

of dry–wet cycles on the interrelationship between aggregate, particulate organic matter, 



23 

and microbial community dynamics. Soil Biology and Biochemistry 33(12–13), 1599-

1611. 

Denef K, Six J, Paustian K and Merckx R. (2001b). Importance of macroaggregate dynamics 

in controlling soil carbon stabilization: short-term effects of physical disturbance 

induced by dry–wet cycles. Soil Biology and Biochemistry 33(15), 2145-2153. 

Desbiolles JM, Fielke JM and Chaplin P. (1997). An application of tine configuration to obtain 

subsoil delving for the management of non-wetting sands. Third International 

Conference on Soil Dynamics (ICSD III). Tiberias, Israel. 

Ekschmitt K, Kandeler E, Pol C, Brune A, Buscot F, Friedrich M, Gleixner G, Hartmann A, 

Kästner M, Marhan S, Miltner A, Scheu S and Wolters V. (2008). Soil-carbon 

preservation through habitat constraints and biological limitations on decomposer 

activity. Journal of Plant Nutrition and Soil Science 171(1), 27-35. 

FAO/UNESCO. (1995). Digital soil map of the World and derived properties. Rome, Italy. 

Fernandez-Ugalde O, Virto I, Barre P, Gartzia-Bengoetxea N, Enrique A, Imaz MJ and 

Bescansa P. (2011). Effect of carbonates on the hierarchical model of aggregation in 

calcareous semi-arid Mediterranean soils. Geoderma 164(3/4), 203-214. 

Hall DJ, Jones HR, Crabtree WL and Daniels TL. (2010). Claying and deep ripping can increase 

crop yields and profits on water repellent sands with marginal fertility in southern 

Western Australia. Australian Journal of Soil Research 48(2), 178-187. 

Hall DJ, McKenzie DC, Macleod DA and Barrett A. (1994). Amelioration of a hardsetting 

alfisol through deep moldboard lowing, gypsum application and double cropping. 1. 

Soil physical and chemical properties. Soil & Tillage Research 28(3-4): 253-270. 



24 

Hall J, Maschmedt D and Billing B. (2009). The Soils of Southern South Australia., Department 

of Water, Land and Biodiversity Conservation, Adelaide, Australia. 

Harper RJ. (2012). Increasing soil carbon storage in sand soils with clay amendments. The 

Climate Change Research Strategy for Primary Industries, Australia 

www.ccrspi.net.au/sites/default/files/presentations/Richard_Harper_C4.pdf. 

Harper RJ, McKissock I, Gilkes RJ, Carter DJ and Blackwell PS. (2000). A multivariate 

framework for interpreting the effects of soil properties, soil management and landuse 

on water repellency. Journal of Hydrology 231–232, 371-383. 

Hobley EU and Wilson B. (2016). The depth distribution of organic carbon in the soils of 

eastern Australia. Ecosphere 7(1), e01214. 

Hobley E, Wilson B, Wilkie A, Gray J and Koen T. (2015). Drivers of soil organic carbon 

storage and vertical distribution in Eastern Australia. Plant and Soil 390(1), 111-127. 

Hoyle FC. (2013). Managing Soil Organic Matter: A Practical Guide. Grains Research and 

Development Corporation, Canberra, Australia. 

Hoyle FC, D'Antuono M, Overheu T and Murphy DV. (2013). Capacity for increasing soil 

organic carbon stocks in dryland agricultural systems. Soil Research 51(8), 657-667. 

Hoyle FC, O’Leary RA and Murphy DV. (2016). Spatially governed climate factors dominate 

management in determining the quantity and distribution of soil organic carbon in 

dryland agricultural systems. Scientific Reports 6, 31468. 

Ingram JS and Fernandes EC. (2001). Managing carbon sequestration in soils: concepts and 

terminology. Agriculture, Ecosystems & Environment 87(1), 111-117. 



25 

IPCC (2001). Climate Change 2001a: The Scientific Basis, Summary for Policy Makers - 

Contribution of Working Group I to the Third Assessment Report of the 

Intergovermental Panel on Climate Change. Cambridge University Press, Cambridge. 

Isbell RF. (2002). The Australian Soil Classification. CSIRO Publishing, Collingwood, 

Victoria, Australia. 

Jenny H, Gessel SP and Bingham FT. (1949). Comparative Study of Decomposition Rates of 

Organic Matter in Temperate and Tropical Regions. Soil Science 68(6), 419-432. 

Johnston AE, Poulton PR and Coleman K. (2009). Chapter 1 Soil Organic Matter: Its 

Importance in Sustainable Agriculture and Carbon Dioxide Fluxes. In: LS Donald (ed) 

Advances in Agronomy. Academic Press, 101, 1-57. 

Kirkby CA, Kirkegaard JA, Richardson AE, Wade LJ, Blanchard C and Batten G. (2011). 

Stable soil organic matter: A comparison of C:N:P:S ratios in Australian and other world 

soils. Geoderma 163, 197-208. 

Kirkegaard J. (1994). A review of trends in wheat yield responses to conservation cropping in 

Australia. National Workshop on Long-term Experiments, Canberra, Australia pp. 835-

848. 

Kögel-Knabner I, Ekschmitt K, Flessa H, Guggenberger G, Matzner E, Marschner B and von 

Lützow M. (2008). An integrative approach of organic matter stabilization in temperate 

soils: Linking chemistry, physics, and biology. Journal of Plant Nutrition and Soil 

Science 171(1), 5-13. 

Krull E, Baldock J and Skjemstad J. (2001). Soil texture effects on decomposition and soil 

carbon storage. Net Ecosystem Exchange Workshop Proceedings, Australia, pp.103-

110. 



26 

Krull ES, Skjemstad JO and Baldock JA. (2004). Functions of Soil Organic Matter and the 

effect on soil properties. Grains Research and Development Corporation (GRDC) 

Project Report No. CSO 00029, Kingston ACT, Australia. 

Lal R. (2004). Soil carbon sequestration to mitigate climate change. Geoderma 123(1–2), 1-22. 

Lal R. (2007). Carbon Management in Agricultural Soils. Mitigation and Adaptation Strategies 

for Global Change 12(2), 303-322. 

Liddicoat C, Schapel A, Davenport D and Dwyer E. (2010). Soil Carbon and climate change: 

Primary Industries and Regions South Australia Discussion Paper. Rural Solutions SA, 

Adelaide, Australia. 

Luo Z, Wang E and Sun OJ. (2010). Soil carbon change and its responses to agricultural 

practices in Australian agro-ecosystems: A review and synthesis. Geoderma 155(3), 

211-223. 

Lützow MV, Kögel-Knabner I, Ekschmitt K, Matzner E, Guggenberger G, Marschner B and 

Flessa H. (2006). Stabilization of organic matter in temperate soils: mechanisms and 

their relevance under different soil conditions – a review. European Journal of Soil 

Science 57(4), 426-445. 

Ma'shum M, Oades J and Tate M. (1989). The use of dispersible clays to reduce water 

repellency of sandy soils. Soil Research 27(4), 797-806. 

Macdonald LM, Herrmann T and Baldock JA. (2013). Combining management based indices 

with environmental parameters to explain regional variation in soil carbon under 

dryland cropping in South Australia. Soil Research 51(8), 738-747. 

McCarl B, Metting F and Rice C. (2007). Soil carbon sequestration. Climatic Change 80(1), 1-

3. 



27 

McLeod MK, Schwenke GD, Cowie AL and Harden S. (2013). Soil carbon is only higher in 

the surface soil under minimum tillage in Vertosols and Chromosols of New South 

Wales North-West Slopes and Plains, Australia. Soil Research 51(8), 680-694. 

McKenzie N. (2008). Guidelines for surveying soil and land resources. CSIRO Publishing, 

Collingwood, Australia. 

McKenzie N, Coughlan K and Cresswell HP. (2002a). Soil physical measurement and 

interpretation for land evaluation. CSIRO Publishing, Collingwood, Australia. 

McKenzie N, Henderson B and McDonald W. (2002b). Monitoring Soil Change: Principles 

and practices for Australian conditions. CSIRO Land and Water, Technical Report 

18/02. CSIRO, Canberra, Australia. 

McKenzie N, Ryan P, Fogarty P and Wood J. (2000). Sampling, measurement and analytical 

protocols for carbon estimation in soil, litter and coarse woody debris. National Carbon 

Accounting System Technical Report No. 14, September 2000. Australian Greenhouse 

Office, Canberra, Australia. 

McKissock I, Walker EL, Gilkes RJ. and Carter DJ. (2000). The influence of clay type on 

reduction of water repellency by applied clays: a review of some West Australian work. 

Journal of Hydrology (Amsterdam) 231/232, 323-332. 

Minasny B, Malone BP, McBratney AB, Angers DA, Arrouays D, Chambers A, Chaplot V, 

Chen Z-S, Cheng K, Das B, Field DJ, Gimona A, Hedley CB, Hong SY, Mandal B, 

Marchant BP, Martin M, McConkey BG, Mulder VL, O'Rourke S, Richer-de-Forges 

AC, Odeh I, Padarian J, Paustian K, Pan G, Poggio L, Savin I, Stolbovoy V, Stockmann 

U, Sulaeman Y, Tsui C-C, Vågen T-G, van Wesemael B and Winowiecki L. (2017). 

Soil carbon 4 per mille. Geoderma 292(Supplement C), 59-86. 



28 

Noble AD, Gillman GP, Nath S and Srivastava RJ. (2001). Changes in the surface charge 

characteristics of degraded soils in the wet tropics through the addition of beneficiated 

bentonite. Soil Research 39(5), 991-1001. 

Nguyen TT and Marschner P. (2014). Respiration in mixes of sandy and clay soils: Influence 

of clay type and addition rate. Journal of Soil Science and Plant Nutrition 14(4), 881-

887. 

Olchin GP, Ogle S, Frey S D, Filley, TR, Paustian K and Six J. (2008). Residue Carbon 

Stabilization in Soil Aggregates of No-Till and Tillage Management of Dryland 

Cropping Systems. Soil Science Society of America Journal 72(2), 507-513. 

Orgill SE, Condon JR, Conyers MK, Morris SG, Murphy BW and Greene RSB. (2017). Parent 

material and climate affect soil organic carbon fractions under pastures in south-eastern 

Australia. Soil Research 55(8), 799-808. 

Ozhan S, Ozcan M and Gokbulak F. (2008). Effect of pumice addition on available water 

capacity of different soil textural classes BALWOIS 2008. Ohrid, Republic of 

Macedonia. 

Paustian K, Lehmann J, Ogle S, Reay D, Robertson GP and Smith P. (2016). Climate-smart 

soils. Nature 532, 49. 

Powlson DS, Whitmore AP and Goulding KWT. (2011). Soil carbon sequestration to mitigate 

climate change: a critical re-examination to identify the true and the false. European 

Journal of Soil Science 62(1), 42-55. 

Rakhsh F, Golchin A, Beheshti Al Agha A and Alamdari P. (2017). Effects of exchangeable 

cations, mineralogy and clay content on the mineralization of plant residue carbon. 

Geoderma 307(Supplement C), 150-158. 



29 

Rayment GE and Lyons DJ. (2011). Soil chemical methods : Australasia. CSIRO Publishing, 

Collingwood, Vic, Australia. 

Rebbeck M, Lynch C, Hayman PT and Sadras VO. (2007). Delving of sandy surfaced soils 

reduces frost damage in wheat crops. Australian Journal of Agricultural Research 58(2), 

105-112. 

Robertson F, Armstrong R, Partington D, Perris R, Oliver I, Aumann C, Crawford D and Rees 

D. (2015). Effect of cropping practices on soil organic carbon: evidence from long-term 

field experiments in Victoria, Australia. Soil Research 53(6), 636-646. 

Roychand P and Marschner P. (2013). Respiration in a sand amended with clay – Effect of 

residue type and rate. European Journal of Soil Biology 58, 19-23. 

Rumpel C and Kögel-Knabner I. (2011). Deep soil organic matter—a key but poorly understood 

component of terrestrial C cycle. Plant and Soil 338(1), 143-158. 

Saidy AR, Smernik RJ, Baldock JA, Kaiser K, Sanderman J and Macdonald LM. (2012). 

Effects of clay mineralogy and hydrous iron oxides on labile organic carbon 

stabilisation. Geoderma 173–174, 104-110. 

Sanderman J, Baldock J, Hawke B, Macdonald L, Massis-Puccini A and Szarvas S. (2011). 

National Soil Carbon Research Programme: Field and Laboratory Methodologies, 

Australia. 

Sanderman J, Farquharson R and Baldock J. (2010). Soil Carbon Sequestration Potential: A 

review for Australian agriculture. A report prepared for Department of Climate Change 

and Energy Efficiency CSIRO, Australia.  



30 

Shi A and Marschner P. (2012). Addition of a clay subsoil to a sandy top soil alters CO2 release 

and the interactions in residue mixtures. The Science of the Total Environment 465, 

248-254. 

Singh M, Sarkar B, Sarkar S, Churchman J, Bolan N, Mandal S, Menon M, Purakayastha TJ 

and Beerling DJ. (2018). Chapter Two - Stabilization of Soil Organic Carbon as 

Influenced by Clay Mineralogy, In: DL Sparks (ed), Advances in Agronomy. Academic 

Press, 148, 33-84. 

Six J, Bossuyt H, Degryze S and Denef K. (2004). A history of research on the link between 

(micro)aggregates, soil biota, and soil organic matter dynamics. Soil & Tillage Research 

79(1), 7-31. 

Six J, Conant RT, Paul EA and Paustian K. (2002). Stabilization mechanisms of soil organic 

matter: Implications for C-saturation of soils. Plant and Soil 241(2), 155-176. 

Six J, Elliott ET and Paustian K. (1999). Aggregate and Soil Organic Matter Dynamics under 

Conventional and No-Tillage Systems. Soil Science Society of America Journal 63(5), 

1350-1358. 

Skjemstad JO, Janik LJ, Head MJ and McClure SG. (1993). High energy ultraviolet photo-

oxidation: a novel technique for studying physically protected organic matter in clay- 

and silt-sized aggregates. Journal of Soil Science 44(3), 485-499. 

Sommer R and Bossio D. (2014). Dynamics and climate change mitigation potential of soil 

organic carbon sequestration. Journal of Environmental Management 144, 83-87. 

Tahir S and Marschner P. (2016). Clay amendment to sandy soil—effect of clay concentration 

and ped size on nutrient dynamics after residue addition. Journal of Soils and Sediments 

16(8), 2072-2080. 



31 

Tisdall JM and Oades JM. (1982). Organic matter and water-stable aggregates in soils. Journal 

of Soil Science 33(2), 141-163. 

Usowicz B and Lipiec J. (2017). Spatial variability of soil properties and cereal yield in a 

cultivated field on sandy soil. Soil and Tillage Research 174, 241-250. 

Valanzo F, Murphy B and Koen T. (2005). The impact of tillage on changes in soil carbon 

density with special emphasis on Australian conditions. Australian Greenhouse Office. 

Technical report no. 43, Australia. 

Van Veen and Kuikman P. (1990). Soil structural aspects of decomposition of organic matter 

by micro-organisms. Biogeochemistry 11(3), 213-233. 

Ward P and Oades J. (1993). Effect of clay mineralogy and exchangeable cations on water 

repellency in clay-amended sandy soils. Soil Research 31(3), 351-364. 

West TO and Post WM. (2002). Soil Organic Carbon Sequestration Rates by Tillage and Crop 

Rotation. Soil Science Society of America Journal 66(6), 1930-1946. 

Wilson BR, Barnes P, Koen TB, Ghosh S and King D. (2010). Measurement and estimation of 

land-use effects on soil carbon and related properties for soil monitoring: a study on a 

basalt landscape of northern New South Wales, Australia. Soil Research 48(5), 421-

433. 

Young IM, Crawford JW, Nunan N, Otten W and Spiers A. (2008). Chapter 4 Microbial 

Distribution in Soils: Physics and Scaling. In: LS Donald (ed) Advances in Agronomy. 

Academic Press, 100, 81-121. 

Zomer RJ, Bossio DA, Sommer R and Verchot LV. (2017). Global Sequestration Potential of 

Increased Organic Carbon in Cropland Soils. Scientific Reports 7(1), 15554. 

  



32 

CHAPTER 2 

 

 

INCREASES IN ORGANIC CARBON CONCENTRATION AND STOCK 

INCREASED AFTER CLAY ADDITION TO SANDS : VALIDATION OF 

SAMPLING METHODOLOGY AND EFFECTS OF MODIFICATION 

METHOD 

 

 

Amanda Schapel1,2, David Davenport2, and Petra Marschner1 

1School of Agriculture, Food and Wine, The University of Adelaide, SA 5005, Australia. 

2Primary Industries and Regions South Australia, Rural Solutions SA, SA 5000, Australia. 

 

 

Schapel A, Davenport D, Marschner P. (2017). Increases in organic carbon concentration and 

stock after clay addition to sands: validation of sampling methodology and effects of 

modification method. Soil Research 55(2), 124-133. DOI /10.1071/SR15206. 

  



33 

 

 



Increases in organic carbon concentration and stock after clay
addition to sands: validation of sampling methodology
and effects of modification method

Amanda SchapelA,B,C, David DavenportB, and Petra MarschnerA

ASchool of Agriculture, Food and Wine, The University of Adelaide, SA 5005, Australia.
BPrimary Industries and Regions SA, Rural Solutions SA, SA 5000, Australia.
CCorresponding author. Email: amanda.schapel@sa.gov.au

Abstract. Plant growth on sands is often constrained by water repellence, low fertility and low water-holding capacity
(WHC). These soils also have low organic carbon (OC) concentration, particularly in a bleached A2 horizon. Addition of
subsoil clay to sands (clay modification) can overcome these constraints and increase WHC; however, little is known about
the effect on OC concentration. Clay addition is predicted to increase OC storage via increased OC input from improved
plant growth and increased stabilisation of OC by binding to clays. The objectives of this study were (i) to validate the
number of soil samples required within a 25-m grid for accurate OC and bulk density measurement in clay-modified soils
and (ii) to determine OC concentration, bulk density and OC stocks in clay-modified compared with unmodified soil. The
study was carried out on two agricultural properties in South Australia, where unmodified controls (sands with 1–3% clay)
were compared with three methods of modification using clay (clay spread, delved and spaded). Soil cores to 50 cm depth
were collected after harvest within a 25-m grid. The study showed that clay modification could increase OC stocks
(0–30 cm) by up to 14 t ha–1 in the South East and 22 t ha–1 in the Eyre Peninsula. However, the magnitude of the OC stock
increase was influenced by the modification method and depended on concentration and depth of incorporation of the added
clay and organic matter.

Additional keywords: clay delving, clay spading, clay spreading.
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Introduction

Sands are defined as profiles with sand to loamy sand topsoil
texture (clay content <5%) with or without the presence of a
clay B horizon; such profiles fall within the orders Chromosol,
Sodosol, Kurosol, Tenosol, Calcarosol, Ferrosol and Kandosol
(Australian Soil Classification; Isbell 2002). Sands cover ~80%
of the Australian continent (Hatton et al. 2011) and 86% of
Australia’s cereal-cropping area (McKenzie et al. 2002).
However, crop growth on sands is limited by poor water- and
nutrient-retention capacity and, in some cases, water repellence.
One strategy to improve crop production on sands is the addition
of clay (clay modification), which increases the retention of
water and nutrients. Modification methods include clay
spreading, delving and/or spading (Davenport et al. 2011).
These methods result in different distributions of the clay in
the profile. Selection of the appropriate method is determined by
the depth to clay-rich subsoil. In South Australia, the area of
deep sand and sand over clay soils under agricultural production
is ~2.7Mha, with an estimated 2Mha deemed suitable for clay
modification (J. Hall, pers. obs.).

Clay spreading has been extensively used since the early
1990s in the south-east of South Australia (Cann 2000) and
Western Australia (Carter and Hetherington 1994). Clay

spreading is the only available option for deep sands where
clay-rich subsoil is deeper than 70 cm from the surface. Clay
delving, developed in the early 1990s, is used where clay-rich
subsoil is present within 70 cm depth (Desbiolles et al. 1997).
For delving, specially designed tines raise the subsoil into the
topsoil sand where it can be distributed and mixed in the topsoil.
Spading has been used since the late 2000s as a modification
method where clay-rich subsoil is within 30 cm of the surface.
The spader can be used to both raise and incorporate the clay,
resulting in a relatively even mix of subsoil clay and topsoil
sand.

Clay modification was developed initially to overcome
water repellence in sands (Ma’shum et al. 1989; Ward and
Oades 1993; Cann 2000; Harper et al. 2000; McKissock et al.
2000; Betti et al. 2015). Additional benefits include yield
increases of 20–130% (Hall et al. 2010; Davenport et al.
2011), increased nutrient availability (Hall et al. 2010; Bailey
and Hughes 2012), reduction in frost damage (Rebbeck et al.
2007) and increased root growth (Hall et al. 1994; Bailey et al.
2010). Hall et al. (2010) reported that, 5 years after claying,
organic carbon (OC) concentration increased by 0.2% in the top
10 cm. However, they did not report OC at depths greater than
10 cm.

Journal compilation � CSIRO 2016 www.publish.csiro.au/journals/sr

CSIRO PUBLISHING

Soil Research
http://dx.doi.org/10.1071/SR15206

mailto:amanda.schapel@sa.gov.au


Soils are the largest terrestrial sink for OC (Sanderman et al.
2010), and agricultural practices can lead to a loss of 50–75% of
native soil OC (Lal 2007). On the other hand, improved
management of cropland (improved rotations, adoption of no-
till or stubble retention) can sequester OC at rates of 0.2–0.
3 t C ha–1 year–1 compared with conventional management
(Sanderman et al. 2010). However, the low nutrient- and
water-holding capacity of sands make it difficult to increase
their OC content by using those management practices (Hall
et al. 2010). Clay modification may be an option to increase the
OC concentration and storage capacity of sands, considering
that in natural soils there is a positive correlation between clay
and OC concentration (Dalal and Mayer 1986; Baldock and
Skjemstad 1999). Sands have low OC concentration due to a
combination of low OC input from plant residues and low OC
protective capacity caused by low clay concentration (Jenkinson
1988; Baldock and Skjemstad 2000). Clay soils, on the other
hand, have high OC storage capacity because decomposers have
reduced access to organic matter. Accessibility is reduced by
the binding of organic matter to the large specific surface areas
of clay particles and by occlusion in aggregates formed by clay
(Tisdall and Oades 1982; Skjemstad et al. 1993). Therefore,
addition of clay to sands could increase OC concentrations by
addressing constraints to plant production and by reducing OC
decomposition through protection of organic matter from
microbes.

The binding potential of clays depends on clay mineralogy,
sesquioxide and carbonate concentration, and formation of
stable micro-aggregates (Denef et al. 2001a, 2001b; Six et al.
2004; Fernández-Ugalde et al. 2011; Saidy et al. 2012). In clay-
modified sands, additional factors influencing OC retention
capacity are clay application rate and distribution (including
both depth of incorporation and size of clay clods) and time
since modification. Determination of OC content in clay-
modified soils requires reliable data on OC concentrations
and distribution. However, the highly variable nature of clay
distribution in these soils may necessitate the development of
new sampling procedures.

Soil sampling procedures have significant impact on the
validity and usefulness of data collected. Many sampling
procedures have been described for Australian soils and are
designed for certain purposes (McKenzie 2008). For carbon
accounting, McKenzie et al. (2000, 2002) recommend
collection, across a grid 25m by 25m, of 25 samples that are
combined into five samples for analysis. Separate analysis of

the five samples provides an assessment of the degree of
variability of OC concentration within the grid, but also
reduces costs compared with analysis of all 25 samples.
Wilson et al. (2010) evaluated a set of soil indicators (total
OC, bulk density, pH and total nitrogen) and found that the
sampling intensity needed to achieve defined levels of precision
and confidence differed among land uses and soil properties
in northern New South Wales. They concluded that 10 samples
across a sampling area of 25m by 25m yielded adequate
precision and confidence for OC. The National Soil Carbon
Research Program (SCaRP) (DAFF 2009) was designed to
examine variations in OC content and composition under
different agricultural practices and soil types across Australia
(Sanderman et al. 2011). The protocol involved collecting 10
samples from a grid 25m� 25m. These methodologies were all
designed to deal with natural soil variability. Clay-modified
soils are highly heterogeneous horizontally and vertically owing
to varying amounts and sizes of subsoil clay clods mixed with
sandy topsoil. This greater variability may require an adapted
sampling methodology, especially for clay-delved soils that
have the greatest heterogeneity (Betti et al. 2015).

This study was designed to determine (i) the number of soil
samples required within a 25-m grid for accurate assessment of
OC and BD in clay-modified soils; and (ii) OC concentration,
bulk density (BD) and OC stocks in clay-modified compared
with unmodified soil.

Materials and methods

Study area and site selection

Two agricultural properties were selected in regions of South
Australia where clay modification is common, the South East
(SE) and Eyre Peninsula (EP) with temperate climate and
rainfall predominantly in winter. Current land use (since clay
modification) for both locations is winter croppingwith a rotation
of cereal (barley, wheat), canola, beans or vetch. Land use before
clay modification was annual pasture with limited stock-carrying
capacity (due to the inherent limitations to plant production
in sands) and cropping in favourable seasons. Both properties
had texture-contrast soils, sand overlying clay at 30–70 cm depth
(Table 1). The clay was dominated by kaolinite with small
proportions of illite with interstratified clay minerals (illite and
kaolinite). The SE site, near Bordertown (UTM zone 54H,
475469E, 5993943N), had an average annual rainfall of
405mm. The unmodified control was characterised by a

Table 1. Characteristics and management history for each site in the South East (SE) and Eyre Peninsula (EP), South Australia
C, Cereal; P, pulse legume; O, oilseed; n.a., not applicable

Clay modification
treatment

No. of years
since clay
modification

Depth to undisturbed
clay (B2)

horizon (cm)

Crop
rotations

(past 3 years)

No. of years
since annual

pasture

Estimate of organic
material incorporated
with spading (t ha–1)

SE EP SE EP SE EP SE EP SE EP

Control n.a. n.a. 45–60 45–60 C–C–O C–P–C 6 10
Clay spread 9 14 30–50 60–75 C–P–C C–P–C 8 4
Delved 9 3 50–70 40–50 C–P–C C–P–C 8 4
Spaded 4 3 45–65 25–40 C–C–O C–P–C 6 10A 6B 10A

ALucerne hay.
BBarley stubble.
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0–10 cm of sand with 3% clay and 0.82% OC and a B2 horizon
with 38% clay, 58% sand, 4% silt and 0.29% OC. The EP site,
near Ungarra (UTM zone 53H, 595313E, 6229862N), had an
average annual rainfall of 345mm. The unmodified control was
characterised by 0–10 cm of sand with 1% clay and 0.38% OC
over a B2 horizon with 46% clay, 48% sand, 6% silt and 0.25%
OC. On each property, three areas within a 1-km radius were
selected thatwere previouslymodified by clay spreading, delving
and spading, and an unmodified control area. The clay-
modification treatments were not replicated. At both sites, the
spaded treatments received additional organic matter at the time
of modification, at the SE site it was cereal straw at 6 t ha–1, and at
the EP site lucerne hay at 10 t ha–1.

Soil sampling and processing

A 25-m grid was established in a representative area for each
treatment in accordance with several Australian studies
measuring soil OC (McKenzie et al. 2002; Wilson et al.
2010; Sanderman et al. 2011). Individual soil cores were
taken from 20 randomly selected grid intersects by using an
hydraulic, trailer-mounted corer (diameter 50mm). Sampling
depth was determined by horizon from cores collected in the
field. Samples were collected in depth increments of 0–10,
10–20, 20–30 and 30–50 cm at the SE location and 0–10,
10–30 and 30–50 cm at the EP location. Soil samples were
collected after harvest, in November 2011 for the EP site and in
February 2012 for the SE site.

Soil samples were processed following the method described
in Sanderman et al. (2011). Soil samples were weighed, dried at
408C for 48 h, re-weighed and sieved through a 2-mm sieve. The
>2-mm fraction was ground, and because no gravel was present,
it was mixed into the <2-mm sample. The combined <2-mm soil
samples were analysed for OC (Walkley–Black method) and
particle size.

Bulk density samples were collected at three random grid
intersects for each depth by using the intact core method
(Cresswell and Hamilton 2002) with fixed-volume cores
(diameter 73mm, height 50mm). Samples were weighed,
dried at 1058C, re-weighed and sieved through a 2-mm sieve.
The >2-mm fraction was hand-ground and weighed, and the
volume calculated by displacement of water. The BD of the fine-
earth (<2-mm) fraction (BDfe) was calculated.

Organic C stock of the 0–30 cm depth was calculated by
using the average OC concentration (%) and BDfe (g cm

–3) for
each site according to the equation (Ellert et al. 2001):

Organic C stock ðt ha�1Þ
¼ OC concentration� BDfe � soil depth

Because OC concentration changes with depth, small
differences in sampling depth among cores can affect the
calculated OC stock. To account for this, OC stock to 30 cm
was adjusted to an equivalent soil mass (Ellert and Bettany
1995). The equivalent soil mass of 5000Mg soil ha–1 was used,
which is the maximum soil mass of the <2-mm fraction across
all samples. For cores with <5000Mg ha–1 soil mass, a fraction
of the 30–50 cm depth was added to achieve equivalent soil
mass and the OC stock was calculated as: OC0–10 +OC10–20 +
OC20–30 + fraction of OC30–50.

Data on OC concentration and BD for each site were analysed
by repeated-measures analysis of variance (ANOVA) with depth
as repeated-measures. The depth�modification interaction was
significant and was used for multiple comparison tests (Tukey
P� 0.05) in GENSTAT 15th edition (VSN International, Hemel
Hempstead, UK). Organic C stock was not analysed statistically
because it was based on average OC and BD values.

Determination of sample number for reliable estimation
of OC content

Several Australian studies (e.g. Wilson et al. 2010; Sanderman
et al. 2011) have shown 10 samples within a 25-m grid to be
adequate for OC sampling in natural soils, but it is not known
whether this is also the case for clay-modified soils. The data
from the 20 soil samples for each site were used to find the
sample number for reliable estimation of OC content in clay-
modified soils via two methods.

Method 1
The average OC concentration was calculated by

progressively averaging the OC concentrations of sample 1,
sample 1 + 2, sample 1 + 2 + 3, etc., until all 20 samples were
accounted for. This process was repeated 20 times, randomising
the order of the samples averaged. The variance and coefficient
of variation were determined for each progression. Sample
number was estimated by plotting the variance and coefficient
of variation against increasing sample number from 1 to 20
(Fig. 1). The sample number required for reliable estimation of
OC content is reached when variance = 0.001 and coefficient of
variation = 5%.

Method 2
The method uses Scheffe’s formula, n = ta2� s2/(x� d)2,

where ta is Student’s t-test at level of confidence a, s2 is sample
variance, x is sample mean and d is level of precision (�d%)
as discussed in Wilson et al. (2010). Sample number was
determined by using a= 5% and 10% (a = 10%, or 90%
confidence has been considered adequate for soil samples;
Schipper and Sparling 2000; Wilson et al. 2010) and at
precision levels d= 5%, 10%, 15% and 20% (precision levels
previously used were 10% by Schipper and Sparling (2000) and
15% by Wilson et al. (2010)). The sample number required for
reliable estimation of OC concentration was taken as the highest
sample number across all depths for the site.

The sample number required for reliable estimation of BD
was also determined using Scheffe’s formula where a and d are
both 10%.

Sampling methodology for delved soils

Delved sites have distinct areas of clay modification with strips
along the delve line spaced 0.8–1.5m apart within which the soil
is disturbed to ~60–75 cm (Davenport et al. 2011), whereas the
soil between the strips (off delve line) was modified to
~10–15 cm by cultivation after delving. At the EP site, two
sampling methods were compared in the 25m by 25m grid:

(i) Twenty samples were collected based on the proportion of
area covered by the delve lines (30%, six samples) and
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between delve lines (70%, 14 samples) (stratified
sampling).

(ii) Forty samples were collected, 20 from the delve line and
20 from the off-delve areas (whole-area sampling)

Three BD samples were collected from each area (delve line and
between delve line) for each depth. The appropriate sampling
methodology was determined separately for both OC and BD by
comparing the sample number required for reliable estimation
of OC content for (i) stratified sampling and (ii) whole-area
sampling.

Results

Sampling methodology

Adjusting the confidence levels from a = 5% to a = 10% resulted
in small differences in the sample number required for reliable
estimation of OC content calculated by using Scheffe’s formula
(data not shown). However, the number of samples required
was slightly lower with a = 10%. Therefore, this value was used
for the calculations of sample number as in previous studies
(Schipper and Sparling 2000; Wilson et al. 2010).

With a confidence level of 10%, the calculated sample number
(using Scheffe’s formula, method 2) required for reliable
estimation of OC concentration varied greatly depending on the
degree of precision selected. Large differences in optimum
sample number (1–230) were calculated for the precision
percentages 5%, 10%, 15% and 20%, with the largest sample
number (230) required in soil with the lowest OC concentration
(Table 2); therefore, the following rules for precision were
applied to determine the sample number required for reliable
estimation of OC depending on OC concentration:

(i) >0.9% OC: precision 10% (>�0.09%)
(ii) 0.5–0.9% OC: precision 15% (�0.08–0.09%)
(iii) <0.5% OC: precision 20% (<�0.1%)

For example, when using a 5% precision (�0.02%) in the
20–30 cm layer of the SE delved treatment (Table 2) with an
OC concentration of 0.4%, 146 samples in a 25-m grid are
required. By using the proposed rules, because the OC

concentration is <0.5%, a precision of 20% (�0.08%) would
be selected, therefore requiring only 10 samples.

The highest value for each depth increment was selected as
the sample number required for reliable estimation of OC
concentration for a given treatment (Table 3). This approach
was validated by comparison of the sample number required
for reliable estimation of OC concentration (Table 4) derived by
using plots of variance (Fig. 1). It can be concluded that 10
samples within a 25-m grid for clay-modified soils and 15
samples for unmodified control soils are sufficient for reliable
estimation of OC concentration.

By using the precision and confidence levels determined for
OC sampling (a and d = 10%), the sample number required for
reliable estimation of BD was calculated (Table 3). Higher
sample numbers were required for the SE (two–five samples)
than the EP site (one or two samples).

Sampling methodology for delved soils determined that the
sample number for reliable estimation of OCwas 10 for stratified
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Fig. 1. Example of determination of sample number required for reliable estimation of organic carbon
content for the South East site clay spread treatment by plotting variance against increasing sample number
(1, 1 + 2, 1 + 2 + 3, until all 20 samples collected in the grid are accounted for). Based on 20 randomised runs.

Table 2. Example of sample numbers required from the control and
delved treatments for reliable estimation of organic carbon (OC)
concentration with 5–20% precision values in a 25-m grid at a= 10%

(90% confidence), using Scheffe’s formula
Sampling from the South East of South Australia. Bold values indicate the
optimum sample number following the rules of precision based on OC

concentration

Soil depth
(cm)

Mean OC
(%)

Precision (d)
5% 10% 15% 20%

Control
0–10 0.82 37 10 5 3
10–20 0.29 168 42 19 11
20–30 0.12 98 25 11 7
30–50 0.26 230 58 26 15

Delved
0–10 0.94 19 5 3 2
10–20 0.69 41 11 5 3
20–30 0.40 146 37 17 10
30–50 0.25 49 13 6 4
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sampling and totals of 31 for SE and 18 for EP sites when
sampling delve-line and off-delve areas separately.

There was no significant difference in BD values (data not
shown) between delve-line and off-delve areas. Two samples
were required for reliable estimation of BD in both areas.

Effect of clay modification

In unmodified control soil, the highest OC concentration
occurred in the 0–10 cm layer (A1) and the lowest at
10–30 cm (bleached A2), with intermediate concentrations at
30–50 cm (clay B2 horizon). In the clay-modified treatments, the
0–10 cm layer also had the highest OC concentration, but the
decrease to the 10–30 cm layer was less pronounced than in the
control at the SE site in all modification treatments, and at the
EP site in the spaded treatment only (Tables 5, 6). The EP delved
treatment had OC distribution similar to the unmodified control
site.

Compared with the unmodified control, OC concentrations
were up to 2-fold higher at 0–10 cm depth in all EP clay-
modified treatments and 25% higher in the SE clay spread
treatment. The largest increase in OC concentrations relative
to the control occurred at 10–30 cm depth, with up to 3-fold
higher concentrations in all SE clay-modified treatments and
the EP spaded treatment. At 30–50 cm depth, compared with the
control, OC concentrations were higher in the EP spaded

treatment but significantly lower in the EP clay spread
treatment (Fig. 2; Appendix 1, P < 0.001 treatment� depth
interaction).

The coefficient of variation for OC ranged between 15% and
78% at the SE site and 14% and 48% at the EP site. The greatest
variability generally occurred in layers with the lowest OC
concentration (Tables 5, 6).

There were no significant differences in BD among the
treatments (Tables 5, 6). The BD values ranged from 1.36 to
1.75 g cm–3 at the SE site and from 1.51 to 1.92 g cm–3 at the EP
site. The coefficient of variation for BD ranged between 1% and
19% at the SE site and 1% and 7% at the EP site.

Organic C stocks were calculated based on equivalent soil
mass of 5000Mg ha–1. Stocks in unmodified controls were 20
and 12 t ha–1 at the SE and EP sites. The highest OC stocks were
in the clay spread (33.5 t ha–1) and delved (34 t ha–1) treatments
at the SE site and in the spaded treatment (34.5 t ha–1) at the EP
site (Table 7). OC stocks in the clay-modified treatments were
7.5–14 t ha–1 greater at the SE site and 1–22.5 t ha–1 greater at
the EP site than in the unmodified control, an annual increase
at SE of 1.5–1.9 t ha–1 and at EP of 0.1–7.5 t ha–1 since clay
modification (Table 7).

Relationship between organic carbon and clay
concentrations

Clay concentrations of the unmodified control were 1–3% in the
surface 30 cm, and 38% (SE) and 46% (EP) in the undisturbed
clay horizon (B2). Clay concentration of the clay-modified
treatments varied with depth, treatment and site; at 0–30 cm
depth, the clay concentration ranges were 7–20% (SE) and
2–18% (EP) (Tables 5, 6).

When the whole profile (0–50 cm) was considered, there was
no correlation (R2 = 0.2) between OC and clay concentration.
However, when the soil profile was divided into depth
increments, OC concentration was positively correlated with
clay concentration, with R2 = 0.6 at 0–10 cm depth and 0.7 at
10–30 cm depth (Fig. 3). There was no correlation (R2 = 0.4)
between OC and clay concentration at 30–50 cm, which was
predominantly the B2 clay horizon.

Discussion

Incorporation of subsoil clay into sand topsoil increased OC
concentration, most likely as a result of increased OC input
through improved plant growth, and greater protection from
microbial breakdown of OC by binding to clay. Organic C stock
increasedby7.5–14and1–22.5 t ha–1, or anannual rateof1.5–1.9
and 0.1–7.5 t C ha–1 for the SE and EP sites. The annual increase
of 7.5 t C ha–1 is greater than would be expected from crop
residue inputs alone. However, the spaded treatment from
which this high value was obtained had 10 t ha–1 of lucerne hay
incorporated.Nevertheless, theothervalueswerealsogreater than
the 0.2–0.3 t C ha–1 year–1 presented by Sanderman et al. (2010)
with improved management of croplands. The greatest increases
in OC concentration over the unmodified control (generally
~2-fold) occurred in the 10–30 cm layer; additionally, OC was
more evenly distributed down the profile with the clay-
modification treatments. Root growth would be limited below
30 cm, which explains why clay modification had little effect on

Table 3. Sample numbers required for reliable estimation of organic
carbon concentration and bulk density in a 25-m grid for clay-modified

soils at the South East (SE) and Eyre Peninsula (EP) sites

Organic C Bulk density
SE EP SE EP

Control 15 16 4 1
Clay Spread 11 10 5 1
Spaded 11 9 5 1
Delved (stratified) 10 10 2 2
Delved: delve line 11 6 2 2
Delved: off-delve 20 12 2 3

Table 4. Example of sample numbers required for reliable estimation
of organic carbon concentration at different depths when using Scheffe’s
test, the variance method and coefficient of variation, from the control

and clay spread treatments, South East of South Australia
Scheffe’s formula is used at a= 10%, following proposed rules for
precision; variance (0.001) and coefficient of variation (5%) are plotted

against sample number

Method Soil depth Highest
value0–10

cm
10–20
cm

20–30
cm

30–50
cm

Control
Scheffe’s a= 10% 5 11 7 15 15
Variance 9 11 3 9 11
Coefficient of variation 8 17 13 17 17

Clay spread
Scheffe’s a= 10% 5 6 11 5 11
Variance 9 13 14 7 13
Coefficient of variation 6 13 17 12 17
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OC concentration in the 30–50 cm layer. The positive correlation
between clay and OC concentration at 10–30 cm depth is in
agreement with other studies on unmodified soils (Dalal and

Mayer 1986; McKenzie 2008) and confirms that binding of OC
to clay can increase OC sequestration by reducing its
accessibility (Baldock and Skjemstad 2000).

Table 5. Mean values, significance (Tukey’s test) and coefficient of variation (CV) for organic carbon
concentration and bulk density, and clay content for control, clay spread, delved and spaded sites from the

South East of South Australia
Within columns, means followed by the same letter are not significantly different (P> 0.05)

Soil depth Organic C concentration (n= 20) Bulk density (n= 3) Clay
(cm) Mean

(%)
Tukey’s

significance
CV
(%)

Mean
(g cm–3)

Tukey’s
significance

CV
(%)

(%)

Unmodified control
0–10 0.82 fg 22 1.53 abc 11 3
10–20 0.29 bc 50 1.44 ab 12 2
20–30 0.12 a 38 1.60 abc 5 1
30–50 0.26 ab 58 1.71 abc 6 19

Clay spread
0–10 0.99 h 20 1.42 abc 7 14
10–20 0.69 ef 52 1.71 ab 7 12
20–30 0.43 cd 78 1.59 abc 13 20
30–50 0.32 ab 45 1.63 abc 1 42

Delved
0–10 0.94 gh 15 1.70 c 10 10
10–20 0.69 ef 23 1.69 abc 19 7
20–30 0.4 bcd 46 1.66 abc 11 8
30–50 0.25 ab 26 1.75 bc 17 29

Spaded
0–10 0.84 fgh 15 1.36 a 5 9
10–20 0.54 de 38 1.46 ab 15 11
20–30 0.37 bc 43 1.61 abc 5 18
30–50 0.35 bc 27 1.56 abc 4 31

Table 6. Mean values, significance (Tukey’s test) and coefficient of variation (CV) for organic carbon
concentration and bulk density, and clay content, for control, clay spread, delved and spaded sites from the

Eyre Peninsula, South Australia
Within columns, means followed by the same letter are not significantly different (P> 0.05)

Soil depth
(cm)

Organic C concentration (n= 20) Bulk density (n= 3) Clay
Mean
(%)

Tukey’s
significance

CV (%) Mean
(g cm–3)

Tukey’s
significance

CV
(%)

(%)

Unmodified control
0–10 0.38 ef 39 1.56 ab 6 1
10–30 0.18 abc 48 1.70 bcd 1 1
30–50 0.3 cde 29 1.72 bcd 5 23

Clay spread
0–10 0.53 gh 14 1.51 a 1 9
10–30 0.15 ab 47 1.76 de 2 2
30–50 0.06 a 48 1.73 bcde 2 1

Delved
0–10 0.61 hi 20 1.68 abcd 2 5
10–30 0.24 bcd 48 1.70 bcd 7 3
30–50 0.33 de 20 1.92 e 5 38

Spaded
0–10 cm 0.84 j 18 1.57 abc 2 11
10–30 cm 0.61 i 33 1.75 cde 2 18
30–50 cm 0.46 fg 29 1.68 abcd 1 38
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Effect of clay modification method, depth and site
on clay and OC concentration

The effect of modification method on clay concentration differed
between the SE and EP sites, which can be explained by depth of
the clay-rich B2 horizon (Table 1) and depth of incorporation
after clay spreading. The B2 horizon was within the 30–50 cm
layer, explaining the high clay concentrations at this depth in all
modification treatments except clay spread at the EP site where
the B2 horizon was below 50 cm (Table 1). The incorporation of
clay after spreading was deeper at the SE site (15 cm) than the
EP site (8 cm), resulting in a more uniform clay distribution
(Tables 5, 6). Clay concentrations in clay spread and delved
treatments were generally higher at the SE site than the EP site
although the clay concentration of the B2 horizon was higher at
the EP site (46% v. 38%). This may be due to differences in
machinery design, with the delving machinery used at the SE
site being more efficient in bringing up clay, or clay-spreading
machinery applying higher rates of clay to the surface.

Organic C concentrations and stocks were generally lower at
the EP than the SE site, which reflects the difference in rainfall

and fertility of the sites. At the SE site, all modifications resulted
in similar OC stock increases over the unmodified control. This
may be due to more uniform clay distribution with depth and
higher clay concentrations than at the EP sites, where the
increase in OC stocks varied among modification treatments.
Clay spreading at the EP site did not increase OC stocks over the
unmodified control, likely because of low clay concentration
below 10 cm. By contrast, spading nearly tripled OC stocks and
induced the greatest rate of annual increase. This can be
explained by the high clay concentration at 0–30 cm depth
and the additional input of OC with the deep incorporation of
organic matter at the time of modification (10 t ha–1 of lucerne
hay).

The effect of the modification method on OC stocks was site-
specific. More important for an increase in OC stocks than the
modification method appear to be the final concentration of clay
and its uniform incorporation throughout the top 30 cm of soil.
Nevertheless, there was a maximum increase in stock of 14 t ha–1

(SE) and 22.5 t ha–1 (EP) over the unmodified controls.

Sampling methodology

The addition of subsoil clay to sand resulted in a heterogeneous
environment with various-sized clay clods within the sand
matrix. Variability in OC concentration as measured by the
coefficient of variation was 15–78% for SE and 14–48% for EP,
which is higher than the 30–40% reported by Singh et al. (2001)
and the 15–35% by Shukla et al. (2004) for unmodified soils.
With the high coefficient of variation in clay-amended soils,
sampling methodology must ensure collection of an adequate
number of samples by the correct methodology to have
confidence in the results.

However, soils with the lowest OC concentrations required
the greatest number of samples for reliable estimation of OC
concentration. By using different precision values developed in
this study, a balance can be reached between cost of sampling
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Fig. 2. Organic carbon concentrations for clay modification treatments in
0–10, 10–30 and 30–50 cm depths at (a) South East and (b) Eyre Peninsula
sites. Capped lines show standard error and means followed by the same
letter are not significantly different (P> 0.05) based on the treatment� depth
interaction.

Table 7. Annual change in organic carbon (OC) stock since clay
modification for samples collected in the South East and Eyre

Peninsula of South Australia
Increase in stock is the difference between the modified treatment and the

unmodified control. n.a, Not applicable

OC stock
(0–30 cm)A

Increase
in OC

stock since
modification

No. of
years
since

modification

OC stock
change
(t ha–1

year–1)
(t ha–1)

South East
Unmodified control 19.8 n.a. n.a. n.a.
Clay spread 33.5 13.7 9 1.5
Delved 34.0 14.3 9 1.6
Spaded 27.3 7.5 4 1.9

Eyre Peninsula
Unmodified control 12.0 n.a. n.a. n.a.
Clay spread 13.3 1.3 14 0.1
Delved 18.3 6.3 3 2.1
Spaded 34.5 22.5 3 7.5

AIn soil mass of 5000Mgha–1.
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and rigour. It would be adequate to collect 10 samples within
a 25-m grid for clay-modified soils, but 15 samples would be
required for unmodified sands because of their lower OC
concentration. Collecting additional samples (e.g. 15 instead
of 10) will increase the precision, but at these low OC
concentrations (<0.5%), the extra time and analytical costs
outweigh the small increase in precision gained. Therefore, we
propose 10 samples in a 25-m grid to be sufficient to represent the
variability of OC concentrations in clay-modified soils and
unmodified controls, which is in accordance with previous
recommendations for unmodified soils (Sanderman et al. 2011;
Wilson et al. 2010).

The optimum number for BD samples was between one
and five within a 25-m grid (Table 3). The higher sample
number was due to high variance at the SE site (coefficient
of variation 1–19%) compared with the EP site (1–7%). The
higher variability at SE site may be caused by the lower water
content at sampling (<4% compared with 5–15% at the EP site).
Low water content reduces soil cohesion, therefore increasing
the likelihood of loss of soil from cores during sampling, which
leads to higher variability than with moister soil. Wetting the
soil before sampling may reduce variability. When the SE
treatments were re-sampled the following year, the dry soil
was wetted before BD sampling and BD variation was
considerably lower (data not shown). With this adjustment to
BD sampling technique, the optimum sample number for bulk
density is two or three within a 25-m grid.

We recommend stratified sampling of delved sites based on
the proportion of area covered by the delve lines and between
delve lines because this sampling method required the lowest
number of samples to obtain reliable estimations of OC. The
proportion of the area covered by the delve-line and off-delve
areas will vary depending on the type of machinery used. On our
sites, ~70% of the area was off-delve and 30% was on the delve

line; therefore, for OC sampling, seven samples should be
collected off-delve and three on the delve line, and for BD,
two off-delve and one on the delve line.

Conclusions

This study demonstrated that clay modification could increase
OC storage in sands. However, this increase varied with site
and modification method, which can be partly explained by
differences in clay concentration, because there was a positive
correlation between OC and clay concentrations. Ideally, high
clay concentrations should be achieved uniformly to a depth
of at least 30 cm. It was determined that 10 samples for OC
concentration and three samples for BD are required for reliable
estimation in clay-modified and unmodified soils in a 25-m
grid following the proposed rules of precision and practicality.
Further research is required to optimise the effect of clay
modification on plant growth and OC storage, for example
determining the most appropriate method of clay modification
for a given soil type, timing of clay modification, technique of
incorporation, addition of organic matter, as well as improving
equipment design.
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A B S T R A C T

In agricultural soils, subsoil clay addition to sand has the potential to improve carbon sequestration by increasing
soil organic carbon (OC) concentration through adsorption and occlusion. However, the factors influencing
increased OC in these engineered soils are poorly understood. The addition of subsoil clay creates clods of
different sizes, from a few mm up to 200mm or more in diameter. This study assessed the i) size, number and
vertical distribution of clods and OC at two clay-modified field sites and ii) effect of clod size and properties on
OC in incubation experiments. The hypotheses were that smaller clods would increase and stabilise OC more
than larger clods and that an even distribution of clods throughout the depth of modification will increase OC
stock compared to patchy distribution. Two field sites with differing clay modification method, delved and
spaded, were studied. Soil was excavated from a 30 cm quadrat in 10 cm increments down the profile, sieved into
clod sizes and mass with clod number and OC concentration determined. Delving elevated clay from 40 to 60 cm
depth and created few clods, which were poorly distributed in the depth of modification. Spading mixed clay
from 20 to 30 cm below the soil surface and created many, smaller sized clods, which were more evenly dis-
tributed within the 0–30 cm modification depth. OC concentration was highest in the smallest clods, particularly
at the soil surface. OC stock increased with clod number. Clods collected from the two field sites were further
used in incubation experiments to determine the effect of clod size and properties (clay and iron concentration)
on the accumulation and protection of OC. Clods (2–6 and 6–20mm) were added to sand at 80mg clay g−1 sand
and incubated 300 or 420 days at optimal moisture conditions with monthly wheat residue addition in the
accumulation experiment. Smaller clods (2–6mm) accumulated OC at a higher rate and offered greater pro-
tection from decomposition by microbes than larger clods (6–20mm). These results support our hypotheses that
smaller clods and even vertical distribution is important to increase OC. Furthermore, clod number was a critical
factor in increasing OC content. We conclude that in clay-modified soils the addition of many, smaller sized clods
distributed throughout the depth of modification can improve OC content.

1. Introduction

Carbon sequestration in agricultural soils provides an opportunity to
offset greenhouse gas emissions (Lal, 2004). Increased organic carbon
(OC) concentration has been reported to improve soil health, fertility,
structure, water-holding capacity and productivity (Chan et al., 2003;
Baldock and Skjemstad, 1999). Sanderman et al. (2010) suggested that
in Australia, conversion of native land for agriculture has resulted in 40
to 60% loss of soil OC. Furthermore, improved management of crop-
land, for example improved crop rotation, adoption of no-till or stubble
retention, conversion of annual to perennial pasture species, can in-
crease carbon at rates of 0.2–0.3Mg C ha−1 y−1 compared to conven-
tional management. However, there are a number of factors that alone

or in combination will affect the total amount and distribution of OC in
the soil profile including climate, topography, soil biota and soil type
(Baldock and Skjemstad, 2000). The amount of OC stored varies among
soil types (Hoyle et al., 2013) and is strongly influenced by clay con-
centration (Rakhsh et al., 2017). Sandy soils have low capacity to
physically protect OC from microbial breakdown (Six et al., 1999). In
contrast, clay soils can store large amounts of OC due to binding of OC
to clay particles which protects it from decomposition by microbes. The
addition of subsoil clay to sand (clay modification) can increase OC
accumulation through binding to clay surfaces (Baldock, 2007;
Skjemstad et al., 1993) and by occlusion in micro-aggregates formed by
clay (Tisdall and Oades, 1982). The OC concentration of subsoil clay is
generally lower than that of a similar textured topsoil due to lower OC
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inputs (Rumpel and Kögel-Knabner, 2011). Therefore, subsoil clay may
have a high potential for stabilisation of OC as saturation of the mineral
particles is unlikely to have occurred (Lützow et al., 2006). Stabilisation
of OC depends on clay mineralogy, sesquioxide, carbonate concentra-
tion and formation of stable micro-aggregates (Denef et al., 2001a,
2001b; Fernandez-Ugalde et al., 2011; Lützow et al., 2006; Rakhsh
et al., 2017; Saidy et al., 2012; Six et al., 2004) and time (Hoyle, 2013).

Subsoil clay addition to sand may increase OC input from improved
plant growth resulting from increased nutrient and water retention.
Field investigations of clay-modified soils have reported increased OC
(Churchman et al., 2014; Hall et al., 2010; Schapel et al., 2017; Tonkin
et al., 2012), increased yield (Davenport et al., 2011; Hall et al., 2010;
Noble et al., 2001; Ozhan et al., 2008), nutrient availability (Bailey and
Hughes, 2012; Hall et al., 2010) and root growth (Bailey et al., 2010;
Hall et al., 1994), reduced water repellence (Cann, 2000; Harper et al.,
2000; Ma'shum et al., 1989; McKissock et al., 2000; Ward and Oades,
1993) and saturated hydraulic conductivity (Betti et al., 2016). The
increase in OC input and the greater capacity for adsorption and oc-
clusion of clay-amended sandy soils is likely to increase OC storage.
However, little is known about how long it will take for the OC increase
to occur.

Sands cover 900million hectares (Mha) of the world's surface (FAO/
UNESCO, 1995). In Australia, there are approximately 5Mha of sands
used for agriculture and suitable for clay addition (Harper, 2012) with
an estimated 0.16Mha already clay modified in southern and Western
Australia (Churchman et al., 2014). In South Australia, the most
common methods of clay modification are addition of subsoil clay to
the surface of the sand (spreading) or elevation of subsoil clay (delving,
spading) throughout the soil profile (Fig. 1). Selection of the appro-
priate modification method is determined by the depth to clay-rich
subsoil (Davenport et al., 2011) and the machinery available. Clay
spreading is the only available option for deep sands where clay-rich
subsoil is at> 60 cm depth. Clay-rich subsoil is excavated from a
nearby pit, spread to the sand surface and then incorporated. Delving is
used where clay-rich subsoil is present within 30–60 cm depth
(Desbiolles et al., 1997), where specially designed tynes elevate the
clay-rich subsoil into the sand above. After delving, elevated clay clods
are spread using bars, dragging clay from delve line into the area

between delve lines (0.7–2m depending on machine design) and then
incorporated. The area between delve lines is modified to the depth of
incorporation but below this depth, the sand remains undisturbed.
Spading can be used as a clay modification method where clay-rich
subsoil is within 30–40 cm depth. Clay is elevated and incorporated in
one pass using specially designed ‘spades’ spaced 0.35m apart on a
rotary axle. While delving creates distinct areas of modification, delve
lines and area between the delve line, clay spreading and spading result
in a more uniform distribution of subsoil clay clods to the depth of
incorporation. All clay modification methods result in a mix of clay
clods ranging in size from a few mm up to> 200mm (Schapel, 2017
pers. obs) in a sand matrix.

In agricultural soil under dryland cropping, Schapel et al. (2017)
reported increased OC stock up to 22 tha−1 (average 10.9 tha−1) in the
surface 30 cm, 3 to 9 years after clay modification compared to un-
modified sands. OC stock increase was found to be influenced by clay
modification method, and dependent on clay concentration, depth of
incorporation (distribution of clay clods) and possibly clod size.
Spading with added organic matter gave the highest increase compared
to the unmodified sand. Organic matter plays a critical role in the soil,
creating aggregates of soil particles, stabilising structure, increasing
water infiltration and overall water holding capacity, storing and re-
leasing nutrients; improving cation exchange and buffering capacity
(Baldock, 2007; Hoyle, 2013).

In an incubation experiment, Rakhsh et al. (2017) assessed the ef-
fect of subsoil clay addition to sand after plant residue addition. After
184 days, they found higher OC concentration associated with finely
ground clay (< 2mm) mixed with sand than in sand alone. In clay-
amended sand 45 days after residue addition, Tahir and Marschner
(2016) found no clear difference between OC concentration in 1mm
compared to 3mm clods. The lack of difference between clods may be
because size and thus surface area were not sufficiently different.
Nevertheless, soil respiration was lower in 3mm than 1mm clods, in-
dicating reduced OC decomposition in the larger clod size.

The factors influencing OC in these engineered soils are poorly
understood and little is known about the effect of clod size and prop-
erties on OC in the field. This study aimed to determine the i) size,
number and vertical distribution of artificially created clods and OC at

Fig. 1. Schematic diagram (not to scale) of distribution of clay clods in the soil profile with clay addition to surface or elevation from subsoil.
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two clay-modified field sites and ii) effect of clod size and properties on
accumulation and protection of OC in incubation experiments. We
hypothesised that (i) smaller clods would increase and stabilise OC
more than larger clods and (ii) an even distribution of clods throughout
the depth of modification will increase OC stock compared to patchy
distribution.

2. Materials and methods

2.1. Field Sites

Two clay-modified field sites were selected in South Australia (SA),
at Edilillie (Eyre Peninsula, EP) and Furner (South East, SE). Both sites
have temperate climate, winter dominant rainfall and texture-contrast
soil (Table 1) classified as Chromosol in the Australian Soil Classifica-
tion (Isbell, 2002) and Luvisol in the World Reference Base (IUSS
Working Group WRB, 2015). The EP site has average annual rainfall of
465mm, is located in a cropping region and cropped using a rotation of
two-year cereal and oilseed followed by a legume crop or grazed pas-
ture. The clay-subsoil is within 30 cm of the soil surface. The site was
clay-modified in 2009 using a spader. Three treatments were estab-
lished within 100m of each other: spaded, spaded+organic matter
(10 tha−1 of lucerne straw) and unmodified sand. The SE site has
average annual rainfall of 630mm, is situated in a mixed livestock-
cropping farming area and maintained as a grazed perennial pasture
with an occasional cereal crop. The clay-subsoil is within 40 to 60 cm of
the soil surface. The site was clay-modified in 2002 using a delver with
tines spaced 1.5 m apart and shallow incorporated to 10 cm. No un-
modified control was present at this site. The modification method was
different at the two sites due to the depth of subsoil clay.

2.2. OC and clod distribution

2.2.1. Sampling
Sites were sampled in April 2012 (9 years post-modification) in the

SE region under a perennial grass and May 2013 (3 years post-mod-
ification) in the EP region under a wheat crop. At each site, the soil was
collected in a 30× 30 cm tray in 10 cm depth increments, replicated
three times for each treatment. Treatments were: EP unmodified,
spaded and spaded plus organic matter (OM) to 30 cm depth; and SE
delved and area between delve lines to 40 cm depth. Soil samples were
oven dried at 40 °C and passed by hand through a series of sieves; 1, 2,
4, 6, 10, 20, 100 and 200mm, to determine clod sizes. The< 1mm size
was sand that had passed through the 1mm sieve, 1–2mm clod size was
soil (mostly clay clods) that passed through a 2mm sieve but remained
on a 1mm sieve, 2–4mm clod size was clay clods that passed through a
4mm sieve but remained on the 2mm sieve etc. The mass of soil for
each clod size collected was recorded. Based on similarities in OC
concentration, clods were grouped into sizes < 1mm (sand), 1–2mm,
2–6mm, 6–20mm, 20–100mm and>100mm. Clay soil collected from

the field sites was used in the protection and accumulation incubation
experiments (2.3.2). No gravel was present in the samples.

2.2.2. Analytical methods
The undisturbed subsoil clay at both sites was analysed for pH 1:5 in

calcium chloride (0.01M), electrical conductivity (EC 1:5 soil:water),
exchangeable cations in ammonium chloride at pH 7.0 (1M), ex-
tractable iron and aluminium (Tamm, 1922), clay concentration by
particle size distribution (Indorante et al., 1990) and clay mineralogy
by X-ray diffraction (Brindley and Brown, 1980). For all clod sizes, OC
concentration was analysed by Walkley-Black wet digestion (Rayment,
1992; Walkley and Black, 1934). Soil mass (g) for each clod size within
the defined volume 0.009m−3(30×30×10 cm depth) was recorded.
This information was used to calculate:

For each 10 cm depth increment

=

×

−For each clod size OC stock OC concentration

by soil mass

: (g 0.009 m ) (%)3

∑= + +

+ + >

−OC stock OC stock in

clods

(t ha ) 1–2 mm 2–6 mm 6–20 mm

20–100 mm 100 mm

clay
1

= <−OC stock OC stock(t ha ) 1 mmsand
1

∑= + +

+ + >

×

Clay concentration soil mass of

clods
clay concentration from particle size 

distribution for relevant undisturbed subsoil clay
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20–100 mm 100 mm

For 0–30 cm depth

∑= +

+

For each treatment Soil mass soil mass in

depth
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20–30 cm

0–30

∑=

For all treatments Equivalent soil mass ESM ESM

percentile of soil mass all treatments

: ( )

10th 0–30

∑= +

+ +

−OC stock OC stock OC stock in(t ha ) 0–10 cm

10–20 cm 20–30 cm

ESM clay sand

ESM

1

An equivalent soil mass (Ellert and Bettany, 1995) was used for fair
comparison of OC stock across treatments.

2.3. OC protection and accumulation incubation experiments

Incubation experiments assessed the importance of clod size and
clay properties on protection and accumulation of OC. In the protection
experiment two clod sizes collected from the 0–10 cm depth in the area
between delve lines of the SE field site with their native OC con-
centration were used. OC concentration was measured on days 90, 150,
330 and 420. In the accumulation experiment, two clod sizes were
created from undisturbed clay subsoil collected from the unmodified
treatment at EP and from the area between delve lines at SE. Their
capacity to bind OC with monthly addition of ground wheat residue
(total residue addition of 44mg residue g−1 soil) was measured on days
45, 90, 120, 180, 240 and 300.

2.3.1. Incubation design
The methodology for each incubation experiment is detailed sepa-

rately in the Supplementary section, but briefly:
Clods captured on 2mm and 6mm sieves were mixed with sand

from the unmodified A2 horizon (20–50 cm) between delve lines. Clods
were added at a clay concentration of 80mg clay g−1 sand, which is
within the target clay rate (60–90mg clay g−1 sand) of clay-modified
paddocks in South Australia (Schapel, 2017 pers. obs.). To account for

Table 1
Attributes and management history for Eyre Peninsula (EP) and South East (SE)
sites, South Australia.

Attribute Eyre Peninsula (EP) South East (SE)

Location Lat/Long 34°41′S, 135°71′E 37°35′S, 140°42′E
Annual rainfall (mm) 465 630
Farming system Crop (2 yr), annual

pasture/legume (1 yr)
Perennial pasture for
grazing with occasional
broad-acre crop

Years since clay
modification

3 9

Soil type Chromosol Chromosol
Depth to subsoil clay 25–30 cm 50–60 cm
Field site treatments Spaded, spaded+OM,

unmodified
Delve line, between delve
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differences in clay concentration of the subsoil clays,
150mg clay soil g−1 sand for EP and 250mg clay soil g−1 sand for SE
clay soils were added to the sand. Clods and sand were carefully mixed
and placed in plastic pots (10 cm diameter and 8 cm height). The pots
were incubated at 23 °C at 60% water holding capacity
(0.10 gwater g−1 soil) to optimise microbial activity (Setia et al.,
2011). Soil water content was checked weekly and maintained grav-
imetrically. Black plastic tarp was placed loosely over the pots to keep
them in darkened conditions and minimise evaporation. Pots were ar-
ranged in a completely randomised design. At each sampling, clods
were separated from the sand by sieving and analysed for OC (Walkley-
Black method) at each sampling time. Vernier calipers were used to
measure 10 clods each of the 2–6mm and 6–20mm size to calculate
surface area. Clods were rectangular prism shaped and this information
was used to calculate:

= × + × + × =

= =

Surface area l w w h l h l w

h

2( ) 2( ) 2( ), where length,

width, height.

= ×Total surface area surface area clod number

2.4. Statistical analyses

2.4.1. Field sites
Statistical comparison was not conducted between sites because the

sites differed in many factors (climate, clay modification method,
farming system, etc.). Statistics were conducted on treatments for each
site separately. Not all treatments had clods in each size, thus OC data
was analysed by two-way, unbalanced ANOVA by treatment and clod
size for each depth using Genstat 17th edition (VSN International, UK),
significance refers to p≤ 0.05. Multiple comparison test, Fishers
Unprotected LSD at 95% confidence interval, was carried out for each
depth interval for clod size or treatment x clod size interaction de-
pending on significance (Table 3). Multiple comparison was conducted
on: sand (< 1mm) and all clod sizes (1 to> 100mm) for OC con-
centration; and due to large differences in OC stock, on sand (< 1mm)
and clod sizes (> 1mm) separately to identify differences between clod
size (Table 4).

2.4.2. Incubation experiments
OC data were analysed by two-way repeated measures ANOVA with

fixed factors clod size and sampling time using Genstat 17th edition
(VSN International, UK); significance refers to p≤ 0.05. Tukey's mul-
tiple comparison test at 95% confidence interval was carried out for the
clod size× sampling time interaction.

3. Results

The sandy soils had very low OC (0.1%), clay (2%), cation exchange
capacity and pH (Table 2). EP and SE undisturbed clay subsoils had
different clay concentration (58% and 39%), but similar OC (0.43% and
0.39%), pH, cation exchange capacity and mineralogy (dominant clay
mineral kaolinite 40%). EP clay subsoil had higher EC compared to SE
clay soil, but both are non-saline. Reactive iron and aluminium

concentration were higher in EP clay subsoil; exchangeable calcium
concentration was higher in SE clay subsoil.

3.1. Field sites: clay clod and OC distribution

3.1.1. Effect of clod size
At both sites, the greatest OC concentration was in the 1–2mm clods

in the surface 10 cm, EP was lower than SE (Fig. 2). OC concentration
were higher in 1–6mm than>6mm clods to 20 cm at EP, whereas
there was no difference in OC concentration in clods > 2mm in size at
SE. At both sites, OC stock was highest in the 1–2mm clods at 0–10 cm.
OC stock decreased with depth in the 1–2mm clods, but increased in
20–100mm clods (Fig. 3). Below 20 cm, OC stock was significantly
higher in 20–100mm compared to other clod sizes (Fig. 3). Number of
clods to 30 cm was three to ten-fold higher at EP compared to SE site,
particularly for the 1–6mm clods (Fig. 4).

3.1.2. Effect of clay modification method
Treatments differed in OC concentration at the SE site for all soil

depths and EP site for 0–10 cm depth (Table 3). At the EP site in the
0–10 cm depth, OC concentration was greater in 6–100mm clods in
spaded compared to spaded with organic matter and greater in sand
(< 1mm) of the control than spaded treatments. At the SE site, OC
concentration in 0–10 cm was greater in the area between delve lines
than on the delve line for the 1–2mm clods and sand (< 1mm).
However, OC concentration in 1–2mm clods and sand at 10–20 cm
depth was greater on delve line than between delve lines.

OC stock in 0–10 cm depth was higher in 1–2mm clods in the area
between delve lines than on the delve line at the SE site, but did not
differ between treatments at the EP site (Supplementary Table 1). At the
EP site in 0–10 cm depth, OC stock in the sand (< 1mm) is greater in
the unmodified than the spaded treatments (Table 4). OC stock of the
whole soil (sand+ clods) was lower in the spaded treatments than the
control in 0–10 cm and higher than the control in 20–30 cm (Table 5).
At the SE site, OC stock was higher in the 10–30 cm delve line compared
to the area between delve lines. Average clay concentration in the
surface 30 cm was 10% higher in spaded compared to the control at the
EP site and 3% higher on the delve line than area between delve line at
SE site (Table 5). Clay concentration was higher with more even ver-
tical distribution at EP spaded than SE delved. OC stockESM (0–30 cm) on
the delve line was greater than between delve lines at SE and was
greater in the control than spaded treatments at EP (Fig. 5). The pro-
portion of OC stock in clods was about 20% higher in EP spaded than SE
delved treatments (Fig. 5).

3.2. Incubation experiments: effect of clod size on OC protection and
accumulation

In the protection experiment after 420 days, OC concentration in
6–20mm clods was lower than day 0 but did not change over time in
2–6mm clods. (Fig. 6).

In the accumulation experiment after 300 days, OC concentration
was higher in the smallest clods, 2–6mm than 6–20mm clods (Fig. 7).
Although OC concentration was not significantly different between sites

Table 2
Selected soil properties for the sand and undisturbed clay subsoil collected from>30 cm (EP) or> 60 cm (SE) below soil surface.

OC pH CaCl2 EC CEC Fe Al Ca Mg Particle size

1:5 1:5 Sand Silt Clay

mg C g−1 dSm−1 cmol kg−1 mg kg1 (%)

Sand 1.0 4.7 0.02 1.1 98 0 2
EP clay soil 4.3 6.7 0.13 13.1 724 1656 1022 587 40 2 58
SE clay soil 3.9 6.4 0.05 13.8 459 1072 1598 602 57 4 39
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in 2–6mm clods, OC stock was higher in SE than EP. Clod number and
total surface area were greater in SE compared to EP clods (Table 6).

4. Discussion

4.1. Clod size, clay properties, soil depth and OC concentration

The greater specific surface area of smaller particles enables more
OC to be bound than for larger particles (Mayer, 1994; Lim et al., 2015).
In the incubation experiments, smaller clods (2–6mm) accumulated OC
at a higher rate and offered greater protection to decomposition by
microbes than larger clods (6–20mm). The greater increase in OC
concentration of EP compared to SE 6–20mm clods can be attributed to
differences in clay soil properties. Compared to SE, EP clay soil had
higher clay concentration and sesquioxide content, properties that are
known to be important for OC binding (Denef et al., 2001a; Fernandez-

Ugalde et al., 2011; Saidy et al., 2012; Rakhsh et al., 2017). However,
there was no significant difference in OC concentration between the
clay soils in the 2–6mm clods. This indicates that the large specific
surface area of clods 1–6mm minimised the effects of clod properties.
The importance of clod size was also demonstrated in the field study
where OC concentration was highest in the smallest 1–2mm clods,
particularly in 0–10 cm, the depth where OC concentration is highest
(Hobley et al., 2013; Rumpel and Kögel-Knabner, 2011).

4.2. Clod number and OC stock

A high clod OC concentration does not necessarily lead to high OC
stock in clay-modified soil. OC stock is OC concentration per soil mass
and in clay-modified soil, clod number (mass) is critical. In the accu-
mulation experiment, there was greater OC stock in SE compared to EP
clay soil even though OC concentration in the 2–6mm clods did not

Fig. 2. Mean OC concentration for clods by soil depth and clod size for all treatments at EP and SE site. For each site and depth, columns with different letters indicate
significant differences based on clod size (p < 0.05).

Fig. 3. Mean OC stock for clods (> 1mm) by depth and clod size for EP and SE site. For each depth, columns with different letters indicate significant differences
based on clod size for individual sites (p < 0.05).
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Fig. 4. Number of clods 0.09m2 for each clod size and depth for EP spaded (top) and SE delve line (bottom). EP spading created a greater number of clods for all clod
sizes and depths compared to the SE delving treatment.

Table 3
Mean OC concentration (%), least significant difference (LSD) and coefficient of variation (CV) for Eyre Peninsula and South East clay-modification treatments by
clod size and soil depth. Different letters indicate significant differences based on the treatment× clod size interaction (p < 0.05).

Eyre Peninsula South East

Soil depth (cm) Soil depth (cm)

Clod size 0–10 10–20 20–30 0–10 10–20 20–30 30–40

Treatment Control
< 1mm 1.37 gh 0.60 0.29
1–2mm 0.72 ab 0.64 0.47
2–6mm
6–20mm
20–100mm
>100mm

Treatment Spaded Between delve
< 1mm 1.14 de 0.78 0.40 1.96 e 0.25 a 0.16 a 0.23 a
1–2mm 1.72 h 1.11 0.58 8.53 g 3.25 d 2.31 c 0.32 ab
2–6mm 1.24 g 0.85 0.56 1.15 bc 0.57 b 0.40 a 0.27 a
6–20mm 0.89 c 0.69 0.60 0.93 b 0.39 a 0.26 a
20–100mm 0.75 b 0.71 0.54 0.46 a 0.23 a
>100mm 0.19 a

Treatment Spaded+OM Delve line
< 1mm 1.02 d 0.66 0.37 1.67 d 1.04 c 0.46 a 0.36 ab
1–2mm 1.70 h 0.80 0.63 5.93 f 5.34 e 1.59 b 0.80 d
2–6mm 1.17 g 0.85 0.51 1.18 c 0.68 bc 0.56 a 0.56 c
6–20mm 0.71 b 0.66 0.49 0.84 b 0.60 bc 0.43 a 0.39 abc
20–100mm 0.68 a 0.72 0.50 0.79 b 0.55 ab 0.46 a 0.38 ab
>100mm 0.52 b 0.38 a 0.35 ab
p 0.003 0.14 0.57 < 0.001 <0.001 0.05 0.02
LSD 5% 0.36 0.17 0.11 0.58 0.49 0.55 0.17
CV 26 18 17 18 26 45 28
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differ. To achieve the target clay concentration, more clods were added
per pot for SE (192) compared to EP (115). The higher clod number
increased the total surface area and thus the chance that the added
wheat residue would come in contact with the clod surface. In the field
study, both sites had similar OC stock indicating that higher clod
number compensated for lower OC concentration in the 1–2mm clods
at 0–10 cm depth at the EP site. This suggests that subsoil clay with
lower stabilisation potential (because of low clay or sesquioxide con-
centration) would result in a high OC stock through the addition of
greater number of clods.

4.3. Clay modification method

Clay modification method influenced OC stock by affecting the size
and distribution of clods. Delving elevated clay from 40 to 60 cm below
the soil surface, but created few clods that were poorly distributed in
the depth of modification. There was no difference in OC stock in the
surface 10 cm for the delve line and areas between delve lines due to
the use of spreading bars and mixing of clods into the surface 10 cm of
soil. In 10–20 cm depth, OC stock was greater on the delve line than
between delve lines due to elevated clods > 20mm in size. Spading

Table 4
Mean OC stock (g C 0.09m−2), least significant difference (LSD) and coefficient of variation (CV) for Eyre Peninsula and South East clay-modification treatments for
sand (< 1mm) and clod (sum of OC stock for all clod sizes) by soil depth. Different letters indicate significant differences based on the treatment× clod size
interaction (p < 0.05).

Eyre Peninsula South East

Soil depth (cm) Soil depth (cm)

Clod size 0–10 10–20 20–30 0–10 10–20 20–30 30–40

Treatment Control
Sand 145.2 d 45.4 b 9.8 a
Clod 3.4 a 3.4 a 5.7 a

Treatment Spaded Between delve
Sand 64.1 bc 29.0 ab 13.7 a 174.2 b 32.3 ab 13.6 a 7.2 a
Clod 15.0 ab 15.9 ab 14.8 a 11.1 a 3.3 a 1.2 a 5.8 a

Treatment Spaded+OM Delve line
Sand 89.4 c 36.7 b 10.4 a 170.9 b 107.6 b 31.6 a 18.2 a
Clod 17.1 ab 11.3 ab 19.6 ab 12.0 a 9.9 a 8.5 a 13.4 a
P 0.002 0.002 0.05 0.89 0.13 0.53 0.73
LSD 5% 31.2 18.6 18.8 36.7 64.2 22.1 16.5
CV 30 39 62 20 82 78 68

Table 5
Vertical distribution of OC stockESM (tha−1) and clay concentration (%) for EP
and SE sites by treatment.

Treatment 0–10 cm 10–20 cm 20–30 cm Total
0–30 cm

OC stockESM
EP Control 15.2 5.4 1.7 22.3

Spaded 9.5 5.0 3.2 17.6
Spaded+OM 10.1 5.3 3.3 18.8

SE Between delve 18.7 4.0 1.6 24.3
Delve line 18.3 10.5 3.5 32.2

Clay
concentration
(%)

Average
0–30

EP Control 2 4 15 7
Spaded 10 19 25 18
Spaded+OM 8 12 32 17

SE Between delve 1 0 1 1
Delve line 2 2 8 4

Fig. 5. OC stock (tha−1) for the sand and clay component for treatments and site. Label indicates clay stock as a percentage of the total OC stock. OC stock is
calculated for a standard soil mass to enable comparison across treatments and sites OC stockESM.
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mixed clay from 20 to 30 cm below the soil surface and created many,
smaller sized clods of more even spatial distribution within the 0–30 cm
incorporation depth. The higher clod number and resultant clay con-
centration contributed to a greater proportion of total OC stock in clods
created by spading (~30%) than delving (10%).

OC stock in sand was greater in the delve line than the area between
delve lines nine years after subsoil clay addition. However, OC stock in
sand was lower in the 0–10 cm of the spaded treatments than the
control. The spaded treatments were sampled three years after mod-
ification and the lower OC in the sand is likely due to decomposition
resulting from cultivation (Rakhsh et al., 2017). Given time and plant
inputs, the OC stock in sand should return to levels at least similar to
the control and OC stock in clods should increase. In this study, the
incorporation of organic matter did not affect OC concentration or stock
for spaded treatments three years after modification.

4.4. Possible mechanisms for increased OC

Clay addition to sand increased clay concentration and OC stock,
particularly in the 10–30 cm depth, the two parameters were not di-
rectly related e.g. the highest clay concentration did not have the

highest OC concentration. This indicates that factors such as clod size,
number, distribution and time since modification play an important
role in increasing OC in clay-modified soils. Other factors that can also
influence OC storage, but were not examined in this study, include
rainfall, farming system and management practice (Sanderman et al.,
2010).

We suggest the following possible mechanisms may be involved in
increased OC following clay modification. Clay addition to sand:

i) creates adsorption sites essential for accumulation and protection of
OC from microbial decomposition.

ii) allows formation of aggregates protecting OC from microbial de-
composition.

iii) increases organic matter input from above and perhaps more im-
portantly, below ground. This is because of improved water and
nutrient holding capacity and/or overcoming physical constraints
such as compaction or high soil strength.

5. Conclusions

The field and incubation studies showed that OC concentration was

Fig. 6. Organic C concentration (%) of SE clods collected from the field and incubated for 420 days. There was a significant decrease in OC concentration
(p < 0.001) in the 6–20mm clods with no change in the 2–6mm clods. Vertical lines show standard error (n= 4).

Fig. 7. Organic C concentration (%) increased in clods
amended with wheat residue. OC concentration was
highest in EP 2–6mm clods followed by SE 2–6mm, EP
6–20mm and SE 6–20mm. There was no change in OC
concentration of the sand (< 1mm). Vertical lines show
standard error (n= 4). There was no significant change
to OC concentration of the sand (< 1mm).

A. Schapel et al. Geoderma 335 (2019) 123–132

130



influenced by clod size, clay concentration, sesquioxide content and soil
depth. Clay modification method influenced clod size, number and
vertical distribution. These factors affect OC storage in clay-modified
soils. For OC stock, clod number per unit soil mass was more important
than OC concentration of the clods. We conclude that to maximise OC
stock many, small clods evenly distributed in the soil profile are better
than few, large clods. Spading appeared to be more effective to achieve
this than delving in this study.

Further work is required comparing a greater number of sites to
evaluate the influence of clay modification method on clod distribution,
size and OC stock and to determine the driving factors to increase OC
storage in clay-modified soils.
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A B S T R A C T

Sandy soils cover large proportions of Australia’s cereal-cropping region and are wide-spread globally. Sandy
soils often have low organic C (OC) content due to limited plant growth and rapid decomposition because of low
clay concentration. The addition of subsoil clay to sandy soil has the potential to increase OC storage. This study
aimed to (i) compare OC stock in a range of clay-amended and unamended sandy soils under cereal cropping and
(ii) identify factors that influence OC stock to develop best practices to increase OC storage in clay-amended
sandy soils. The study was carried out on four agricultural properties in South Australia and assessed soil OC
content, clay content and select physical and chemical properties of clay-amended treatments compared to
unamended sands. Clay-amendment treatments differed in the method of clay amendment (clay spread and
delved), depth of incorporation (shallow and deep) and amount of subsoil clay added to the surface 30 cm of
sand. For each site and treatment, ten soil cores to 50 cm depth were collected within a 25m grid. There was a
positive correlation between OC and clay stock, but it only explained 46% of the variation in OC stock. This
indicated that other factors influenced OC stock in clay-amended treatments. Even vertical distribution of clay
within the surface 30 cm was a key factor to increase OC storage in clay-amended soils. Subsoil clay properties
and the amount added to the surface 30 cm, as well as depth to undisturbed subsoil also influenced OC stock.

1. Introduction

Organic carbon (OC) is fundamental to chemical, physical and
biological function in the soil (Baldock and Skjemstad, 1999). Increased
OC content is associated with improved soil quality, fertility, structure,
water-holding capacity, plant productivity (Chan et al., 2003; Lal,
2004; Liddicoat et al., 2010; Sanderman et al., 2010) and can reduce
atmospheric carbon dioxide content (Lal, 2004). The amount of OC
stored in soil is influenced by soil type (clay concentration determines
the potential OC storage capacity), environment (rainfall and tem-
perature determine the attainable OC) and management factors that
affect OC input and losses (Ingram and Fernandes, 2001). The strongest
influence on OC in the surface 10 cm is through environmental and
management factors with soil texture and mineralogy more influential
below 20 cm (Badgery et al., 2013; Hobley et al., 2015; Kögel-Knabner
et al., 2008). OC content decreases with increasing soil depth (Hobley
and Wilson, 2016). Hence subsoil can have greater potential for OC
stabilisation as saturation of the mineral particles is unlikely to have
occurred (Lützow et al., 2006).

Sandy soils are used for agriculture in many regions of the world

(Usowicz and Lipiec, 2017) and cover 86% of Australia’s cereal-crop-
ping area (McKenzie et al., 2002). Sandy soils have low capacity for OC
storage because of low input from limited plant growth and little pro-
tection from microbial breakdown due to low clay concentration (Six
et al., 1999).

Increasing clay content through the addition of subsoil clay to sandy
soils can increase OC through binding to clay surfaces (Baldock, 2007;
Skjemstad et al., 1993) and by occlusion in micro-aggregates formed by
clay (Tisdall and Oades, 1982). Stabilisation of OC depends on clay
mineralogy, sesquioxide, carbonate concentration and formation of
stable micro-aggregates (Denef et al., 2001, 2002; Fernandez-Ugalde
et al., 2011; Lützow et al., 2006; Rakhsh et al., 2017; Saidy et al., 2012;
Six et al., 2004). Clay addition to sandy soils may increase OC input
from improved plant growth resulting from increased nutrient and
water retention. The increase in OC stock by clay amendment is also
due to improved crop growth and thus greater OC input. The im-
portance of OC input was highlighted by Angst et al. (2018) who found
that microbial and plant residues explain> 90% of OC stocks.

In South Australia, the most common methods of clay amendment
are addition of subsoil clay to the surface of the sand (spreading) or
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elevation of subsoil clay (delving, spading) throughout the soil profile
(Davenport et al., 2011). Selection of the appropriate amendment
method is determined by the depth to clay-rich subsoil. Clay spreading
is the only available option for deep sands where clay-rich subsoil is at
more than 60 cm depth. Clay-rich subsoil is excavated from a nearby
pit, spread to the surface of the sandy soil and then incorporated.

Spading can be used as a clay amendment method where clay-rich
subsoil is within 30–40 cm depth. Clay is elevated and incorporated in
one pass using specially designed ‘spades’ spaced 0.35m apart on a
rotary axle. Delving is used where clay-rich subsoil is present within
30–60 cm depth (Desbiolles et al., 1997), where specially designed tines
elevate the clay-rich subsoil into the sand above. After delving, elevated

Fig. 1. Schematic diagram (not to scale) of distribution of clay clods in the soil profile with clay addition to surface or elevation from subsoil.

Fig. 2. Location of field sites.
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clay clods are spread using bars, dragging clay from the delve line into
the area between delve lines (0.7–2m depending on machine design)
and then incorporated. Incorporation after clay addition affects where
the clay clods are distributed in the sandy profile. Incorporation can be
shallow (10–15 cm) using offset discs, cultivators etc. or deep
(20–40 cm) commonly using a spader. All clay amendment methods
result in a mix of clay clods ranging in size from a few mm up to greater
than 200mm (Schapel et al., 2017 pers. obs) in the sandy matrix
(Fig. 1). The tillage processes required for clay amendment can over-
come physical limitations such as high bulk density and soil strength
caused by compaction that reduces root growth and productivity
(Usowicz and Lipiec, 2017). Incorporation of additional organic matter
during the clay amendment process may lead to improved soil function.

To support maximal OC storage in clay-amended soils, it is im-
portant to understand the factors influencing storage. The aim of the
study was to (i) compare OC stock in a range of clay-amended and
unamended sandy soils under cereal cropping and (ii) identify factors
that influence OC stock to develop best practices to increase OC storage
in clay-amended sandy soils. We hypothesised that the highest OC stock
in clay-amended sand would be found in soils with (i) highest clay
content and (ii) greatest depth of distributed clay.

2. Materials and methods

2.1. Field sites

Four field sites were sampled in South Australia (Fig. 2) that con-
tained a range of clay-amended treatments and an unmodified sandy
soil comparison. All sites have temperate climate with winter dominant,
annual rainfall between 345 to 445mm (Table 1). Soils are texture-
contrast with a sandy topsoil (< 5% clay) overlying a clay-rich subsoil
(30–60% clay). Depth of the sandy topsoil varies between 35 and
65 cm. Unamended sandy soils are classified as Chromosol in the Aus-
tralian Soil Classification (Isbell, 2002) and Luvisol in the World Re-
ference Base (IUSS Working Group WRB, 2015). Farming system for all
sites is rotation of cereal and grazed pasture, using minimum or no
tillage and stubble retention. Sites that were clay spread had clay-rich
subsoil excavated from a nearby pit (generally within 1 km) and applied
to the sandy surface at a target rate of 250 t ha−1 unless otherwise
indicated. The applied subsoil clay had similar properties to the un-
disturbed clay at depth in the treated areas. For delving the rate of
applied clay soil depends on site properties such as depth to clay as well
as mode of delving. Incorporation of clay included mixing with standing
crop stubble. Details for each site are specified below (see also Tables
1–3).

2.1.1. Site 1
Located in the Murray Mallee region with annual rainfall of

345mm. Clay was spread using a carry grader. Depth to subsoil clay
was 60 cm for the delved and 90 cm for clay spread. The trial was clay-
amended in 2007 and treatments were: clay spread and shallow in-
corporation (10 cm) using offset discs, clay spread and deep in-
corporation (15–20 cm) using Alabama’s on hydraulic tynes, delving
tines spaced 1.0 m apart and shallow incorporation (10 cm) using offset

discs and unamended with no clay added to the sandy soil. Five years of
grain yield data was collected.

2.1.2. Site 2
Located on lower Eyre Peninsula with annual rainfall of 375mm. In

2008, a paddock was delved with tines spaced 1.0 m apart and shallow
incorporation (10 cm) with offset discs. In 2014, a trial was established
within 2 km of the delved paddock and included treatments clay spread
and shallow incorporation (10 cm) using offset discs, clay spread and
deep (30 cm) incorporation using a spader, clay spread with added 10 t
ha−1 of lucerne hay and deep (30 cm) incorporation using a spader and
unamended with no clay added to the sandy soil. Three years of grain
yield data was collected in the clay spread treatments. No yield data
was available for the delved treatment.

2.1.3. Site 3
Located on lower Eyre Peninsula with annual rainfall of 375mm. A

low (150 t ha−1) and high (250 t ha−1) rate of subsoil clay was applied
to the surface of separate paddocks followed by shallow incorporation
(10 cm) using a scarifier in 1995 (low) and 2000 (high). An unamended
treatment was present at the high clay rate site. In 2012, additional
treatments applied to the high clay rate treatment, deep incorporation
(30 cm) using a spader and deep incorporation plus 10 t ha−1 lupin
grain. No grain yield data was collected at this site.

2.1.4. Site 4
Located in the upper South East with an annual rainfall of 445mm.

Table 1
Site characteristics and OC stockESM of unamended (UM), maximum clay-amended (Max) and average of clay-amended (Ave) sites with standard error of the mean
(SEM). ESM is equivalent soil mass of 5000Mg ha−1. Soils are sand over clay with differences in depth to clay subsoil.

Site No Year Latitude Longitude Temp Evap Rainfall OC stockESM t ha−1

sites sampled ˚C mm mm UM Max Ave SEM

1 4 2016 −35.307 140.646 16.0 1680 345 14.8 18.2 17.7 0.44
2 5 2016 −34.069 136.030 16.2 1717 375 15.2 22.6 21.5 0.57
3 5 2012 & 2016 −34.021 135.785 16.4 1756 375 16.2 21.9 19.0 1.07
4 4 2012 −36.199 140.727 15.0 1562 445 19.8 34.0 31.6 2.16

Table 2
Amendment treatments for each site. Amendment abbreviations: UM – un-
amended, D – delved, CS – clay spread, IS incorporation shallow, ID – in-
corporation deep, Site 3 clay rate applied: 1–150 t ha−1(low), 2–250 t
ha−1(high). Incorporation and subsoil depth is in cm, time since amendment
and yield data is in years.

Amendment
treatment

Incorporation
depth

Subsoil
depth

Time
since
amend

Yield data

Site 1 UM NA 65 NA NA
CS+ IS 10 65 9 5
CS+ ID 15 65 9 5
D+ IS 10 60 9 5

Site 2 UM NA 35 NA NA
CS+ IS 10 35 3 3
CS+ ID 30 35 3 3
CS+OM+ ID 30 35 3 3
D+ IS 10 35 8 NA

Site 3 UM NA 35 NA NA
CS1+IS 10 35 17 NA
CS2+IS 10 35 12 NA
CS2+ID 30 35 4 NA
CS2+OM+ ID 30 35 4 NA

Site 4 UM NA 50 NA NA
CS+ IS 15 30 9 8
D+ IS 15 50 9 8
D+ ID 30 50 4 6
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A paddock was clay amended in 2003 and was clay spread on the sand
dunes and delved (tines spaced 1.4m apart) in the swales. Clay soil
added with bothmethods were incorporated to 15 cm using Alabama’s
on hydraulic tines. In 2008, an adjacent paddock was delved (tines
spaced 1.4 m apart) followed by deep incorporation to 30 cm using a
spader. A small area in this paddock was left unamended. Six to eight
years of grain yield data were collected for the clay-amended treat-
ments only.

2.2. Soil sampling and analysis

Sites were sampled during the non-growing phase (January and
March) to minimise seasonal variation in OC stock. Soil cores were
taken from 10 randomly selected locations within a 25m×25m area
using a hydraulic, trailer-mounted corer (core diameter 50mm), fol-
lowing the suggested sampling method for clay-amended soils in
Schapel et al. (2017). Samples were collected from depths 0–10, 10–20,
20–30 and 30–50 cm and processed following the method described in
Sanderman et al. (2011). Briefly, soil samples were weighed, dried at
40 °C for 48 h, re-weighed and sieved through a 2mm sieve. No gravel
was present in the soils. After weighing, the>2mm clay clods were
ground and mixed back into the<2mm sample to create a homo-
genised< 2mm sample. The homogenised<2mm soil for each depth
was analysed for OC by the Walkley–Black wet digestion
(Rayment,1992; Walkley and Black, 1934), clay concentration by
density gradient (Indorante et al., 1990), pH 1:5 in calcium chloride
(0.01M), electrical conductivity (EC 1:5 soil:water), exchangeable ca-
tions in ammonium chloride at pH 7.0 (1M), extractable iron and
aluminium (Tamm, 1922), and water holding capacity at −10 kPa
(Rayment,1992).

Bulk density samples were collected at three random locations for
each depth in the 25m×25m sampling area using the intact core
method (Cresswell and Hamilton, 2002) with fixed-volume cores (dia-
meter 73mm, height 50mm). Samples were weighed, dried at 105 °C,
re-weighed quickly and bulk density calculated as weight per volume of
soil (g cm–3).

OC stock (t ha−1) for each depth increment was calculated by:

OC concentration (%)×bulk density (g cm–3)× soil depth (cm)

OC stock (t ha−1) of the 0–30 cm depth is the sum of OC stock for
each 10 cm depth increment. To account for changes in OC stock due to
different soil mass (especially clay-amended versus unamended soil),
OC stock to 30 cm was adjusted to an equivalent soil mass (Ellert and
Bettany, 1995). A maximum soil mass across all sites of 5000 t ha–1 was
used and designated as OC stockESM. Clay stockESM was calculated fol-
lowing the same method for OC stockESM replacing OC concentration
with clay concentration.

2.3. Statistical analysis

Simple linear regression of variables that may influence OC stockESM
with, clay stockESM, clay concentration, rainfall, soil chemical proper-
ties, average grain yield and time since amendment was run using
Genstat 17th edition (VSN International, UK) significance refers to p ≤
0.05.

3. Results

3.1. Across site trends

There was a significant and positive correlation (R2=0.47) be-
tween OC stockESM and clay stockESM (Fig. 3). OC stockESM was not
correlated to the other variables analysed. Grain yield was more
strongly correlated with water holding capacity than OC stockESM.

Average OC stockESM across the four sites was 21.8 t ha−1 (range

13.2 to 34.0 t ha−1, n= 14) for clay-amended and 16.5 t ha−1 (range
14.8–19.8 t ha−1, n= 4) for unamended sand. OC stockESM was 5.5 t
ha−1 (range −1.6 to 14.2 t ha−1) higher in clay-amended than the
corresponding unamended treatments at the site. OC stock was highest
in the surface 10 cm and decreased with depth (Fig. 4). Delved treat-
ments had the highest OC stock for each depth.

Amount of added clay soil in the surface 30 cm was higher in delved
(559 t ha−1) than clay spread (227 t ha−1) treatments. Clay con-
centration increased with depth in delved treatments and clay stockESM
was 1.5–15 times greater than in clay spread treatments. Clay was
concentrated at the surface in clay spread treatments with incorpora-
tion method determining the depth to which clay was distributed
(Fig. 4). Clay stockESM and OC stockESM were influenced in treatments
where soil mass was less than 5000Mg ha−1 and had undisturbed
subsoil clay within 40 cm of the soil surface. Cation exchange and water
holding capacity increased with the amount of clay added. pH was
higher in clay-amended compared to unamended treatments. Average
bulk density in the surface 30 cm was 1.60 g cm-3 for unamended,
1.58 g cm-3 for clay spread and 1.61 g cm-3 for delved treatments. For
individual depth layers, bulk density ranged between 1.28–1.71 g cm-3,
with the highest densities in the unamended sands.

3.2. Site specific OCESM and clay stockESM

3.2.1. Site 1
Compared to unamended, OC stockESM was lower (−1.6 t ha−1) in

the shallow incorporated clay spread treatment but higher (2.5 and
3.4 t ha−1) in the deep incorporated clay spread and delved treatments.
Clay stockESM was similar in the unamended and clay spread treatments
but two-fold higher in the delved treatment. Compared to unamended,
grain yield was 0.1 t ha−1 higher in the clay spread and 1.1 t ha−1 in
the delved treatments.

3.2.2. Site 2
Clay-amended treatments had 5.0–7.4 t ha−1 higher OC stockESM

compared to unamended. Clay stockESM compared to the unamended
treatment was 2–3 times higher in clay spread and 8 times in delved.
Grain yield was influenced by clay concentration in the surface 10 cm,
where highest clay concentration (18%) in the shallow incorporated
clay spread treatment had the lowest grain yield.

3.2.3. Site 3
In 2012, OC stockESM was 1.3 t ha−1 and 3.2 t ha-1 higher than the

unamended treatment with low (150 t ha−1) and high (250 t ha−1) clay
rates. Four years after deep incorporation of the high rate treatment, OC
stockESM when compared to 2012 was higher (2.5 t ha−1) when addi-
tional organic matter was added, but lower when incorporated without
added organic matter (−2.1 t ha−1). Higher clay concentration after
deep incorporation in 2016 suggested further clay addition from the
subsoil (30–50 cm) and redistribution into the surface 30 cm compared

Fig. 3. Linear relationship between OC stockESM and Clay stockESM (R2 0.47).
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to 2012 shallow incorporation results. At this site after deep in-
corporation of the high clay rate, OC stockESM is more strongly influ-
enced by the addition of organic matter than the clay stockESM.

3.2.4. Site 4
OC stockESM was higher in all clay-amended treatments (7.5–14.2 t

ha−1) compared to unamended. The shallow incorporated clay spread
and delved treatments had similar OC stockESM and grain yield, but clay
stockESM was influenced by the presence of undisturbed subsoil clay
within the surface 30 cm. The deep incorporated delved site had the
lowest OC stockESM, least number of years since clay amendment, but
highest clay stockESM compared with the other clay-amended treat-
ments.

4. Discussion

This study provided information on how the addition of subsoil clay
to sand affected OC stock and selected soil physical and chemical
properties. At the majority of sites, the addition of subsoil clay to sand
increased OC stockESM compared to unamended sandy soil.

4.1. Effect of clay on OC

There was positive correlation between clay stockESM and OC
stockESM. The OC stock was highest in amendment treatments where
subsoil clay was distributed evenly throughout the 0–30 cm depth. On
average, delved sites had higher OC stockESM than clay spread sites due
to higher clay and OC content 20–30 cm from the surface. However, OC
stock in the 20–30 cm depth of delved soils was not as high as would be
expected from a more than 150 t ha−1 higher clay stock. This could be
because OC input by root growth, exudates and dissolved OC was
limited at this depth. If OC accessibility to clods could be increased,
there is an opportunity to further increase OC storage in delved soils.

The highest clay stock did not equate to the highest OC stock.
Clay stockESM explained 46% of the variation in OC stock indicating

the influence of other factors on OC stockESM in clay-amended treat-
ments. The correlation between clay stockESM and OC stockESM may
have been skewed from the lower than expected OC stockESM in delved
and clay spread treatments where soil mass was less than 5000Mg ha−1

and subsoil clay was within 40 cm of the soil surface. OC concentration
of the undisturbed subsoil clay (0.4%) included to standardise the soil
mass in the 30–50 cm depth is generally lower than that of incorporated
subsoil clods (average of 1.1 and 2.5% in the surface 10 cm in spaded
and delved treatments) (Schapel et al., 2018, in press).

4.2. Effect of clay amendment method and incorporation on clay and
carbon stock

Clay amendment method and incorporation depth influenced the
vertical distribution of clay in the soil profile. Clay was concentrated at
the surface in clay spread, but at depth in delved treatments.
Incorporation depth had little impact on vertical distribution of clay
within the surface 30 cm in delved treatments but strongly influenced
distribution in clay spread treatments. Deep incorporation after clay
spreading led to similar clay distribution as delving treatments. Schapel
et al. (2018, in press) found clay amendment method and incorporation
affected clod size and number. In field studies they found OC stock was
primarily influenced by clod number and demonstrated that OC con-
centration was highest in the smallest clods (1–6mm), particularly at
the surface. This can be explained by the higher specific surface area of
smaller clods (2–6mm in diameter) compared to the larger clods
(6–20mm) which led to a greater accumulation of OC and greater
protection from decomposition by microbes. Therefore, to maximise OC
stock, the clay amendment method should create many, smaller clods
distributed evenly throughout the depth of amendment.

The stability of clods in the field has not been assessed, but there are
a number of laboratory experiments on stability of clods and ag-
gregates. Tahir and Marschner (2017) demonstrated that 1, 3 and 5mm
clods can breakdown, but small clods were also formed during an in-
cubation experiment over 45 days using clay dominated by smectite.
Drying and rewetting can cause breakdown of aggregates (Denef et al.,
2001) but dispersion of clay particles may also lead to formation of
aggregates. Subsoil used in South Australia for clay amendment is
dominated by kaolinite. Kaolinite is more effective than smectite in
alleviating water repellence (Ma’shum et al., 1989) as the mineral
spreads more readily over the sand grains and remains evenly dis-
tributed after drying (Ward and Oades, 1993). This potential for ag-
gregation may lead to increased OC content even after added clods have
broken down.

4.3. Changes to soil properties

The addition of subsoil clay changed soil properties compared to
unamended sand with higher cation exchange capacity and hence nu-
trient holding capacity, and higher pH because of the addition of car-
bonate with subsoil clay. Iron commonly considered to be important for
OC binding, had no discernible effect on OC stockESM in this study. This
is likely due to similarities in subsoil clay properties across sites and the
limited range of values examined in this study. Physical changes in-
cluded higher water holding capacity and lower bulk density of the
clay-amended than unamended sand.

Fig. 4. Average OC stock (a) and clay stock (b) by depth across all sites for unamended (UM n=4), clay spread with shallow incorporation (CS+ IS n=5), clay
spread with deep incorporation (CS+ ID, n=5) and delved (D, n= 4).
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The changes to soil properties can, over time, increase OC input into
the clay-amended soil through increased above and below ground plant
productivity. Grain yield was more strongly correlated to properties of
the added clay, particularly water holding capacity, than OC stockESM.
Although the majority of soil property changes are positive, some
changes could negatively affect plant productivity. Changes to soil pH
can affect specific crop requirements such as nodulation in legumes.
High clay addition particularly in the surface 10 cm, reduced plant
available water and increased bulk density and surface sealing
(Davenport et al., 2011). These changes explain why the highest clay-
modified clay concentration (18%) in the surface 10 cm at site 2 had the
lowest grain yield. The suitability and appropriate amount of subsoil
clay to be added to the sandy soil needs to be carefully considered. The
deep incorporation of additional organic matter during the clay
amendment process led to higher OC stockESM (by 1.0 and 5.7 t ha−1)
compared to treatments without OM addition. Deep incorporation of
organic residues may offset the loss of OC resulting from soil dis-
turbance (Olchin et al., 2008). However, further research is required as
these results are limited by the low number of sites and differences in
clay rates.

Time since clay amendment did not influence OC stockESM in this
study. If OC input is greater than decomposition rate, OC stock is ex-
pected to increase with time (Ingram and Fernandes, 2001). In this
study, treatments differed in a number of factors such as clay stock,
management system and rainfall. Repeated sampling of the treatments
would be required to assess the effect of time on OC stock.

5. Conclusions

The addition of subsoil clay to sandy soil increased OC stockESM
compared to unamended soil. This is probably through binding to clay
surfaces and occlusion in aggregates formed by clay protecting OC from
microbial decomposition as well as increased OC input. There was
positive correlation between OC stockESM and clay stockESM but this
only explained 46% of the variation in OC stock. Therefore, OC storage
in clay-amended soil is influenced by additional factors. To optimise OC
storage in clay-amended soil, even vertical distribution of subsoil clay
throughout the top 30 cm appeared to be a key factor. Consideration of
subsoil clay properties, amount of clay to be applied, depth to un-
disturbed subsoil and available amendment machinery are also likely to
influence OC storage capacity. Further research is required to identify
practices that will increase OC stock below 10 cm in clay-amended soil
to reach maximal OC storage.
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CHAPTER 5 

CONCLUSIONS AND FUTURE RESEARCH 

CONCLUSIONS 

Agricultural soils are important for not only their influence balancing greenhouse gas emissions 

but also their vital role ensuring sufficient food in a resource limited world (Hoyle et al. 2016). 

Globally, most agricultural systems have lost 50 to 70% of their native soil OC (Lal 2004) so it 

is critical to identify and implement practices that minimise or reverse the decline in soil carbon 

(Macdonald et al. 2013) whilst balancing economic sustainability and global food needs. 

Sandy soils cover a large proportion of Australia’s agricultural region and are significant soil 

types globally. These soils often have low productivity because of limited water and nutrient 

capacity. The poor plant growth and therefore low OC input along with minimal protection of 

OC from decomposers due to low clay concentration, makes it difficult to increase OC content. 

The addition of subsoil clay to sandy soil is a practice used in South Australia, Victoria and 

Western Australia to overcome water repellence, improve water and nutrient retention, and 

increase plant productivity. Clay amendment has the potential to increase soil OC storage 

through improved plant growth and increased capacity to stabilise the new OC by binding to 

the added clay.  

In order to determine if subsoil clay addition to sandy soil increases OC storage, the aims of 

this thesis were to evaluate the distribution of clay and OC in the soil profile, understand the 

factors that influence OC and whether clay addition methods can be optimised to increase OC 

storage capacity. The main conclusions are given below.  
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1. Sampling methodology for clay-amended soil is important particularly for delved 

treatments 

The high coefficient of variation for OC concentration down the soil profile in both clay-

amended (14-78%) and unamended soil (22-58%) demonstrates the importance of collecting 

sufficient number of samples to ensure confidence in the results (Chapter 2). Soils with the 

lowest OC concentration required the greatest number of samples for reliable estimation of OC 

concentration. By using different precision values, a balance can be reached between the cost 

of sampling and rigour. Rules for precision were developed in Chapter 2. Following these rules, 

it was adequate to collect 10 samples within the 25 m x 25 m sampling area for clay-amended 

soils, but 15 samples would be required for unamended sandy soil because of the lower OC 

concentration. However, the study showed that 10 samples in a 25 m x 25 m sampling area will 

be sufficient to represent the variability of OC concentration in both clay-amended and 

unamended soil.  

Random allocation of sample locations within the sampling area is suitable for clay spread and 

spaded treatments but stratified sampling is required for delved treatments. Stratification of the 

sampling area is based on the proportion of area covered by the delve lines and between delve 

area and will vary depending on the machinery used. 

 

2. OC stock in the surface 30 cm increased where subsoil clay was added to sandy soil 

The addition of subsoil clay to sandy soil generally increased OC stock compared to unamended 

sandy soil. OC stockESM
1 was on average 6.3 t ha-1 higher (range -1.6 to 22.5 t ha-1) in the 17 

                                                
1 OC stockESM is the OC stock in the 0-30 cm depth of the equivalent soil mass. To account for changes in OC 

stock due to different soil mass OC stock to 30 cm was adjusted to a standard mass for equitable comparison across 

all sites and treatments. 
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clay-amended treatments evaluated in this thesis compared to the corresponding unamended 

treatment at the site (Chapter 2 and 4). This is probably through binding of OC to the added 

clay which protected it from decomposition whereas OC was easily accessible to microbes in 

sandy soil alone. 

There was a positive correlation between OC and clay stock. The amount of subsoil clay added 

to the sandy soil is important but only explained approximately 45% of the variation in OC 

stock (Chapter 4). This indicated that factors other than clay concentration influenced OC stock 

in clay-amended treatments.  

 

2.1. Vertical distribution of clay and OC in the soil profile affected OC storage.  

OC stock was highest in the surface 10 cm and decreased with depth in both clay-amended and 

unamended soil (Chapter 2 and 4). OC concentration of incorporated clods was higher than 

initial OC levels of the subsoil from which the clods were sourced (Chapter 3). OC was more 

evenly distributed down the profile in clay amendment treatments. The greatest potential for 

increased OC storage in clay-modified soil was in 10-30 cm depth which could be a result of 

the combination of greater root growth and higher clay concentration.  

Clay amendment method and incorporation depth influenced the vertical distribution of clay in 

the soil profile (Chapter 2, 3 and 4). Clay was concentrated at the surface in clay spread, but at 

depth in delved treatments. Incorporation depth had little impact on the vertical distribution of 

clay within the surface 30 cm in delved treatments, but strongly influenced distribution in clay 

spread treatments. Deep incorporation (to 30 cm) after clay spreading led to similar clay 

distribution in the surface 30 cm as delved treatments (Chapter 4).  

Delved treatments had higher OC stock at each depth and OC stockESM than clay spread sites 

because of higher clay and OC content in 20-30 cm (Chapter 4). The relatively small increase 
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in OC stock at this depth indicates that there is potential for more OC through binding or 

occlusion.  

2.2. Addition of subsoil clay to sandy soil changed the sandy soil properties 

The addition of subsoil clay changed soil properties compared to unamended sand. Chemical 

changes in clay-amended soil included higher cation exchange capacity hence nutrient holding 

capacity, and higher pH because of the addition of carbonate with the subsoil clay. Iron, 

commonly considered to be important for OC binding, had no discernible effect on OC stockESM 

(Chapter 4). This is likely due to similarities in subsoil clay properties across sites and the 

limited range of iron values examined in this thesis.  

Physical changes included lower bulk density and higher water holding capacity of the clay-

amended than unamended sand. Grain yield was more strongly influenced by water holding 

capacity than by OC stockESM (Chapter 4). 

These changes can address constraints that were limiting plant growth in the unamended sandy 

soil. Over time the changes to soil properties can increase OC input into the clay-amended soil 

through increased above and below ground plant productivity.  

However, it is important to consider the suitability and appropriate amount of the subsoil clay 

to be added to the sand before soils are clay-amended.  

 

2.3. Subsoil clod size and clod number strongly influence OC content  

The incubation experiments (Chapter 3) demonstrated that smaller clods (2-6 mm) accumulated 

OC at a higher rate and offered greater protection from its decomposition by microbes than 

larger clods (6-20 mm). The greater specific surface area of smaller clods (2-6 mm) enabled 

more OC to be bound than for larger clods (6-20 mm). However, clay properties (clay 
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concentration and possibly sesquioxide content) were important for increasing OC 

concentration in larger clods (6-20 mm). The field studies (Chapter 3) demonstrated that smaller 

clods had the highest OC concentration.  

However, high clod OC concentration did not necessarily lead to high OC stock. OC stock is 

OC concentration per soil mass and in clay-amended soil, clod number (mass) was critical. 

High clod number (mass) compensated for lower OC concentration as demonstrated by both 

the incubation experiments and field studies (Chapter 3). It is likely that the higher clod number 

increased the total surface area and thus the chance that soil OC inputs would come in contact 

with the clod surface. This suggests that subsoil clay with lower stabilisation potential (because 

of low clay or sesquioxide concentration) could result in a high OC stock through the addition 

of a greater number of clods.  

Clay amendment method influenced OC stock by affecting the size and distribution of clods 

(Chapter 3). Delving created few clods that were poorly distributed in the depth of modification. 

Spading on the other hand created many, smaller sized clods of more even spatial distribution 

within the 0-30 cm incorporation depth. The higher clod number and resultant clay 

concentration contributed to a greater proportion of OC stock in the surface 30 cm in clods 

created by spading than delving. 

 

3. Subsoil clods contribute approximately 10-30% of clay-amended OC stockESM 

The majority of OC stock in the 0-30 cm depth of clay-amended soil was in the sandy matrix 

(70-90%). This OC is vulnerable to decomposition after soil disturbance or a change in 

management practice due to the low clay concentration and hence poor stabilisation capacity 

of the sand. OC stock in the sandy matrix of spaded treatments sampled three years after subsoil 

clay addition, was lower in the 0-10 cm depth than the unamended sandy soil (Chapter 3). This 

decrease is likely due to decomposition of the OC resulting from the cultivation required for 
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the addition of subsoil clay. Given time and plant inputs, the OC stock in the sandy matrix of 

clay-amended treatments is likely to return to levels at least similar to the unamended sandy 

soil. This is supported by the findings in Chapter 4 where OC stockESM of the whole soil (sandy 

matrix and clods) in spaded treatments was higher than unamended sandy soil.  

 

4. Possible mechanisms for increased OC with addition of subsoil clay to sand 

Clay addition to sand increased clay concentration and OC stock, particularly in the 10-30 cm 

depth. However, the two parameters were not directly related e.g. the highest clay concentration 

did not have the highest OC concentration. This indicates that factors such as clod size, number 

and vertical distribution play an important role in increasing OC in clay-amended soil. Other 

factors that can also influence OC storage, but were not examined in this study, include rainfall, 

farming system, management practice and clay mineralogy.  

We suggest the following possible mechanisms may be involved in increased OC following 

clay amendment. Clay addition to sandy soil protects OC from decomposition by binding to 

clay surfaces and occlusion in aggregates and increases OC input by improving plant growth as 

a result of improved water and nutrient holding capacity and/or overcoming physical constraints 

such as compaction or high bulk density. 

 

5. Practices to increase OC storage in sandy soil with subsoil clay addition 

To optimise OC storage in clay-amended soil, even vertical distribution of many, small clods 

throughout the top 30 cm appeared to be a key factor. Consideration of subsoil clay properties 

(clay concentration, clay mineralogy, pH, presence of sesquioxides and carbonates), the amount 

of clay to be applied, depth to undisturbed subsoil and available amendment machinery are also 

important influencers of OC storage capacity (Chapter 4).  
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Clay amendment method influenced the size and distribution of clods in the soil profile but this 

difference could be adjusted by the incorporation process. The greatest potential for increased 

OC storage in clay-amended soil was in the 10-30 cm depth. Adoption of management practices 

that promote OC input (agronomy) and minimise OC losses (e.g. no or minimum tillage, 

adequate surface cover) is recommended to increase OC storage. 

 

FUTURE RESEARCH 

To optimise OC storage in clay-amended soil it is necessary to determine practices that promote 

the greatest input and capture of OC.  

Field studies are required to understand the effect of subsoil clay properties and rates of 

application on plant productivity and OC storage and if these vary by rainfall zone. With a focus 

on methods that increase OC input deeper than 10 cm in clay-amended soil, trials assessing root 

growth distribution and deposition targeted to this depth of different varieties and rotations, or 

the application of external OC sources such as composts or manures, are recommended.  

In this study, OC stock in field trials of clay-amended to unamended treatments were compared 

at one point in time. For an accurate assessment of OC storage in sandy soil with subsoil clay 

addition, repeated measurement of OC stock over time (from 5 to 30+ years) is recommended 

for future field studies. This information will determine the rate of change in OC stock, the time 

to reach equilibrium, stability of bound OC and establish if clay-amended soils reach OC 

saturation.  

To better predict potential OC accumulation in clay-amended soils field trials could influence 

OC input through changes in soil chemical, physical or biological constraints to plant 

production. For example, plant growth could be increased by fertiliser addition or by 

amelioration of physical constraints such as compaction.  An understanding of the water-limited 
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yield potential (WLYP) could be used to estimate unrealised yield potential. Then it could be 

assessed if clay-amended soils with high WLYP have higher rates of OC accumulation.  

Soil properties such as clay mineralogy, clay amount, pH, nitrogen, phosphorus could be 

determined at field sites with a poor yield response to clay-amendment to identify yield limiting 

factors. 

To enable cost efficient monitoring of OC, evaluation of the accuracy and applicability of 

proximal sensors (e.g. portable MIR or NIR devices) to measure OC in clay-amended soil is 

required. Data collected using commercially available proximal sensors needs to be compared 

to that analysed by laboratory methods. The processing requirements of the soil will need to be 

determined e.g. if soil needs to be dried, ground and mixed or can be assessed as sand and clod 

mix in the paddock.  

In laboratory experiments with clods of various sizes, the effect of soil temperature and 

moisture on OC binding and loss through microbial decomposition needs to be determined to 

determine a decomposition constant.  

Pot trials with 13C or 14C labelled plant residues could assess the contribution of different OC 

sources to soil OC and track their pathways, i.e. CO2, OC bound to clods, or particulate OC.  

Modelling e.g. Full Carbon Accounting Model (FullCAM), using the information supplied from 

field and laboratory studies could help determine the extent of OC offsets, time to C equilibrium 

and saturation points leading to a greater understanding of the factors that influence OC storage 

in clay-amended soil. 
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