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Short Summary

Large parts of Australia are covered by sandy soils. These soils have a low organic
carbon storage potential because the organic C is not protected from decomposers.
Organic C storage of sandy soils could be increased by adding clay because clay binds
organic C and makes it unavailable to microbes, particularly in the presence of
divalent cations such as calcium. Often, clay subsoils are used as amendment of
sandy soils. The overall aim of the thesis was to investigate the effect of clay addition
to sand on organic C availability to microbes. In a series of laboratory incubation
experiments, either isolated clay or subsoil clay were added at various rates (0-400 g
kg-1) to commercial sand and mixed with different types of residues at various rates
(0-20 g kg-1) with or without addition of calcium to study organic matter
decomposition. Sorption of water extractable C was assessed in batch sorption
experiments.
At 20 g residue kg-1 cumulative respiration per g soil was highest with 300 g clay kg-1
which can be explained by the additional organic C added with the clay. But clay
addition also increased cumulative respiration per g C added which may be due to
the fact that clay addition improved microbial habitat due to increase in number of
micropores which remain water-filled and allow diffusion of substrates. This was
particularly pronounced when finely ground wheat straw or sawdust were added
whereas cumulative respiration with pea straw (high in water soluble C) was less
affected. At low rates of residue addition (< 2.5 g kg-1), clay addition reduced
cumulative respiration per g C added. Addition of calcium reduced decomposition
and increased sorption of water-extractable C to isolated clay and clay subsoil. The
thesis suggests that the effect of clay addition to sand is modulated by residue
addition rate and presence of Ca2+.
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Abstract

Sandy soils cover large parts of Australia. These soils are low in fertility, and have low
levels of soil organic matter, plant growth is often poor. It is highly desirable to find
ways to increase their organic matter content which in turn increases agricultural
productivity and sustainability as well as enhance sequestration of organic carbon.
This can reduce the build up of atmospheric CO2 and contribute to mitigation of
global warming.
It has been shown that clay addition either by surface spreading and then
incorporating into soil by tillage or delving reduced water repellency and increased
crop yields in soils with sandy texture. Less is known about the effect of clay addition
to sandy soils on organic matter storage. Soil texture plays an important role in
accumulation of soil organic carbon. This is due to sorption of organic matter to clay
particles which can be enhanced by bridges formed by polyvalent cations such as
Ca2+, Fe3+ and Al3+ between organic matter and clay surfaces. The aims of this study
were to study the effect (i) of addition of Vertosol subsoil or clay isolated from
Vertosol subsoil to a sand on soil respiration and microbial biomass carbon at
different clay concentrations, residue types and rates, bulk density and water
content, Ca2+ addition rates, and (ii) the influence of Ca2+ addition on sorption of
water extractable organic carbon by the clay.
Two laboratory incubation experiments were conducted to investigate the effect of
clay concentration, water content and bulk density on soil respiration and microbial
biomass carbon. In experiment 1, sand was amended with clay isolated from
Vertosol subsoil at 50, 100, 200, 300, 400 g kg-1, 2 g kg-1 mature wheat residue and a
microbial inoculum derived from the Vertosol subsoil. This experiment showed that
cumulative respiration per g soil was significantly higher with ≥ 200 g clay kg-1
compared to sand without clay addition. However, when expressed per g C added
with residues and clay, cumulative respiration was decreased with ≥ 200 g clay kg-1
compared to the sand alone. The clay concentration had no significant effect on
xi

microbial biomass C. In the second experiment, sand was amended with clay at 50
and 300 g kg-1, 2 g kg-1 mature wheat residue and a microbial inoculum derived from
the Vertosol subsoil and adjusted to three different water contents 0.146, 0.163,
0.179 g g-1 and bulk densities of 1.3, 1.45, 1.6 Mg m-3. Cumulative respiration per g
soil was highest with 300 g clay kg-1 irrespective of bulk density and water content.
Water content and bulk density had no significant effect on microbial biomass C. This
study suggests that addition of clay isolated from Vertosol subsoil to sand can
decrease soil respiration per g C whereas water content and bulk density have little
effect.
To investigate the effect of residue type and rate on soil respiration and microbial
biomass carbon, two laboratory incubation experiments were conducted in sand
without clay addition or with 300 g clay kg-1 addition. Clay isolated from Vertosol
subsoil and finely ground residues were mixed into the sand and a microbial inoculum
derived from the Vertosol subsoil was added. In the first experiment, three residues
types were added at a rate of 20 g kg-1: pea residues (low C/N, high concentration of
water soluble C), wheat residues (high C/N, medium concentration of water soluble C)
and sawdust (high C/N, low concentration of water soluble C). Addition of clay
increased cumulative respiration per g soil with wheat residues and sawdust but
decreased it with pea residues. After 34 days, cumulative respiration per g C added
(with residues and clay) was highest with pea residues and lowest with sawdust. On
day 34, clay addition and residue type had no significant effect on microbial biomass
C. In a further experiment, the sand without or with clay (300 g kg-1) was amended
with 0 to 20 g wheat residues kg-1 and a microbial inoculum derived from the Vertosol
subsoil was added. After 32 days, cumulative respiration per g C added was reduced
by clay up to residue addition rates of 2.5 g kg-1 but not at higher residue addition
rates. At residue addition rates of 1 and 2.5 g kg-1, the MBC concentration was
significantly higher without clay addition than with 300 g clay kg-1 addition but there
were no differences between the clay treatments at higher residue addition rates.
This study indicates that clay addition has little effect on short-term decomposition of
residues at high residue addition rates with high concentrations of water-soluble C
because of the abundance of easily accessible C. The positive effect of clay on
xii

decomposition with lower concentration of water-soluble C is due to more favourable
habitat for the microbes through a greater proportion of micropores which facilitate
diffusion.
To assess the effect of Ca2+ addition on soil respiration and sorption of waterextractable organic carbon (WEOC), three laboratory incubation experiments were
conducted. In the first experiment, sand was mixed with clay isolated from a
Vertosol subsoil at rates of 0, 50 and 300 g clay kg-1, finely ground mature wheat
residue (20 g kg-1), microbial inoculum and powdered CaSO4 at 0, 0.5 and 1% (w/w).
This experiment showed that compared to the sand alone, clay addition increased
cumulative respiration per g mineral substrate with a stronger increase at
300 g clay kg-1 than with 50 g clay kg-1. Addition of CaSO4 increased electrical
conductivity, decreased the sodium adsorption ratio and reduced cumulative
respiration. In the second experiment, the Vertosol subsoil or clay isolated from the
Vertosol subsoil without or with powdered CaSO4 at 1% (w/w) were used in a batch
sorption where WEOC extracted from wheat straw was added at different rates
followed by desorption with water. Addition of 1% CaSO4 increased sorption and
decreased desorption of WEOC in both subsoil and isolated clay. In a further
experiment, WEOC was added repeatedly to the Vertosol subsoil for a batch
sorption. The concentration of sorbed C increased with repeated addition of WEOC,
but the sorbed proportion of the added WEOC decreased. This study confirmed the
importance of Ca2+ for the binding of organic matter to clay surfaces which reduces
decomposition of added residues, increases sorption of WEOC and suggests that
sorption capacity may be underestimated if it is added only once in batch sorption
experiments.
To investigate the effect of different rates of Ca2+ addition on soil respiration and
sorption of water-extactable organic C (WEOC), two laboratory incubation
experiments were conducted. In the first experiment, sand was amended with the
Vertosol subsoil (300 g clay kg-1), mature wheat residue (20 g kg-1), microbial
inoculum and powdered CaSO4 at 0, 5, 10, and 15 g Ca kg-1. Addition of 5, 10 and
15 g Ca kg-1 increased the EC from 2.3 to 2.7 dS m-1 and reduced the SAR. Cumulative
respiration per g soil on day 35 was higher with 300 g clay kg-1 than in the sand
xiii

alone. In the clay-sand mix, addition of Ca2+ reduced cumulative respiration with a
stronger effect by 15 g Ca kg-1 than with 5 and 10 g Ca kg-1. On day 35, the MBC
concentration was higher in sand mixed with the clay soil than in sand alone at all
Ca2+ addition rates. With 300 g clay kg-1, the MBC concentration was significantly
higher only at 15 g Ca kg-1 than without Ca2+ addition. In the second experiment,
Vertosol subsoil was mixed with powdered CaSO4 at 0, 1, 2.5, 5, 7.5, 10, 12.5 and
15 g Ca kg-1 and WEOC extracted from wheat straw was added at different
concentrations followed by desorption with water. Addition of different rates of Ca2+
to the Vertosol subsoil increased the EC from 0.44 to 1.81 dS m-1 and reduced the
SAR. Addition of > 1 g Ca kg-1 increased sorption and decreased desorption
compared to the soil without Ca2+ addition. The study confirmed that Ca2+ addition
to sand amended with subsoil clay can improve the capacity of sand to sequester
organic C and limit the leaching loss of WEOC.
It can be concluded that addition of Vertosol subsoil clay to sand reduces
decomposition of organic C added. The reduction of decomposition can be explained
by binding of organic C to clays which reduces its accessibility to soil microbes. The
effect of the added clay is enhanced by high clay addition rates (300 g clay kg-1), low
rates of residue addition (< 2.5 g kg-1) and addition of Ca (> 1 g Ca kg-1).
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Structure of this thesis

The thesis is organised into 6 chapters and is presented as a combination of papers
that have been published, revised or have been submitted for publication.
Chapter 1 provides an introduction and overview of the literature review on
mechanisms of protection of organic matter in soil.
Chapter 2 comprises a paper in preparation. It describes the effect of clay
concentration, water content and bulk density on soil respiration in a sand amended
with clay.
Chapter 3 comprises a paper published in the European Journal of Soil Biology. It
describes the effect of residue type and rate on soil respiration in a sand amended
with clay.
Chapter 4 comprises a manuscript published in the Pedosphere Journal. It describes
the effect of Ca2+ addition on soil respiration and sorption of water-extractable
organic C in a sand amended with isolated clay or clay-rich subsoil.
Chapter 5 comprises a manuscript submitted for publication in the Communication
in soil science and plant analysis. It describes the effect of different rates of Ca2+
addition on respiration and sorption of water-extactable organic C in a sand
amended with clay-rich subsoil.
Chapter 6 contains general conclusions from all chapters and future research
suggestions.
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Chapter 1
Introduction and review of literature
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1.

Introduction and review of literature

1.1

Introduction

Sandy soils with less than 10% clay content cover one third of Australia and many of
these soils are found in arid and semiarid regions (Carter et al. 2004). These soils are
often water repellent (Carter et al. 1997), and have low contents of nutrients and
available water. The water repellency of sandy soil reduces agricultural production
and leads to land degradation by increasing erosion and run-off. It also results in
delayed germination of crops and pastures leaving soil bare and susceptible to wind
erosion (McKissock et al. 2000). These soils have been ameliorated by clay addition
to overcome water repellency (Nulsen 1993) which can also increase soil fertility.
Adding clay to top soil either by top dressing or by deep cultivation has been shown
to increase crop yields (Carter et al. 1998; Obst 1989). In Australia, clay addition has
lead to increases in cereal yield of up to threefold. This effect lasted for 6 years after
clay addition to water repellent soils (Carter et al. 1998) and could also lead to an
increase in soil organic carbon (Franzluebbers et al. 1996).
Several ways have been adopted to enhance soil organic carbon in soils: (i) adoption
of no-tillage systems (Blanco-Canqui and Lal 2008; Follett 2001; Post and Kwon 2000)
(ii) addition of biochar (Powlson et al. 2011) (iii) improving the productivity of plants
with either organic amendments or fertilizer addition (Follett 2001) (iv) switch to
perennial plants (Ingram and Fernandes 2001). There is another potential method
for enhancing soil organic carbon storage in soils which has received little attention:
addition of clay to sandy soils. This study addresses this knowledge gap by
investigating the effect of clay addition to commercial sand on binding, retention
and turnover of soil organic carbon.
The aim of this review is to provide an overview of mechanisms of protection of
organic matter by clay addition to sandy soils.

2

1.2

Properties of sandy soils
Sandy soils have low water retention and nutrient holding capacity due to a lack of
small pores and low exchange capacity (Walpola and Arunakumara 2011; Reuter
1994). In general, they are characterized by low cation exchange capacity, a high
sensitivity to erosion and crusting and a high risk of nutrient leaching (Blanchart et al
2007). Sandy soils have a low organic carbon sequestration capacity because of the
low input of organic matter and also poor protection of the organic matter from
decomposition by microbes.

1.3

Clay mineralogy
Clays are inorganic particles that are less than 2 µm in size. They are phyllosilicates
with silicon tetrahedron and aluminium octahedron structure. The most common
phyllosilicates in soil are kaolinite (1:1 type) and smectite (2:1 type) (Marshall et al.
1996). The 1:1 type clay minerals consist of one tetrahedral layer and one octahedral
layer whereas 2:1 type clay mineral consists of one octahedral layer sandwiched
between two tetrahedral layers (Sanyal et al. 2002). These phyllosilicates differ in
properties such as cation exchange capacity, specific surface area due to different
layer structure (Sanyal et al. 2002). These properties reflect the reactivity of surfaces
of the well crystallized phyllosilicates and their ease of association with organic
matter in soils (Churchman 2010). Between 52 and 98% of the organic carbon in soils
occurs in clay-organic complexes (Greenland 1965).The cation exchange capacities
and specific surface area of the phyllosilicate minerals contributes to the capacity of
the soils to retain and release nutrients (Barnhisel and Bertsch 1989).
Organic matter content in soil is not only influenced by phyllosilicate clays, but also
by oxides and oxyhydroxides. Many studies (e.g Spain 1990; Percival et al. 2000;
Rasmussen et al. 2005) have reported that the oxides and oxyhydroxides
concentration is positively related to soil organic matter content. Clay particles in soil
are usually associated with iron (Stucki 2006). These are mostly iron oxides which
form a coating around the clay particles (Favre et al. 2006). These oxides are
3

positively charged and offset the negative charge of clay minerals (Zhuang and Yu
2002) thus reducing organic matter accessibility to microbes by providing binding
sites for the negatively charged organic matter and by inducing flocculation of clay
which entraps organic matter (Baldock and Nelson 2000; Krull et al. 2001).
1.4

Protection of organic carbon by clays
The worldwide concern about rising levels of atmospheric carbon dioxide, and its link
to global warming has increased the interest in the capacity of soils to sequester CO2
as organic carbon as a possible remediation (Churchman 2010). Clays play an
important role in protecting soil organic carbon from decomposition by soil microbes
(Churchman and Lowe 2012). The incorporation of organic carbon in soil has benefits
for crop productivity (Saidy et al. 2012).
The protection of organic carbon in soils is a function of the chemical nature of the
soil mineral fraction, the presence of surfaces of minerals which are capable of
adsorbing organic carbon, the relative abundance of multivalent cations (Baldock
and Skjemstad 2000)and pororosity especially microporosity.
The organic matter can be protected in soil by two mechanisms: (1) physicalchemical, and (2) biochemical (Christensen 1996; Stevenson 1994). Figure 1.1 depicts
the mechanisms of stabilisation of soil organic matter. The non-hydrolyzable fraction
of the silt- and clay-associated C is biochemically protected in the soil C pool. The
unprotected C pool represents particulate organic matter or light fraction not
occluded within microaggregates whereas the microaggregate-protected C pool
represents fine particulate organic matter occluded within microaggregates.
Occlusion in aggregates, condensation/complexation, and adsorption/desorption are
the main mechanisms of protection (Six et al. 2002).
The physical protection of organic matter is due to: (1) the compartmentalization of
microbial biomass and substrate (Van Veen and Kuikman 1990; Killham et al. 1993),
(2) reduced diffusion of oxygen into aggregates (Sexstone et al. 1985) and this leads
4

to reduced microbial activity (Sollins et al. 1996). The inaccessibility of substrate
within the aggregates is due to pore size exclusion (Killham et al. 1993).
There have been studies which indicate that physical protection of organic matter is
minimal in macroaggregates (> 250 µm) (Pulleman and Marinissen 2004; Beare et al.
1994). Jastrow et al. (1996) concluded that the average turnover time of
macroaggregate-associated C was 140 years whereas the average turnover time of
organic carbon in microaggregates was 412 years. The clay component exerts a
direct and indirect effects on the protection of organic matter. The study conducted
by (Franzluebbers and Arshad 1997) revealed that physical protection of organic
matter increases with increasing clay content. High clay content could reduce
mineralisation of organic matter by

physically protecting organic matter from

decomposition by entrapment in small pores (Hassink et al. 1993) and by adsorption
on the surface (Oades 1988).
Organic carbon is associated with primary organomineral complexes and the
protection increases with silt and clay content of the soil (Guggenberger et al. 1999;
Chantigny et al. 1997). Organic matter associated with silt and clay is less accessible
to decomposers than that in the sand fraction through binding and occlusion
(Hassink 1997). Therefore microbially derived carbohydrates are enriched in the silt
plus clay fraction compared sand fraction (Puget et al. 1999).
Several studies have indicated the effect of soil properties such as clay and organic
carbon content, clay mineralogy, surface area of clay (Nelson et al. 1997; Benke et al.
1999) and cation exchange capacity (Amato and Ladd 1992) on sorption of organic
carbon (Rashad et al. 2010; Kögel‐Knabner et al. 2008; Guggenberger and Kaiser
2003; Kahle et al. 2004). Clay minerals play a pivotal role in sequestration of organic
matter (Tisdall and Oades 2006; Hassink 1997). They bind organic matter thus
making organic matter less susceptible to biodegradation (Oades 1988; Amato and
Ladd 1992). Some studies have shown that the ability of soil to sorb organic carbon
was positively correlated with clay content (Shen 1999; Nelson et al. 1992).
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Clay minerals differ in their capacity to bind organic matter (Lavelle and Spain 2005).
Smectite with high surface area binds more organic matter than kaolinite which has
a low specific surface area (Lavelle and Spain 2005; Hassink 1997; Wattel-Koekkoek
et al. 2001). Saggar et al. (1996) showed that decomposition of 14C labelled ryegrass
was strongly correlated to the specific surface area of the clay minerals. The cation
exchange capacity of clay minerals also plays a significant role in binding of organic
matter to the clay minerals. Organic matter is commonly bound to clays via cation
bridges, therefore clay minerals with low CEC bind less organic matter than those
with high CEC (Krull et al. 2001; Baldock and Skjemstad 2000).
There are number of studies which indicate that sorption plays an important role in
the chemical protection of organic carbon (Mikutta et al. 2007; Schneider et al. 2011;
Wagai and Mayer 2007). Sorbed organic carbon is less accessible to soil microbes
(Kothawala et al. 2008; Guggenberger and Kaiser 2003). Various mechanisms are
considered for sorption of organic carbon on clay mineral surfaces but the most
important mechanism is polyvalent cation bridges. Organic anions are repelled from
negatively charged clay mineral surfaces but when polyvalent cations such as Ca2+,
Fe2+/3+, Al3+ are present on the exchange complex, they help to bind organic anions.
The polyvalent cations neutralise the charge of the acidic functional group (COO-) of
organic matter and the negatively charged clay mineral surface and act as a bridge
between the two charged sites (Lützow et al. 2006). The divalent cations such as Ca2+
completely neutralize the surface charge of clays and form bridges between clays
and organic matter which strengthens the sorption. Monovalent cations such as Na+
on the other hand only partially neutralize the surface charge of the clays. Divalent
Ca2+ forms stable bonds between soil particles whereas monovalent Na+ forms weak
bonds (Li et al. 2002b; Tipping 2002) and the functional groups of dissolved organic
matter bind divalent cations more strongly than monovalent cations (Skyllberg and
Magnusson 1995). Further, Ca2+ forms stable cationic bonds with clay and organic
matter whereas Na+ forms ionic bonds which are easily broken by water (Marchuk
and Rengasamy 2011). Thus, cation bridges formed by Ca2+ between clay mineral
surfaces and the negatively charged functional groups of organic carbon bind organic
carbon more strongly than those formed by Na+ (Oades 1988; Moore and Turunen
6

2004). The capacity of Ca2+ to protect organic matter from mineralization has been
well documented. Sokoloff (1938) found that salts containing Ca2+ added to soil
reduced mineralisation compared to the addition of salts containing Na+ or no salts.
Other authors (Muneer and Oades 1989) have also observed that mineralisation of
organic carbon was reduced with addition of Ca2+ salts.
As mentioned above, sesquioxides may cover clay surfaces and contribute to binding
of organic matter to clays. The positive charge of sesquioxides and some clay
minerals such as kaolinite is enhanced under acidic conditions which increases
binding of organic matter (Churchman 1993).
The presence of multivalent cations can also have an indirect effect on the biological
stability of the organic matter in soils. Clay particles remain in a flocculated state
when saturated with multivalent cations, thus reducing the exposure of organic
matter adsorbed on clay surfaces to biological attack (Baldock and Skjemstad 2000).
In addition, in the presence of multivalent cations the three dimensional orientation
of organic macromolecules containing carboxyl functional groups may be altered
leading to more condensed and therefore less accessible structures (Oades 1988).
Biochemical protection of organic matter is due to the chemical composition of the
organic matter. This complex chemical composition can be an inherent property of
residues or is a product of their decomposition, leading to complexation and
condensation (Six et al. 2002).
The amount of clay plays an important role in protection of organic matter. The
relationship between clay concentration and organic matter content is well
documented in natural soils with varying clay concentrations (Saggar et al. 1996;
Amato and Ladd 1992; Spain 1990; Plante et al. 2006). Wang et al. (2003) reported a
decrease in respiration of about 50% with 23 fold increase in clay concentration.
Similarly, Franzluebbers (1999) reported a 40% reduction in respiration (per gram of
soil organic carbon) with 12 fold increase in clay concentration.

7

Total porosity influences decomposition of soil organic carbon (Franzluebbers 1999).
Organic carbon in soil is found in pores either as discrete molecules or as particles
adsorbed to surfaces which are broken down into small molecular units so that they
can easily pass across microbial cell walls (Baldock et al. 2004). Hence the site for
most of the decomposition is outside the microbial cell wall. Soil organic carbon can
be protected from decomposition by exclusion of enzymes and microbes from pores
(Sollins et al. 1996). The microorganisms are unable to enter pores < 0.5 µm and soil
organic carbon is protected in these pores against decomposition (Baldock et al.
2004).
The proportion of the total porosity within small pores increases with increasing clay
content and thus the protection of organic matter against biological attack increases
due to the exclusion of microbes.
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Fig 1.1: Mechanisms of protection of soil organic carbon (Six et al. 2002)

1.5

Properties of residues affecting decomposability

Plant residues form a significant component of soil organic matter. In agricultural
systems, plant residues either result from crop processing operations or else
comprise crops that remain in situ after harvest (Hadas et al. 2004). These materials
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in the form of dead and living plant tissues are decomposed through the action of
organisms (Patrick 1970).
The decomposition of plant residues is essential for nutrient cycling (Wang et al.
2004). Plant residue decomposition is influenced by several factors including physical
(moisture, bulk density), chemical (nature of plant residue) and biological (microbial
activity) (Bending and Turner 1999).
Micro-organisms play an important role in decomposition of organic matter (Van
Veen and Kuikman 1990; Swift et al. 1979). The decomposition of plant residues
through the activity of microbial species has been studied in the past (Poll et al.
2008; Fernandes et al. 2005; Bucher and Lanyon 2005). It has been shown that
microbial biomass (Ladd et al. 1992) and respiration (Neely et al. 1991; Xu et al.
2006) are influenced by plant residue composition.
Chemical characteristics of plant residues such as C:N ratio plays an important role in
decomposition of residues (Wang et al. 2004; Vigil and Kissel 1991). Microorganisms
have a low C:N ratio (approximately 20) whereas the C:N ratio of plant material can
range from 20 to more than 100. Decomposers utilise both C and N demand from
residues. Therefore residues with a low C:N ratio usually decompose faster than
those with a high C:N ratio (Kumar and Goh 1999) because the former supply
sufficient N to decomposers whereas the decomposition of the latter is reduced by
the lack of N Baldock (2007) showed that plant residues with low C:N ratio (< 40)
are mineralized more quickly than residues with high C:N ratio (> 40). Decomposition
rates are also influenced by C chemistry of residues. High concentrations of
structural compounds such as cellulose, suberin and lignin also reduce
decomposition rate (Hopkins et al. 2005; Robertson and Grandy 2006) because their
breakdown requires special enzymes which are only released by some microbes (Ball
2006). Due to their ring structure, phenolic compounds are decomposed more
slowly than poly saccharides (Martens 2000). Utilisation of phenolic compounds
requires special enzymes. Therefore they are degradable by only few organisms (Kirk
1983 ; Harbone 1997; Palm and Rowland 1997).Additionally phenolic compounds can
10

irreversibly bind proteins and therefore interfere jn decomposer metabolism or
enzyme functions and result in reduced decomposition rate (Palm and Sanchez
1991).
Paul and Van Veen (1978) reported that alkyl C is the most biological stable form of
organic carbon found in soils due to their highly cross-linked structure and
hydrophobicity (Kogel-Knabner et al. 1992). Due to their low degradability, the
proportion of alkyl C in the remaining material increases during decomposition
(Baldock et al. 1997).
Residues also contain water-soluble C which includes compounds that are relatively
easily decomposable (Chapman et al. 1995; Lagomarsino et al. 2006; Wagai and
Sollins 2002). A proportion of the water-soluble C added with the residues remains in
the soil solution and is therefore easily accessible for microbes (Uchida et al. 2012).
The concentration of different types of organic carbon changes during the
decomposition of organic matter. Baldock et al. (1997) reviewed the chemical
changes associated with the decomposition of organic matter. Baldock et al. (1992)
revealed that during the initial stage of decomposition the increase in alkyl and
aromatic C contents could be explained by the selective utilisation of O-alkyl C.
Increased proportion of aromatic C content may be due to the selective preservation
of lignin structures during decomposition and especially when the activity of
microorganisms to degrade lignin is low (Baldock et al. 1997).
1.6

Environmental factors
Soil microbial activity is strongly regulated by environmental factors such as water
content and bulk density which therefore control microbial processes such as
mineralisation and denitrification that are important for nutrient cycling and soil
fertility (Doran 1980).
Greaves and Carter (1920) were among the first to describe a relationship between
microbial activity and soil water content. Water content in soil is essential for both
11

microbial activity and plant growth thus affecting decomposition of organic matter
and hence heterotrophic respiration (Raich and Schlesinger 1992; Parton et al. 2007).
The increasing water content in soil has two outcomes: oxygen diffusion becomes
more limiting and substrate diffusion becomes less limiting for microbial activity
(Skopp and Doran 1990). Linn and Doran (1984) also found that in very wet soils
there was limited oxygen diffusion through pore spaces. During dry periods, water
content in soil decreases and water films in the pores become disconnected. As a
result, solute diffusion slows down and substrate supply to microbial communities is
limited (Skopp et al. 1990; Schjønning et al. 2003). In addition, as the matric
potential decreases, cells need to spend energy to attain osmotic equilibrium with
the surrounding solution (Harris 1981; Schimel et al. 2007) and to produce
extracellular substances that can buffer differences in soil moisture and improve
diffusivity (Or et al. 2007), thus reducing the amount of energy available for growth .
The metabolic activity of aerobic organisms decreases as the pore space in soil fills
with water and reaches saturation (Franzluebbers 1999) because the diffusion rate
of oxygen through water is much lower than through air (Cook and Knight 2003). The
general relationship between microbial activity and soil moisture can be described
by an optimum curve that has a maximum at some moisture content where the
balance of oxygen and water availability is optimal and minima at both moisture
extremes (Moyano et al. 2013)(Fig 1.2). Hence, the relationship between soil
moisture and heterotrophic respiration arises from the interactions of biochemical
(enzyme dynamics), physical (e.g diffusion) and physiological (osmoregulation)
processes. Moyano et al. (2013) reported that clay additions reduce soil respiration
when moisture in the soil is fixed, because clay reduces the amount of free water.
Bulk density affects pore size, drainage of water and exchange of gases. Increasing
bulk density reduces the number of large size pores which serve as a pathway for
exchange of gases and drainage of water (Drew 1983). The study conducted by Li et
al. (2002a) revealed that the total number of bacteria, fungi and actinomycetes
declined by 29-39% with an increase in bulk density from 1.00 to 1.60 Mg m-3.
Similarly, Dick et al. (1988) found a negative correlation of microbial biomass carbon
with soil bulk density. The study by Torbert and Wood (1992) indicated that at a bulk
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density of 1.8 Mg m-3, there was a 65% decrease in microbial activity as compared to
a bulk density of 1.4 Mg m-3 in a loamy sand soil. With an increasing bulk density
from 1.2 to 1.6 Mg m-3 the rate of C and N mineralisation of native soil organic
matter did not alter whereas it reduced C and N cycling of newly added crop residues
(De Neve and Hofman 2000). Van der Linden et al. (1989) found no differences in
turnover rates of organic carbon with increase in bulk density from 900 to 1400 kg
m-3 in an unamended loamy sand soil.

Fig 1.2: Schematic diagram of effects of soil moisture on microbial activity. In the
lower panel, ᴪ indicates soil water potential and π is the cell osmotic potential
(Moyano et al. 2013).
1.7

Conclusion and knowledge gaps
In general, soils with sandy loam, loamy sand and sand textures contain less organic
carbon than clay-rich soils. Clay has the capacity to protect soil organic carbon
(Ingram and Fernandes 2001; Hassink 1997). In Australia, subsoil clay is added to
sandy topsoils to overcome non-wetting (Cann 2000) or poor water holding capacity.
In texture contrast soils, the subsoil clay can be mixed into the top soil. Adding clay
13

will reduce the accessibility of the organic C to microbes by binding to clay surfaces
and occlusion in aggregates (Müller and Höper 2004). Little is known about the
impact of this management practice on the protection of organic matter. In this
thesis, either isolated clays or subsoil from a Vertosol was added to sand to
determine changes in soil respiration, microbial biomass carbon and sorption.
Although there have been many studies on the effect of clay addition on organic
carbon mineralisation, they either used natural soils or pure clay phyllosilicates
(Wang et al. 2003; Saidy et al. 2012). The effect of clays isolated from the soils on
organic carbon mineralisation may be different as they will be associated with
organic matter whereas pure clay phyllosilicates often lack organic matter. To close
this knowledge gap, organic carbon mineralisation was studied in relation to the
addition of clay to quartz sand that had been isolated from the soils.
Thus, the present study has the following aims:
To determine the effects of the following factors on soil respiration and microbial
biomass carbon in sand amended with clay isolated from the soil

1. different clay concentrations
2. residue type and rate
3. bulk density and water content
4. different calcium rates
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Abstract: Sandy soils are low in organic C due to their low fertility and lack of
protection of organic C from decomposers. Incorporation of clay and organic matter
into sand is a common practice in Australia to overcome water repellency. Clay could
also protect organic C from decomposition by reducing its accessibility to soil
microbes. However, little is known about how this practice may affect soil organic
carbon storage. Two laboratory incubation experiments were conducted to
determine the effect of clay concentration, bulk density and water content on soil
respiration. In Experiment 1, clay isolated from a Vertosol subsoil was added at 50,
100, 200, 300 and 400 g kg-1 and 2 g kg-1 mature wheat residue was added to sand.
Compared to sand without clay, cumulative respiration per g soil was significantly
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higher with ≥ 200 g clay kg-1, but cumulative respiration per g soil organic C (SOC
from residue + clay) was not influenced by these clay concentrations whereas it was
reduced by 50 and 100 g clay kg-1. In a further experiment, clay was added at 50 and
300 g kg-1 to sand and adjusted to three different water contents 0.146, 0.163,
0.179 g g-1 and bulk densities 1.3, 1.45, 1.6 Mg m-3. Cumulative respiration per g
substrate and g SOC was higher with 300 g clay kg-1 irrespective of bulk density and
water content. This study showed that the addition of isolated clay to sand depends
on clay concentration. Low clay addition rates (50-100 g kg-1) reduced cumulative
respiration per g soil and per g C added. High clay addition rates (≥ 300 g kg-1)
enhanced cumulative respiration per g soil but decreased it when expressed per g C
added. Bulk density and water content had little effect on cumulative respiration.
Keywords Decomposition, bulk density, clay, water content

Introduction
Soil organic matter can be stabilized by reduced accessibility to soil microbes
through occlusion within aggregates (Pulleman and Marinissen 2004; Six et al. 2002;
Lützow et al. 2006), and sorption of organic matter by clay minerals (Six et al. 2002).
Clay plays a critical role in stabilization of organic C in soils because it is the basis of
aggregate formation and can bind organic matter (Krull et al. 2003).The main source
of soil organic matter is plant residues (Singh and Rengel 2007; Prasad and Power
1991). Mineralization of plant residues is an important process because it releases
the nutrients required for plant growth and also regulates emission of CO2 to the
atmosphere. The mineralization of plant residues is influenced by various factors like
C:N ratio, pH, soil texture, moisture, bulk density and microbial activity (Lavelle and
Spain 2001; Summerell and Burgess 1989).
Soil moisture is an important factor for microbial activity, nutrient transport and
metabolism. When soil dries, water films in soil pores become disconnected which
reduces diffusion of substrates to microorganisms and therefore mineralization.
However, mineralization of plant residues is also decreased under saturated
conditions due to restricted O2 supply to microorganisms (Picek et al. 2000). Bulk
27

density also affects microbial activity in soils. Higher bulk density results in a smaller
proportion of macropores to micropores which can limit the diffusion of water and
nutrients to microorganisms and thereby lower mineralization. For example, (Li et
al. 2002) showed that microbial biomass is decreased by 29 – 39% with an increase
in bulk density from 1.00 to 1.60 Mg m-3. Similarly, Pengthamkeerati et al. (2005)
and De Neve and Hofman (2000) have shown decreased mineralization with
increasing bulk density.
The effect of addition of clay to sandy soils in order to overcome water repellency
has been studied (McKissock et al. 2000; McKissock et al. 2002). To quantify the
effect of clay on stabilization of SOC either pure aluminosilicate clays (Saidy et al.
2012) or natural clays from soils (Djajadi et al. 2012) have been used. The individual
effect of clay, water content and bulk density on C mineralization has been studied,
but little is known about the interactive effects of these factors on C mineralization
under controlled conditions.
The aim of this study in which clay isolated from subsoil was added to quartz sand
was to evaluate the effect of clay concentration, bulk density and water content on C
mineralization. We hypothesized that C mineralization will decrease with increasing
clay concentration through reducing its accessibility (Hypothesis 1). We further
hypothesized that C mineralization shows an optimum with regard to water content
and bulk density. At low water content and bulk density, diffusion and thus C
mineralization will be limited by disconnection of water films. At high water content
and bulk density, C mineralization will be limited by lack of oxygen (Hypothesis 2).
The optimal water content and bulk density will vary with clay content because the
clay content determines the abundance of micropores (Hypothesis 3).

Materials and Methods
This study included two experiments with sand to which different concentrations of
clay were added. Clay-rich subsoil (30-50 cm, 69% clay, 6.7% silt) was collected from
a Vertosol (Isbell 2002) from Gnawaree, Mount Pollock, Geelong (38°09’S, 144°34’E;
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annual rainfall 553 mm) which was under a rotation of wheat-canola-barley with
minimum tillage for the last 6 years. The dominant clay mineral in this soil is smectite
with small amounts of kaolinite and illite. After collection, the soil was gently broken
by hand and passed through an 8 mm sieve. The soil was then air-dried, passed
through a 2 mm sieve and stored at room temperature.
Clay isolation
Briefly, 100 g of air-dried soil was placed in a 1 L plastic bottle with 900 mL distilled
water. After end-over-end shaking for 24 hours, the suspension was transferred to a
bucket and then left to settle for 16 hours. The < 2 μm clay fraction was collected by
siphoning off the top 22 cm of the soil suspension. The settling time (16 hours) and
the soil suspension height (22 cm) used in this method were based on Stoke’s Law
(Jackson 1956). The clay suspension was oven-dried at 40 °C. After drying, the clay
was finely ground by mortar and pestle. Mineralogy of the isolated clay was
determined by X-ray diffraction. Organic C concentration of the isolated clay was
determined by Walkley and Black (1934) (Table 2.1). The cation exchange capacity
was determined by the method as described by (Rayment and Lyons 2012). A
relative measure of specific surface area was determined by the water vapour
sorption method (Newman 1983). The water holding capacity (WHC) was measured
with a sintered glass funnel which is connected to a 100 cm water column
(ᴪm=-10kPa). Soil was placed in rings in the sintered glass funnel, wetted thoroughly
and allowed to drain for 48 hours. Dry weight of the soil was recorded after oven
drying at 105 ⁰C for 24 hours.
Soil respiration was measured by quantifying headspace CO2 concentrations within
each jar using a Servomex 1450 infra-red gas analyser (Servomex, UK). Carbon
dioxide was measured repeatedly for each sample over the duration of the
experiment. For each measurement period (varying from 1 to 4 days, with more
frequent measurements at the start of the incubation due to the higher respiration
rates), an initial measurement of the CO2 concentration in the headspace was taken
immediately after sealing the jars (t0). The closed jars were then left to incubate for
a defined duration and then a second measurement of the CO2 concentration was
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taken (t1). After the second measurement, the jars were opened to refresh the air
using a fan (new t0). The CO2 evolved from each sample was calculated as the
difference between the final CO2 concentrations (t1) and the initial CO2
concentrations (t0) obtained for each measurement period. The relationship
between CO2 concentration and detector response was determined by linear
regression by injecting known amounts of CO2 into jars similar to those used for the
samples and then used to calculate the CO2 concentration in the jars with soils. The
calculated CO2 concentration was multiplied by the gas volume of the jars to obtain
the mL of CO2 - C respired during each measurement period.
Soil respiration was expressed in mg CO2-C per g substrate or per g added C taking
into account the C concentration of the wheat straw (430 g C kg-1) and of the clay
(9.3 g C kg-1).
Experimental design
The isolated clay was mixed with commercial sand (53-150 μm, 0.2 g kg-1 total
organic carbon, 0.3 mg kg-1 Ca and Mg, 1.6 mg kg-1 Na) and the mix was adjusted to
different water contents (see below for details). Mature wheat residue with a C:N
ratio of 83 and water soluble carbon of 21 g kg-1 (ground and sieved to particle sizes
of 0.25 to 2 mm) was added at a rate of 20 g kg-1 and mixed thoroughly with the
sand-clay substrate. This mixture was inoculated with a microbial inoculum which
had been obtained from the Vertosol subsoil incubated at 25 ⁰C for 7 days at 50%
water holding capacity to reactivate the microbes. Then, water was added to obtain
a 1:5 soil: water suspension which was shaken for one hour. After settling for 1 hour,
the supernatant was used to inoculate the substrate at a rate of 25 mL kg-1. Twenty
five g of the mix was added to plastic vials with a diameter of 3.7 cm and adjusted to
a bulk density of 1.4 Mg m-3 for Experiment 1. In Experiment 2, 20 g of the mix was
added to the same size of plastic vials and was adjusted to bulk densities of 1.3, 1.45
and 1.6 Mg m-3.
Experiment 1 was conducted to study the effect of different clay concentrations on
soil respiration. The isolated clay was mixed with commercial sand (53-150 μm,
0.2 g kg-1 total organic carbon) to achieve clay concentrations of 0, 50, 100, 200, 300
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and 400 g kg-1 mixture. The sand-clay mixture was adjusted with reverse osmosis
(RO) water to 80% WHC (corresponding to 160 mL water kg-1) for the 0, 50 and 100 g
kg-1 clay treatments and to 60% WHC (corresponding to 120 mL water kg-1) for the
200, 300 and 400 g kg-1 clay rate. These percentages WHC were selected to ensure
maximal soil respiration based on previous studies (Setia et al. 2011), where a range
of soils with different texture amended with wheat straw, were incubated at
different water contents and the soil respiration was measured.
Experiment 2 was designed to study the effect of different bulk densities and water
contents on soil respiration. The isolated clay was mixed with commercial sand
(53-150 μm, 0.2 g kg-1 total organic carbon) at 0, 50 and 300 g kg-1. This mix was
adjusted to three different water contents (0.146, 0.163 and 0.179 g g-1) and three
bulk densities (1.3, 1.45 and 1.6 Mg m-3) (Table 2.2).
There were four and three replicates per treatment for Experiment 1 and
Experiment 2 respectively. The vials were placed individually in 1 L Mason jars
together with 10 mL RO water in a vial (to help maintain substrate moisture) and
were kept in the dark at constant temperature (25 °C) for 35 days.
Statistical analysis
In Experiment 1, cumulative respiration data was analysed by one-way analysis of
variance with clay concentration as fixed factor (Genstat, 14th edition). In
Experiment 2, cumulative respiration was analysed by three-way analysis of variance
with water content, bulk density and clay concentration as fixed factors (Genstat,
14th edition). The LSD values refer to 5% probability level, and Tukey test was used
to determine significant differences in soil respiration in both experiments.

Results
Experiment 1
Differences in cumulative respiration per g substrate among clay concentrations
became apparent after 24 days (Fig. 2.1). Compared to the control (sand alone),
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cumulative respiration per g soil was significantly higher in the treatments with
≥ 200 g clay kg-1 (Fig. 2.1). Cumulative respiration per g C was highest in the sand
without clay addition. Until day 30, cumulative respiration per g C was lower in all
treatments with added clay but there were no differences between control and
treatments with higher clay concentrations (> 200 g clay kg-1) on day 35 (Fig. 2.2 and
2.3).
Experiment 2
Compared to the control (sand without added clay), cumulative respiration per g
substrate was higher with 300 g kg-1 clay, irrespective of water content and bulk
density (Fig. 2.4). In the control and 300 g clay kg-1 treatment, cumulative respiration
per g substrate did not differ significantly among bulk densities or water contents
(0.146, 0.163 and 0.179 g g-1 soil). Only with 50 g clay kg-1 cumulative respiration at
water contents 0.146 and 0.163 g g-1 was lower at the highest bulk density
(1.6 Mg m-3) than at the lowest bulk density (1.3 Mg m-3). At water contents of 0.146
and 0.163 g g-1 soil, cumulative respiration per g substrate and per g C was
significantly lower in the treatments with bulk density of 1.6 Mg m-3 than with bulk
density of 1.3 Mg m-3. Cumulative respiration per g SOC was not influenced by clay
addition at the lowest water content (0.146 g g-1) but was increased by
300 g clay kg-1 at the two higher water contents. Water content had no significant
effect on cumulative respiration per g SOC in the control and at the lower clay
addition rate, but at 300 g clay kg-1, it increased with increasing water content. Bulk
density influenced cumulative respiration per g SOC only at 50 g clay kg-1 where it
was lower at 1.6 compared to 1.3 Mg m-3.

Discussion
Experiment 1 showed that clay addition at rate of ≥ 300 g clay kg-1 to the sand
increased CO2 release per g substrate. But when expressed per g SOC, clay addition
decreased cumulative respiration up to day 30 for all clay rates and up to day 35 for
50 and 100 g clay kg-1. In Experiment 2, 300 g clay kg-1 content increased cumulative
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respiration per g substrate and per g SOC compared to the sand whereas water
content and bulk density had little effect.
Clay effect on respiration
The effect of clay addition on respiration became apparent only after day 24. This
may be due to several reasons. Firstly, the abundance of available organic C from
added residues. Only when a large proportion of the free residue particles were
decomposed, binding to clays or native organic C in the clay will influence microbial
activity. Secondly, both sand and the isolated clay have a low initial microbial
population which may require some time to grow. This will enhance respiration and
also organic C demand.
Low clay rates (50 and 100 g kg-1) reduced cumulative respiration per g substrate and
g C added which can be explained by binding to clay surfaces and the low amount of
organic C added with the clay. The greater respiration per g substrate with addition
of clay above 200 g clay kg-1 in Experiment 1 and in Experiment 2 cumulative
respiration per g SOC with 300 g clay kg-1 was in contrast to our first hypothesis. The
increase in cumulative respiration per g substrate can be explained by the addition
of SOC with the clay because when expressed per g SOC, clay addition decreased
cumulative respiration either temporarily or throughout the incubation period in
Experiment 1. The reduction of respiration by clay can be explained by binding of
organic matter to clay which reduces its accessibility to microbes (Lutzow et al. 2006;
Baldock and Skjemstad 2000). It may also be due to limited oxygen diffusion through
the smaller pores (Ilstedt et al. 2000). However, then a greater reduction of
cumulative respiration would be expected at the higher clay addition rates. Further,
Experiment 2 showed that water content and bulk density both of which can affect
gas exchange in the substrate (Keith et al. 1997) had little effect on cumulative
respiration. The recovery of cumulative respiration per g SOC with the higher clay
rates towards the end of Experiment 1 indicates that more SOC became available to
the microbes. Microbes may have been able to colonise the clay particles and
mineralise native SOC or C became available through biomass turnover. The higher
cumulative respiration per g SOC with 300 g clay kg-1 in Experiment 2 suggests that
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clay addition improved the microbial habitat by increasing the number of micropores
which remain water-filled and therefore allow diffusion whereas the macropores are
rapidly drained. Previously, we showed that addition of 300 g clay kg-1 increased the
percentage of the total pore space as micropores from 14 to 71% whereas the
percentage macropores decreased from 76 to 21% (Roychand and Marschner 2013).
Effect of bulk density and water content on respiration
In contrast to out hypotheses, bulk density had no effect on cumulative respiration
in the control and with 300 g clay kg-1. Only at 50 g clay kg-1 the highest bulk density
reduced cumulative respiration at the two lower water contents. The fact that this
did not occur at the highest water content and not at the higher clay content
indicates that the reduction in cumulative respiration at the highest bulk density
with 50 g clay kg-1 was not due to limited oxygen supply. It is possible that the high
bulk density reduced the mobility of the microbes (Huysman and Verstraete 1993).
This reduced mobility was compensated by a greater diffusion of the substrates at
higher water content. At the higher clay content reduced mobility would be less
important because of the greater SOC amount and thus density added with the clay.
The higher cumulative respiration per g SOC with the two higher water contents at
300 g clay kg-1 in Experiment 2 also indicates the importance of diffusion for
substrate supply to microbes.
It can be concluded that the addition of isolated clay to sand depends on clay
concentration. Low clay addition rates (50-100 g kg-1) reduced cumulative respiration
per g soil and per g C added. High clay addition rates (≥ 300 g kg-1) enhanced
cumulative respiration per g soil but decreased it when expressed per g C added. In
contrast to the strong effect of clay concentration bulk density and water content
had little effect on cumulative respiration.
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Table 2.1: Properties of the isolated clay.
Properties
pH (1:5)

7.5

Total C (g kg-1)

9.3

CEC (cmol p(+) kg-1)

44

Water sorbed (mg g-1) at 47% RH

97

Clay minerals

Dominant
smectite/minor
kaolinite, illite
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Table 2.2: Maximum and adjusted water content in sand alone or sand with 50 and
300 g clay kg-1.

-1

Clay conc (g kg )

0
50
300
0
50
300
0
50
300

Maximum
Water content (g g-1)

0.19
0.19
0.31
0.19
0.19
0.31
0.19
0.19
0.31

Adjusted
Water content (g g-1)
Water holding
capacity in % of field
capacity
0.15
0.15
0.15
0.16
0.16
0.16
0.18
0.18
0.18

75
75
47
84
84
52
92
92
57
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LSD

Clay added
(g kg-1)

Fig. 2.1 Cumulative respiration per g substrate in sand amended with wheat straw
without clay or with 50, 100, 200, 300 and 400 g isolated clay kg-1 from a Vertosol
subsoil (n=4).
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LSD

Clay added
(g kg-1)

Fig. 2.2 Cumulative respiration per g C in sand amended with wheat straw without
isolated clay, with 50, 100, 200, 300 and 400 g clay kg-1 from a Vertosol subsoil
(n=4).
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Fig. 2.3 Cumulative respiration on day 35 per g organic C in sand amended with
wheat straw without isolated clay or with 50, 100, 200, 300 and 400 g clay kg-1 (n=4).
Different letters above the columns indicate significant differences (P ≤ 0.05).
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(A)

c

c

c

Bulk density
-3
(Mg m )

b
a

a

a

a

a

-1

Clay added (g kg )
75

75

75

75

75

75

47

(B)

47

47

c

c

WHC (%)

c
Bulk density
(Mg m-3)

a

a

a

a

a

b

Clay added (g kg-1)
84

84

84

84

84

52

52

84

(C)

c

52

c

WHC (%)

c

Bulk density
(Mg m-3)
a

a

a

a

a

a

Clay added (g kg-1)
92

92

92

92

92

92

57

57

57

WHC (%)

Fig. 2.4 Cumulative respiration on day 35 per g substrate in sand only and sand amended with 50 and
-1

-1

-3
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ABSTRACT
Clay may bind organic matter and thus affect decomposition rates. To investigate if
the effect of clay depends on residue type and rate, two experiments were
conducted in sand without clay or with 300 g clay kg-1. The clay was isolated from
Vertosol subsoil. Clay and finely ground residues were mixed into the sand and a
microbial inoculum derived from the Vertosol subsoil was added. In the first
experiment, three residues were added at a rate of 20 g kg-1: pea residues (low C/N,
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high concentration of water soluble C), wheat residues (high C/N, medium
concentration of water soluble C) and sawdust (high C/N, low concentration of water
soluble C). Cumulative respiration per g C added (with residues and clay) after 34
days was highest with pea residues and lowest with sawdust. Clay addition increased
cumulative respiration with wheat residues and sawdust but decreased it with pea
residues. In the second experiment, wheat residues were added to the sand with or
without clay at 0 to 20 g residues kg-1. Cumulative respiration per g C added after 32
days was reduced by clay up to residue addition rates of 2.5 g kg-1 but not at higher
residue rates.

Keywords: Clay; C/N ratio; Pore size distribution; Water-soluble C

1. Introduction
Soil organic matter is important for soil fertility and C sequestration [1]. The amount
of soil organic matter depends on the rates of input and output. The output is mainly
in the form of CO2 release during decomposition which is governed by a range of
factors including residue and soil properties. Decomposition rate is negatively
correlated with residue C/N ratio [2, 3]. High concentrations of structural
compounds such as cellulose, suberin and lignin also reduce decomposition rate [4,
5] because their breakdown requires special enzymes which are only released by
some microbes [6]. Residues also contain water-soluble C which includes compounds
that are relatively easily decomposable [7-9]. A proportion of the water-soluble C
added with the residues remains in the soil solution and is therefore easily accessible
for microbes [10].
Among soil properties, the clay concentration plays an important role because clay
can limit decomposition by organic matter binding and occlusion in aggregates
thereby decreasing its availability to microbes [11, 12]. Organic matter is bound to
clay minerals via polyvalent cation bridges, ligand exchange, hydrogen bonding and
van der Waals interactions [13-16].
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Sorption of dissolved organic matter to pure aluminosilicate clays has been studied
and shown to be lower than to the Fe oxide goethite [17]. Compared to pure
aluminosilicate clays, clays in soil are generally less crystalline and structural ions
may be replaced [18] which increases their surface area and changes their surface
charge.
In the present study, two experiments were conducted. The aim of the first
experiment was to assess if the effect of clay addition to sand on soil respiration and
microbial biomass C differs depending on the decomposability of the added residues.
The second experiment was conducted to investigate if the effect of clay addition to
sand on soil respiration and microbial biomass C is modulated by the amount of
residues added. We hypothesised that clay addition will decrease cumulative
respiration and the effect will be stronger (i) for easily decomposable residues such
as pea straw than for poorly degradable residues such as sawdust because the latter
has low decomposition rates even in absence of clay, and (ii) at low rates of residue
addition because at high addition rates, binding of organic matter to the clay will still
leave sufficient unbound substrate to maintain high respiration rates.

2. Materials and Methods
2.1. Soil and clay isolation
Clay-rich subsoil (30-50 cm, 69% clay) was collected from a Vertosol [19] in
Gnawaree, Mount Pollock, Geelong (38°09’S, 144°34’E; annual rainfall 553 mm)
which was under a wheat-canola-barley rotation with minimum tillage for the
previous 6 years.
After collection, the soil was gently broken by hand and passed through an 8 mm
sieve. Then soil was air-dried, passed through a 2 mm sieve and stored at room
temperature. The air-dried soil (100 g) was placed in a 1 L plastic bottle with 900 mL
distilled water. After shaking for 24 hours, the suspension was transferred to a
bucket and then left to settle for 16 hours. The < 2 μm clay fraction was collected by
siphoning off the top 22 cm of the soil suspension. The settling time (16 hours) and
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the height of the soil suspension (22 cm) were selected based on Stokes’ law [20].
The isolated clay suspension was oven-dried at 40 °C. After drying, the layers of
isolated clay were finely ground with mortar and pestle. The pH of the sand and the
isolated clay was measured in a 1:5 soil/water suspension after 1 hour end-over-end
shaking at 25 °C. The total organic carbon concentration of the isolated clay and the
sand was analysed by dichromate oxidation [21] (Table 3.1). The cation exchange
capacity CEC (cmol kg-1) of the isolated clay was determined by the method
described in [22] and the specific surface area by the water vapour sorption method
[23]. The mineralogy of the clay fraction was determined by X-ray diffraction. The
dominant clay mineral is smectite with small amounts of kaolinite and illite.
2.2. Experimental design
The isolated clay was mixed thoroughly with quartz sand (53-150 μm, 0.2 g kg-1 total
organic carbon) at 300 g kg-1 sand; the control consisted of sand without clay
addition which was also thoroughly mixed before residue addition. The clay addition
of 300 g kg-1 sand corresponds to a C addition rate of 2.8 g C kg-1 sand. Three plant
residues (dried, ground and sieved to particle sizes of 0.25 to 2 mm) were used:
mature wheat residue, mature pea residue and sawdust. These residues were
selected because they differ in C/N ratio and water-soluble C concentration (Table 3.2)
and thus decomposability [2, 3].
Experiment 1 was conducted to assess if the effect of clay addition on cumulative
respiration varies with residue type. The three residues were added at a rate of 20 g kg-1
(corresponding to 8.6 g C kg-1 (36 t C ha-1) for wheat and pea residue and 9.5 g C kg-1
(40 t C ha-1) for sawdust to sand alone or sand with 300 g clay kg-1 sand. In
Experiment 2 where it was assessed if the effect of clay on cumulative respiration is
affected by the residue addition rate, mature wheat residue was added at 0, 1, 2.5,
5, 10, 15, 20 g kg-1 to sand alone or sand with 300 g clay kg-1 sand which corresponds
to 0, 0.4, 1.1, 2.2, 4.4, 6.5 and 8.6 g C kg-1.
The residues were mixed thoroughly with the sand or the sand-clay substrate and
then a microbial inoculum obtained from the Vertosol subsoil was added to all
treatments. For this, the subsoil was incubated at 25 °C for 7 days at 50% maximum
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water holding capacity (WHC) to reactivate the microbes. Then, reverse osmosis (RO)
water was added to obtain a 1:5 soil:water suspension which was shaken for 1 hour.
After settling for 1 hour, the supernatant was used to inoculate the residue-amended
sand without or with clay at a rate of 25 mL kg-1. The substrate was adjusted to 80% of
WHC for the sand without clay (corresponding to 160 mL water kg-1) and to 60% of WHC
for the sand with 300 g clay kg-1 (corresponding to 120 mL water kg-1). The different
percentages of WHC were chosen to ensure maximal microbial activity by providing
sufficient moisture but avoiding anaerobic conditions. A preliminary experiment
showed that respiration was reduced when the sand alone or the sand with 300 g
clay kg-1 were adjusted to lower or higher water contents (unpublished data). These
percentages are in agreement with a previous study [24] where a range of soils of
different texture amended with wheat straw were incubated at different water
contents (ranging from 20 to 90% WHC) and soil respiration was measured. Twenty g
of the mix was added to plastic vials with a diameter of 3.7 cm and a height of 5 cm
and adjusted to a bulk density of 1.4 g cm-3. This bulk density was chosen because it
is common in light to medium textured soils.
The samples were placed individually in one litre glass jar with gas-tight lid equipped
with a septum together with 10 mL RO water in a vial (to maintain the substrate
moisture) and kept in the dark at constant temperature (25 °C). Respiration (CO2-C
release) was measured throughout the incubation period (34 and 32 days for
Experiment 1 and Experiment 2, respectively) and microbial biomass carbon was
determined at the end of the experiments. These durations were chosen based on
the respiration rates; the experiments were terminated when the respiration rates
were low and constant for several days. Per treatment, there were four replicates in
Experiment 1 and three in Experiment 2.
Soil respiration was measured by quantifying headspace CO2 concentrations in each
jar using a Servomex 1450 infra-red gas analyser (Servomex, UK) as described in Setia
et al. (2011) [24]. Carbon dioxide was measured repeatedly for each sample over the
duration of the experiment. For each measurement period, an initial measurement
of the CO2 concentration in the headspace was taken immediately after sealing the
jars (t0). The closed jars were then incubated for a defined duration and then a
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second measurement of the CO2 concentration was taken (t1). For each
measurement, about 10 mL of gas was removed from the jar. After the second
measurement, the jars were opened to refresh the air using a fan (new t0). The CO2
evolved from the each sample was calculated as the difference between the final
CO2 concentrations (t1) and initial (t0) for each measurement period. The
measurement period varied between 1 and 4 days, with more frequent
measurements at the start of the incubation because the higher respiration rates in
the first few days after residue addition can rapidly lead to CO2 concentrations
beyond detection limit of the gas analyser. The relationship between CO2
concentration and detector response was determined by injecting known amounts
of CO2 into jars similar to those used for the samples. The linear regression based on
these standards was then used to calculate the CO2 concentration in the jars with
soils. The calculated CO2 concentration was multiplied by the gas volume of the jars
to obtain the mL of CO2 - C respired during each measurement period.
Respiration rate will depend on the amount of C present, thus the amount of C
added with the clay and the residues needs to be considered. Therefore respiration
is expressed per g C added not per g substrate mix. The amount of C added varied
with clay addition rate, residue type and residue rate (see above).
Microbial biomass carbon was determined at the end of the experiment using a
24 hour chloroform fumigation of 5 g substrate and then 1 hour extraction with
20 mL of 0.5 M K2SO4 as described by [25]. The organic C concentration in the
extracts was determined by K2Cr2O7 and H2SO4 oxidation, followed by titration with
acidified (NH4)2Fe(SO4)2·6H2O [26]. Microbial biomass C was calculated as the
difference in C concentration between the fumigated and non-fumigated soil
extracts and multiplying this value by 2.64 [25].
The total C and N concentrations in the residues were determined by dry
combustion using a LECO analyser. The water-soluble C concentration in the residues
was determined after 1 hour of shaking using a 1:30 residue: water (w/w) ratio by
K2Cr2O7 and H2SO4 oxidation, followed by titration with acidified (NH4)2Fe(SO4)2·6H2O
[26].
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Clay addition to the relatively coarse sand could affect pore size distribution which in
turn can affect aeration and pore water content and thus microbial activity. The pore
size distribution of the sand/clay mix was determined by the pressure plate
technique at the bulk density af 1.4 g cm-3 using the following pressures: 0.58 kPa for
macropores (> 250 µm), 1.4 kPa for mesopores (100-250 µm) and 14 kPa for
micropores (< 100 µm) [27].
2.3. Statistical analysis
The data of cumulative respiration, K2SO4 extractable C, and microbial biomass
carbon at the end of the experiments were analysed by two-way analysis of variance
with residue type and clay concentration as fixed factors in Experiment 1 and clay
concentration and residue rate as fixed factors in Experiment 2 (GenStat® for
Windows, 14.0, 2011, VSN Int. Ltd, UK). Tukey test was used to determine significant
differences in soil respiration, K2SO4 extractable C and microbial biomass carbon. In
the description of the results, only significant differences are mentioned (p ≤ 0.05).

3. Results
The pore size distribution was strongly affected by mixing clay into the sand. In the
sand without clay, 76% of the pores were macropores (> 250 µm) and 14%
micropores (< 100 µm) (Table 3.3). On the other hand in the sand with 300 g clay kg-1,
only 23% of the pores were macropores whereas micropores represented 71% of the
total pore volume.
3.1. Experiment 1 (residue type)
In general, cumulative respiration per g added C was highest with pea residues and
lowest with sawdust (Fig. 3.1 A). For wheat residues and sawdust, cumulative
respiration was significantly higher with 300 g clay kg-1 than in the sand without clay.
Compared to the sand without clay, cumulative respiration was increased by clay
addition by 12% and 52% for wheat residues and sawdust, respectively. With pea
residue, cumulative respiration per g C was reduced by 5% with 300 g clay kg-1
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compared to the sand without clay and this decrease was significant. On day 34, clay
concentration and residue type had no significant effect on microbial biomass C
(data not shown), but the concentration of K2SO4 extractable C per g C added (as a
measure of labile C) was greatest with pea residue without clay and lowest with
sawdust with 300 g clay kg-1 (Fig. 3.1 B). For wheat and pea residues, the K2SO4
extractable C concentration was significantly reduced by clay addition and the
greatest reduction occurred with pea residues where the K2SO4 extractable C
concentration with clay was less than 50% of that in the sand without clay.
3.2. Experiment 2 (residue rate)
Cumulative respiration per g C added was highest at the lowest residue addition rate
(1 g kg-1) without clay addition and lowest in the control without residue addition at
300 g clay kg-1 (Fig. 3.2 A). Up to a residue rate of 2.5 g kg-1, clay addition significantly
decreased cumulative respiration whereas it had no effect at higher residue rates. In
the sand without clay, cumulative respiration per g C added significantly decreased
with increasing residue addition rate up to 5 g kg-1 and then remained stable at the
higher residue rates. With clay on the other hand, cumulative respiration per g C
added increased with increasing residue addition rate but compared to the control
without residue addition, the increase was significant only at 15 and 20 g residue kg-1.
On day 32 without clay, the microbial biomass carbon (MBC) concentration per g C
added was highest at 1 g residue kg-1 and lowest at 20 g residue kg-1 (Fig. 3.2 B). With
clay addition, the MBC concentration was not significantly affected by residue rate.
At residue rates of 1 and 2.5 g kg-1, the MBC concentration was significantly higher
without clay than with 300 g clay kg-1 but there were no differences between the
clay treatments at higher residue addition rates. In the sand without clay, the
concentration of K2SO4 extractable C per g C added was significantly higher at 1 and
2.5 g residue kg-1 than at the higher residue rates (Fig. 3.2 C). With 300 g clay kg-1,
the concentration of K2SO4 extractable C per g C added was significantly higher
without residue addition than at 20 g residue kg-1. At residue rates of 1, 2.5 and 20 g kg-1,
the concentration of K2SO4 extractable C per g C added was reduced by clay addition
whereas clay addition had no effect at the other residue addition rates.
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4. Discussion
4.1. Residue type
As expected, cumulative respiration differed among residue types with the greatest
cumulative respiration for pea residues (low C/N, high concentration of watersoluble C) and the lowest for sawdust (high C/N, low concentration of water-soluble
C) as the decomposability of residues is affected by residue properties such as C/N
ratio and the concentration of structural and water-soluble C [7]. The decomposition
of wheat residues was greater than that of sawdust due to its higher concentration
of water-soluble C. By day 34, only 5-8 % of the C added with sawdust had been
respired compared to 43-45% of the C added with pea residues (assuming all
respired C originated from the residues).
For wheat residue and sawdust, cumulative respiration per g C was higher with clay
than in the sand without clay addition. This may be explained by the more
favourable habitat for the microbes when clay was added. Clay addition reduced the
percentage macropores (> 250 µm) from 76% in the sand without clay to 23% with
300 g clay kg-1. On the other hand the percentage micropores (< 100 µm) were
increased from 14% in the sand without clay to 71% with 300 g clay kg-1. Macropores
are mostly air-filled because they drain quickly and do not hold water. Micropores
are favourable habitats for microbes because they are more likely to be water-filled
[28] and thus allow movement of the microbes and also diffusion of substrates and
enzymes. They may also restrict aeration but as long as the surrounding substrate
contains macropores, oxygen supply may still be adequate. For pea residues,
cumulative respiration was decreased by 5% by 300 g clay kg-1. This result is in
contrast to our first hypothesis (clay addition will decrease the cumulative
respiration more strongly for easily decomposable residues such as pea residue than
for poorly degradable residues such as sawdust because the latter has low
decomposition rates even in absence of clay). However, the concentration of watersoluble C was high in the pea residues which also resulted in high concentrations of
K2SO4 extractable C per g C at the end of the experiment. This suggests that sufficient
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easily available C was present even if a proportion was bound to the clay. The high
concentrations of K2SO4 extractable C per g C may also explain why the favourable
effect of the clay on the microbial habitat was not important for pea residues as
diffusion processes between microbes and particulate C did not limit accessibility of
the substrate to the microbes. In contrast, the low concentration of water-soluble C
in the wheat residues and the sawdust (corresponding to lower concentrations of
K2SO4 extractable C per g C in sand without clay addition) suggests that diffusion of
enzymes and substrates between residues and microbes are critical for accessibility
of the residue C to microbes. And this would be more likely to occur in the waterfilled micropores than in the mainly air filled macropores and thus increase with clay
addition.
The stimulation of microbial activity by clay addition could also be due to the
relatively large amount of residues added (20 g residue kg-1 corresponding to 36 t C ha-1
for wheat) which would leave sufficient residue available even if a proportion of the
residue was bound to clay. To assess if the effect of clay on respiration and microbial
biomass is altered by residue rate, the second experiment was conducted.
4.2. Residue rate
When no clay was added, more C was respired per g C added at the low residue
addition rates. This may be explained by the C demand of the microbes. At low
residue addition rates, a larger proportion of the added residue C would have to be
decomposed to meet microbial C demand. At high residue addition rates on the
other hand, decomposition of a smaller proportion of the residues would be
sufficient to meet the demand of the microbes. With clay on the other hand,
cumulative respiration per g C added was higher at the higher residue addition rates.
But the effect of residue rate on cumulative respiration was smaller in the sand with
clay than in sand. The increase in cumulative respiration with increasing residue rate
in the clay-amended sand may be explained by the fact that the clay contained C
which could be utilized by the microbes as indicated by the higher cumulative
respiration in the clay-amended sand compared to the sand alone when no residue
was added. The close spatial proximity of the C in the clay and the microbes in the
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micropores would favour decomposition of clay C. At higher residue rates, the higher
concentration of residue C would increase the likelihood of the microbes in the
micropores having also access to residue C.
The decrease in cumulative respiration per g C by clay at the lower residue addition
rates confirms our second hypothesis (clay addition will reduce cumulative
respiration more strongly at low rates of residue addition because at high addition
rates, the binding of organic matter to the clay will still leave sufficient unbound
substrate to maintain high decomposition rates) [29]. At the low residue addition
rates, most of the residue particles would have been bound to the clay thereby
reducing accessibility to the microbes. At the high residue rates on the other hand,
only a small proportion of the residue particles would have been bound due to
saturation of the binding capacity of the clay surface. The importance of clay for
sorption of C is supported by the reduction of K2SO4 extractable C with clay addition
at the low residue addition rates which also led to a smaller microbial biomass when
clay was added. The decrease in cumulative respiration by clay in this experiment is
in contrast to the increase by clay addition observed in the first experiment.
However the apparent contradiction can be explained by the differences in residue
rate between the two experiments. The residue rate of 20 g kg-1 used in Experiment 1
corresponds to the highest rate in Experiment 2 and at this residue rate, clay
addition enhanced cumulative respiration slightly (but not significantly) compared to
the sand alone. The stimulation of respiration by clay addition was also apparent at
the residue rate of 15 g kg-1 which supports the conclusion from Experiment 1 that
clay may stimulate decomposition at high rates of residue addition through
providing a favourable habitiat because binding of a proportion of the residues to
clay leaves sufficient residues freely available for microbes.

5. Conclusion
The results show that at high residue addition rates, clay addition has little effect on
short-term decomposition of residues with high concentrations of water-soluble C
because of the abundance of easily accessible C. With less decomposable residues
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that have a lower concentration of water-soluble C, the positive effect of clay on
decomposition can be explained by the creation of a more favourable habitat for the
microbes through a greater proportion of micropores which facilitate diffusion. But
the results also show that clay can have a negative effect on decomposition rates at
low residue addition rates because of the binding of a large proportion of the added
C to clay. It should be noted that this was a short-term study. The effect of clay on
long-term fate of residues in soils may differ from those observed here particularly
when the substrate dries out and diffusion of substrates and enzymes in the
micropores becomes more important.
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Table 3.1
Properties of the isolated clay (n=2 ± standard error)
Property
pH (1:5)

7.5 ± 0.15

Total organic C (g kg-1)

9.3 ± 0.50

Total N (g kg-1)

2.2 ± 0.1

CEC (cmol p(+) kg-1)

44 ± 1

Water sorbed (mg g-1) 47% RH

97 ± 6
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Table 3.2
Properties of mature wheat and pea straw and sawdust (n=2 ± standard error)
Residue

Total C

Total N

Water-soluble C

C/N ratio

(g kg-1)
Wheat

430 ± 0.5

5.2 ± 0.1

21 ± 0.5

83

Pea

429 ± 0.5

11.2 ± 0.2

32 ± 1.5

38

Sawdust

474 ± 0.5

0.7 ± 0.1

16 ± 0.5

677
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Table 3.3
Pore size distribution (% of total pore volume) of the sand without clay and with 300 g clay kg-1
(n=2 ± standard error)
Clay concentration

Macropores

Mesopores

Micropores

(g clay kg-1)

(> 250 µm)

(100-250 µm)

(< 100 µm)

0

76 ± 4.3

9 ± 3.7

14 ± 0.6

300

23 ± 0.2

6 ± 3.3

71 ± 3.6
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Fig. 3.1. Cumulative respiration (A) and K2SO4 extractable C (B) per g added C on day 34 in
sand without clay and or with 300 g clay kg-1 amended with wheat straw (W), pea straw (P)
or sawdust (SD) (n=4, vertical lines indicate standard deviation). Columns with different
letters are significantly different (P ≤ 0.05).
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Fig. 3.2. Cumulative respiration (A), microbial biomass C (B) and K2SO4 extractable C (C) per
g added C on day 32 in sand without clay and or with 300 g clay kg-1 amended with wheat
straw at 0-20 g kg-1 (n=3, vertical lines indicate standard deviation). Columns with different
letters are significantly different (P ≤ 0.05).
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ABSTRACT
Clay addition to light-textured soils is used to ameliorate water repellency and to
increase nutrient retention. However, clay addition may also increase the potential
to bind organic matter and thus C sequestration. Divalent calcium ions (Ca2+) play an
important role in binding of organic matter to clay because they provide the bridge
between the clay particles and organic matter which are both negatively charged. In
the first experiment, quartz sand was amended with clay isolated from a Vertosol at
rates of 0, 50 and 300 g clay kg-1, finely ground mature wheat residue (20 g kg-1) and
powdered CaSO4 at 0, 0.5 and 1% (w/w). Soil respiration was measured over 28 days.
Compared to the sand alone, addition of isolated clay increased cumulative
respiration with a stronger increase at 300 g clay kg-1 than with 50 g clay kg-1.
Addition of CaSO4 increased electrical conductivity, decreased the sodium adsorption
ratio and reduced cumulative respiration. The latter can be explained by enhanced
sorption of organic matter to clay via Ca2+ bridges. The reduction in cumulative
respiration by CaSO4 was smaller at the highest clay concentration than at the other
clay concentrations. In a second experiment, the isolated clay or the Vertosol subsoil
from which it had been isolated without or with powdered CaSO4 at 1% (w/w) were
used for a batch sorption with water-extractable organic C (WEOC) extracted from
wheat straw followed by desorption with water. Addition of 1% CaSO4 increased
sorption and decreased desorption of WEOC in both subsoil and isolated clay.
Sorption per g clay was lower for the isolated clay than the subsoil. In the third
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experiment, Vertosol subsoil was used for a batch sorption in which WEOC was
added repeatedly. Repeated addition of WEOC increased the concentration of
sorbed C but decreased the sorbed proportion of the added WEOC.
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INTRODUCTION
Addition of clay-rich subsoils to sandy top soils is an agricultural management option
to increase water and nutrient retention and thus soil fertility (Hall et al., 2010;
Ismail and Ozawa, 2007; Nelson et al., 1997) and may also increase organic carbon
sequestration by increasing plant input and decreasing decomposition rates. Clay
plays an important role in organic matter decomposition by binding organic matter
on its surfaces and occlusion in micro-aggregates thereby decreasing its accessibility
to microbes (Rasmussen and Collins, 1991; Berg and McClaugherty, 2007). Clays
have an overall negative charge which repels the negatively charged functional
groups of organic matter; sorption of organic matter is enhanced when the negative
charge on the clay surface is reduced by cations (Lützow et al., 2006). Further,
divalent cations such as Ca2+ can increase sorption by forming bridges between clays
and organic matter. Divalent Ca2+ forms stable bonds between soil particles (Li et al.,
2002; Tipping, 2002; Marchuk and Rengasamy, 2011) and with functional groups of
dissolved organic matter (Skyllberg and Magnusson, 1995).
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Water-soluble organic carbon (WEOC) is the most dynamic and readily available
form of soil carbon (Burford and Bremner, 1975) and can be present in the soil
solution or sorbed to soil particles (Tao and Lin, 2000).
Greater desorption can be expected when the organic matter is weakly bound or
when the sorption capacity of the clay has been reached (Stewart et al., 2007). The
interaction of pure aluminosilicate clays with organic substances has been studied
previously (Ikhsan et al., 2004). However, these pure aluminosilicate clays may
behave differently from clays in the soil or isolated from soils because the pure
aluminosilicate clays often lack organic matter which may cover the surfaces of clays
in soils (Chenu et al., 2000). Further, clays in soils may be weathered (Wilson, 1999)
which increases their surface area and changes their charge.
The aims of this study were to (i) assess how the addition of clay isolated from a clayrich subsoil to a sand substrate influences residue decomposition and if this effect is
altered by the presence of Ca2+, (ii) investigate the effect of Ca2+ on sorption and
desorption of WEOC to isolated clay and clay-rich subsoil, and (iii) assess the effect of
repeated addition of WEOC on sorption. We compared sorption to the isolated clay
and the original clay soil from which the clay was isolated to assess if isolation of the
clay influences its sorption capacity.
We hypothesize that (i) clay addition will reduce decomposition of added organic
matter, (ii) CaSO4 addition to the isolated clay will reduce the decomposition
because Ca2+ will bind the organic matter to the clay more strongly particularly at
high Ca2+ addition rates, (iii) sorption of WEOC will be greater and desorption lower
when CaSO4 is added to isolated clays and clay-rich subsoil, and (iv) the proportion of
sorbed WEOC will decrease with repeated addition of WEOC as the saturation
maximum is approached.
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MATERIALS AND METHODS
Clay-rich subsoil (30-50 cm, 69% clay) was collected from a Vertosol (Isbell, 2002)
from Gnawaree, Mount Pollock, Geelong in south-eastern Australia (38°09’S,
144°34’E; annual rainfall 553 mm) which was under a rotation of wheat-canolabarley with minimum tillage for the last 6 years. The dominant clay mineral is
smectite with small amounts of kaolinite and illite. After collection, the soil was airdried, passed through a 2 mm sieve, and stored at room temperature. Soil particle
size distribution was measured by the hydrometer method (Bouyoucos, 1936).

Clay isolation
The air-dried soil (100 g) was placed in a 1 L plastic bottle with 900 mL distilled
water. After shaking for 24 hours, the suspension was transferred to a bucket and
then left to settle for 16 hours. The < 2 μm clay fraction was collected by siphoning
off the top 22 cm of the soil suspension. The settling time (16 hours) and the soil
suspension height (22 cm) used in this method were based on the Stokes’ law as
described by Jackson (Jackson, 1956). The clay suspension was oven-dried at 40 °C.
After drying, the clay was finely ground with mortar and pestle.
The total organic carbon concentration of the isolated clay and the soil was analysed
by dichromate oxidation (Walkley and Black, 1934) (Table I, II). The cation exchange
capacity of the isolated clay was determined by the method of Rayment (2011). A
relative measure of specific surface area was obtained by the water vapour sorption
method (Newman, 1983).

Experimental design
Experiment 1
This experiment was designed to study the effect of addition of Ca2+ and isolated clay
(0, 50 and 300 g clay kg-1) to sand mix amended with finely ground wheat straw on
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soil respiration and microbial biomass carbon. The isolated clay was mixed with
commercial sand (53-150 μm) at rates of 50 and 300 g kg-1, the control consisted of
sand without clay addition. Mature wheat residue (ground and sieved to particle
sizes of 0.25 to 2 mm) with a C/N ratio of 83 and a WEOC concentration of 21 g kg-1
was added at a rate of 20 g kg-1 and mixed thoroughly with the sand-clay substrate.
This mixture was inoculated with a microbial inoculum which was obtained from the
Vertosol subsoil. For the microbial inoculum, the Vertosol soil was incubated at 25 ⁰C
for 7 days at 50% water holding capacity (WHC) to reactivate the microbes. Then,
water was added to obtain a 1:5 soil:water suspension which was shaken for one
hour. After settling for 1 hour, the supernatant was used to inoculate the substrate
at a rate of 25 mL kg-1. The sand-clay mixture was adjusted with reverse osmosis (RO)
water to 80% WHC (corresponding to 160 mL water kg-1) for the 0 and 50 g clay kg-1 clay
rates and to 60% WHC (corresponding to 120 mL water kg-1) for the 300 g clay kg-1
clay addition rate. The different percentages of WHC were chosen to ensure maximal
microbial activity by providing sufficient moisture but avoiding anaerobic conditions.
These percentages are based on previous studies (Setia et al., 2011) where a range
of soils with different texture amended with wheat straw were incubated at
different water contents and soil respiration was measured. Then powdered CaSO4
was mixed into the substrate at rates of 0, 0.5 and 1% (w/w). Twenty g of the mix
was added to plastic vials with a diameter of 3.7 cm and height of 5 cm and adjusted
to a bulk density of 1.41 g cm-3.
The vials were placed individually in 250 mL Mason jars with gas-tight lids together
with 5 mL RO water in a vial (to maintain substrate moisture) and kept in the dark at
constant temperature (25 °C) for 28 days during which the water content was
maintained regularly by weight. There were four replicates per treatment.
The experiment had 9 treatments: with three Ca2+ treatments (0, 0.5%, 1% CaSO4)
which were combined with three clay treatments (0, 50 g and 300 g clay kg-1). The
electrical conductivity of the mix was measured at the start of the experiment in a
1:5 mix/water suspension after 1 hour end over end shaking at 25 ⁰C (Table III).
Sodium, calcium and magnesium were determined in a 1:5 extract by inductively
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coupled plasma atomic emission spectroscopy. The SAR1:5 was calculated based on
Rayment and Lyons (2011). Respiration (CO2-C release) was measured throughout
the incubation period (28 days) and microbial biomass carbon was determined at the
end of the experiment.
Soil respiration was measured by quantifying headspace CO2 concentrations within
each jar using a Servomex 1450 infra-red gas analyser (Servomex, UK). Carbon
dioxide was measured repeatedly for each sample over the duration of the
experiment. For each measurement period (varying from 1 to 4 days, with more
frequent measurements at the start of the incubation due to the higher respiration
rates), an initial measurement of the CO2 concentration in the headspace was taken
immediately after sealing the jars (t0). The closed jars were then left to incubate for
a defined duration and then a second measurement of the CO2 concentration was
taken (t1). After the second measurement, the jars were opened to refresh the air
within them using a fan (new t0). The CO2 evolved from the each sample was
calculated as the difference between the initial (t0) and final CO2 concentrations (t1)
obtained for each measurement period. The relationship between CO2 concentration
and detector response was determined by injecting known amounts of CO2 into jars
similar to those used for the samples. The linear regression based on these standards
was then used to calculate the CO2 concentration in the jars with soils. The
calculated CO2 concentration was multiplied by the gas volume of the jars to obtain
the mL of CO2 - C respired during each measurement period (Setia et al. 2011).
Respiration was expressed in mg CO2-C per g mineral substrate but also per g added
C taking into account the C concentration of the wheat straw (430 g C kg-1) and of
the clay (9.25 g C kg-1).
Microbial biomass C was determined after 24 hours chloroform fumigation followed
by shaking at 1:5 ratio with 0.5 M K2SO4 extraction. The soluble C concentration in
the extracts was determined by K2Cr2O7 and H2SO4 oxidation, followed by titration
with acidified (NH4)2Fe(SO4)2·6H2O (Anderson and Ingram, 1993). Microbial biomass
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C was calculated as the difference in C concentration between the fumigated and
non-fumigated soil and multiplying this value by 2.64 (Vance et al., 1987).

Experiment 2
This experiment was designed to determine the effect of Ca2+ on sorption and
desorption of WEOC in a short-term batch experiment. Water-extractable organic C
was extracted from mature wheat residues by adding 900 mL of RO water to 30 g of
the ground wheat residues. After 1 hour shaking, the suspension was allowed to
stand for 30 minutes at room temperature then passed through a Whatman No 1
filter paper. The WEOC concentration in the extract was 1304 mg C L-1, determined
as described above. By diluting this stock solution with RO water, five initial solutions
of 21, 62, 105, 238 and 540 mg WEOC L-1 were prepared. This range was chosen from
previous sorption experiments with soils where sorption was maximal at the highest
concentration of WEOC (Setia et al. 2013).
To assess if clay isolation or subsoil affects the sorption properties of the clay, the
sorption experiment was carried out with the Vertosol subsoil and the isolated clay
with two Ca2+ addition rates (0, and 1 % CaSO4) and 3 replicates per treatment. The
soil and isolated clay were mixed with powdered CaSO4 and then the solutions with
different WEOC concentrations were added at a solid to solution ratio of 1:10 (dry
w/v). To determine the release of native WEOC, a control with RO water without
WEOC was included. Thus, there were six WEOC concentrations: 0, 207, 621, 1048,
2377 and 5395 mg C kg-1 substrate. After overnight shaking at 4 °C, the suspension
was centrifuged at 3000 rpm for 15 min. The supernatant was removed, filtered
through Whatman No 42 filter paper and analysed for WEOC as described above for
microbial biomass C. The amount of sorbed C was calculated by the difference
between the WEOC concentration before and after shaking. Sorption was expressed
per g mineral substrate (isolated clay or soil) and also per g clay with the clay
concentration being 1 g g-1 for the isolated clay and 0.69 g g-1 for the Vertosol soil.
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The remaining soil/clay pellet was then used to determine desorption. Reverse
osmosis water was added to the pellet at a solid: solution ratio of 1:10 (dry w/v)
followed by vortexing to disperse the pellet. After overnight shaking at 4 °C, the
suspension was centrifuged at 3000 rpm for 15 mins. The supernatant was filtered
and analysed for WEOC.

Experiment 3
The aim of this experiment was to determine the effect of repeated addition of
WEOC on sorption in a short-term batch experiment. Water-extractable organic C
was extracted from mature wheat residues as described above.The WEOC
concentration in the extract was 530 mg C L-1. This stock solution was stored frozen.
Aliquots were thawed and diluted with RO water separately for each of the four
addition times. Therefore WEOC concentration varied slightly with addition time (mg
WEOC L-1): 101-108; 272-276 and 511-515 for the low, medium and high addition
rate, with the lower concentrations at the third and fourth addition. A control with
RO water without WEOC was also included. There were four replicates per treatment
and addition time. The Vertosol soil was mixed with the solutions of different WEOC
concentrations at a solid to solution ratio 1:10 (dry w/v). All procedures and
calculations were carried out as describe above for sorption in Experiment 2.

Statistical analysis
The data on cumulative respiration, K2SO4 extractable C, and microbial biomass
carbon in Experiment 1 were analysed by two-way analysis of variance with Ca2+ and
clay concentration as fixed factors (Genstat, 14th edition). The data on sorbed and
desorbed C in Experiment 2 were analysed by three-way analysis of variance with
clay type (isolated clay or Vertosol soil), Ca2+ treatment and initial WEOC
concentrations as fixed factors (Genstat, 14th edition). The sorbed WEOC data in
Experiment 3 was analysed by two-way analysis of variance with initial C
concentration and addition time as fixed factor (Genstat, 14th edition). The LSD
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values refer to 5% probability level, and Tukey test was used to determine significant
differences among treatments in all the three experiments.

RESULTS
Experiment 1
Without CaSO4 addition, the sand-clay mixture with 300 g clay kg-1 had a slightly
higher EC than the pure sand but there were no differences in EC among the clay
treatments when CaSO4 was added (Table III). Addition of 0.5 or 1% CaSO4 increased
the EC from 2.3 to 2.7 dS m-1 and reduced the SAR. Cumulative respiration per g
mineral substrate and per g C was always higher with 300 g clay kg-1 than in the sand
alone whereas 50 g clay kg-1 had no effect (Fig. 4.1). However, per g clay, cumulative
respiration with 50 g clay kg-1 was about 6-fold higher than with 300 g clay kg-1 (data
not shown). Addition of CaSO4 reduced cumulative respiration per g mineral
substrate or C added compared to the control without CaSO4 addition by 17-20% in
the sand without clay and at 50 g clay kg-1 but by only 6-12% at 300 g clay kg-1
(Fig. 4.1). This decrease was greater with 1% CaSO4 than with 0.5%.
On day 28, clay concentration and CaSO4 addition had no effect on the microbial
biomass C concentration (data not shown), but the concentration of K2SO4 extractable
C was higher with 300 g clay kg-1 than at the other clay concentrations (Table IV).
Addition of CaSO4 had no effect on the K2SO4 extractable C concentration.

Experiment 2
Sorption
The amount of WEOC sorbed increased with increasing concentration of added
WEOC in both Vertosol soil and isolated clay (Fig. 4.2). Addition of CaSO4 increased
sorption to the soil and the isolated clay particularly at the two highest WEOC
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concentration where sorption with CaSO4 was 1.5 to 2-fold higher than without
CaSO4. Net release of native WEOC (no C added) was greater for the isolated clay
than for the soil and was reduced by CaSO4 addition; the differences between the
two CaSO4 treatments were greater for the isolated clay than for the soil. Net
sorption of added C was found at concentrations of added WEOC ≥ 1047 mg kg-1
when CaSO4 was added whereas net sorption of added WEOC occurred only at the
highest C concentration (2377 mg kg-1) without CaSO4 addition. At the highest
concentration of WEOC added and with CaSO4 addition, WEOC sorption per g clay by
the soil was about 30% higher than for the isolated clay whereas there was no
difference in sorption per g clay between soil and isolated clay without CaSO4
addition (Fig. 4.2).
Desorption
The concentration of WEOC desorbed generally increased with increasing
concentration of WEOC added (Fig. 4.3). Desorption per g mineral substrate or clay
was greater from the isolated clay than from the soil. Addition of CaSO4 reduced
desorption from the isolated clay and the soil when ≥ 1048 mg C kg-1 of WEOC had
been added in the previous sorption experiment.
Experiment 3
The concentration of sorbed WEOC increased with increasing concentration of
added WEOC, particularly at the first addition (Fig. 4.4). At the lowest concentration
of added WEOC (1060 mg WEOC kg-1), the amount of C sorbed was similar with each
addition. However at addition rates of 2740 mg WEOC kg-1 and particularly at
5140 mg WEOC kg-1, the amount of C sorbed decreased significantly from the first to
the second addition and was lowest after the fourth addition. After the first addition,
sorbed C as percentage of added C was lower at the lowest concentration of added C
(45%) than at the two higher concentrations (59-63%). The percentage sorbed
remained stable with the repeated additions at the lowest concentration of WEOC
added, but it decreased with each addition at the two other WEOC addition rates.
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After the fourth addition it was 30 and 19% of added WEOC for the 2740 mg WEOC kg-1
and 5140 mg WEOC kg-1 treatments.
DISCUSSION
This study showed that clay addition at a rate of 300 g clay kg-1 to the sand increased
CO2 release whereas CO2 release was reduced by addition of CaSO4 particularly when
added at a rate of 1%. The batch sorption experiment confirmed the role of Ca2+ for
binding of organic matter to clay particles.

Clay effect on respiration
The greater respiration per g substrate with clay addition was in contrast to our first
hypothesis (clay addition will reduce decomposition of added organic matter) and
this could be due to the organic carbon (clay containing 0.9% organic C) addition
with the clay. However, clay also increased respiration when it was expressed per g C
added with wheat straw and clay. The finding that clay also increased respiration per
g C added shows that clay stimulated decomposition. This could be due to the more
favourable conditions for microbes in the presence of clay. Clay addition reduced the
percentage macropores (> 250 µm) from 76% in the pure sand to 65% with 50 g clay kg-1
and to 23% with 300 g clay kg-1. On the other hand, the percentage micropores (< 100 µm)
were increased from 14% in the pure sand to 25% with 50 g clay kg-1 and to 71% by
300 g clay kg-1. Macropores are mostly air-filled because they drain quickly and do
not hold water. Micropores are favourable for microbes because they are more likely
to be water-filled (Yoo et al., 2006) and thus allow movement of the microbes and
also diffusion of substrates. They may also restrict aeration but as long as the
surrounding substrate contains macropores, oxygen supply may still be adequate.
Thus, although clay can bind organic matter and make it less accessible to the
microbes, it can also have favourable effects on the microbial habitat and thus
increase decomposition rate. It should also be noted that the increased
decomposition with clay in this experiment could also be a consequence of the
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relatively high residue addition rate (2% w/w). At abundant substrate supply (by the
end of the experiment, about 20% of the total C added with the residues was
respired), the binding of a proportion of substrate by the clay may not reduce
decomposition to a great extent. The experiment was not continued beyond 28 days
because by then the respiration rates were very low and stable.
Sorption per kg clay was greater for the soil than the isolated clay which suggests
that the washing and suspending of the soil during clay isolation changed the
properties of the clay possibly by removing iron and aluminium hydroxides which are
also important for binding of organic matter (Guggenberger and Kaiser, 2003).
Nevertheless, the isolated clay behaved very similar to the clay in the soil and thus is
more suitable for studying clay effects than pure aluminosilicate clays because the
clay isolated from the soil will better represent soil clay with respect to weathering
and organic matter content.
Effect of CaSO4 addition
Addition of CaSO4 reduced cumulative respiration particularly at the higher addition
rate which can be explained by the binding of organic matter to the clay via Ca2+
bridges (Kaiser and Guggenberger, 2000) as it was also evident in the sorption
experiment. The SAR was decreased by the addition of CaSO4, thus there was
relatively more Ca2+ on the cation exchange complex which will have resulted in
stronger organic matter binding (Li et al., 2002). The decrease in respiration by
CaSO4 addition may also be due to the higher EC, but salinity induced by Ca2+ salts is
considered to be less inhibitory than other salts such as NaCl (Agarwal et al., 1971).
The reduction of decomposition by CaSO4 addition was smaller at the highest clay
concentration compared to the sand alone or the sand with 50 g clay kg-1. The higher
clay concentration will have resulted in a larger number of exchange sites. Thus, at
the same amount of Ca2+ added, a greater number of these sites could remain
without Ca2+ at the higher clay concentration. Thus, the effect of the higher clay
concentration is similar to that of the lower CaSO4 addition rate: fewer exchange
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sites with strong binding of organic matter. This explanation is also supported by the
higher SAR with 300 g clay kg-1 compared to the other two clay treatments.

The increased sorption and reduced desorption of WEOC when CaSO4 was added to
the isolated clay and the Vertosol soil is in agreement with our third hypothesis
(sorption of soluble C will be greater and desorption lower when CaSO4 is added to
isolated clays and clay-rich subsoil). As described above this can be explained by the
formation of cation bridges between the negatively charged clay surface and organic
molecules by the divalent Ca2+ (Mikutta et al., 2007). Further, Ca2+ on the clay
surfaces reduces their negative charge (Chorom and Rengasamy, 1995). The finding
that CaSO4 addition also reduced the release of native WEOC suggests that any
native C that was released during the shaking was quickly bound to the clay via Ca2+.

Effect of frequent addition of water-soluble carbon on sorption
The amount and percentage of sorbed WEOC remained unchanged with repeated
WEOC addition only at the lowest concentration of WEOC added whereas at the
higher concentrations of added WEOC, both amount and percentage sorbed WEOC
decreased from the first to the fourth addition. Further, the percentage sorbed
WEOC after the third and fourth addition was lowest at the highest concentration of
added WEOC. This suggests that the binding capacity of the soil for C was nearly
saturated making it less likely that any further added WEOC would bind to the few
remaining free binding sites. Based on the total amount of sorbed C at the highest
concentration of WEOC added (5140 mg kg-1), the sorption capacity of the soil is
about 7 g kg-1. At the rate of 2740 mg WEOC kg-1 only 4.4 g C had been sorbed after
the fourth addition although a total of 10.9 g WEOC kg-1 had been added. This may
be explained by the lower density of the remaining free binding sites but could also
be due to flocculation of the soil with repeated additions. Thus less surface was
exposed to the added WEOC solution. Nevertheless, this experiment showed that
the maximum binding capacity of soil for WEOC may be underestimated when WEOC
is added only once.
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CONCLUSIONS
This study confirmed the importance of Ca2+ for the binding of organic matter to clay
surfaces which reduces decomposition of added residues and increases sorption of
water-soluble C. The results of the third experiment indicate that sorption of WEOC
may be underestimated if it is added only once in batch sorption experiments.
However, with each addition, sorbed C in percentage of added WEOC decreased at
higher WEOC addition rates indicating that binding becomes less likely if the number
of free binding sites is low, that is when the capacity of the soil to bind C is nearly
saturated.
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Table I (4.1)
Properties of the isolated clay
Property
pH (1:5)

7.5

TOCa) (g kg-1)

9.3

CECb) (cmol p(+) kg-1)

44

Water sorbed (mg g-1) at 47% Relative humidity

97

Clay minerals
a)

Dominant smectite/minor
kaolinite, illite

Total organic carbon; b)Cation exchange capacity.
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Table II (4.2)
Properties of the Vertosol soil
Property
pH (1:5)

7.1

TOCa) (g kg-1)

14.5

Sand (g kg-1)

244

Silt (g kg-1)

67

Clay (g kg-1)

689

a)

Total organic carbon
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Table III (4.3)
Electrical conductivity and sodium adsorption ratio in a 1:5 soil: water ratio of sand alone or
sand with clay without or with CaSO4
ECa) 1:5 (dS m-1)

SARb)1:5

0 % CaSO4

0.12

4.02

0.5 % CaSO4

2.34

0.54

1 % CaSO4

2.27

0.49

0 % CaSO4

0.12

3.01

0.5 % CaSO4

2.40

0.57

1 % CaSO4

2.43

0.59

0 % CaSO4

0.20

3.36

0.5 % CaSO4

2.71

1.04

1 % CaSO4

2.77

1.03

Types of mix
Sand without clay

50 g clay kg-1

300 g clay kg-1

a)

Electrical conductivity; b)Sodium adsorption ratio
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Table IV (4.4)
K2SO4 extractable C on day 28 in sand alone or sand with clay with CaSO4 used in experiment 1
(n=4)
Clay concentration (g kg-1 sand)
0

50

300

K2SO4 extractable C (mg kg-1)
0 % CaSO4

98.9

b

76.4

ab

130.6

c

0.5% CaSO4

59.2

a

73.2

a

139.6

cd

82

ab

72.1

a

131.9

c

1% CaSO4
a)

Values followed by different letters are significantly different (P ≤ 0.05)
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2.5

mg CO2-C g-1 soil

e

1.5

d

bc

ab

d

Clay added
-1
(g kg )
0
50
300

ab

1.0
0.5
0.0
200

mg CO2-C g-1 organic C

Cumulative respiration

(A) per g soil
2.0

175

bc

(B) per g organic C
d

ab

150

cd

a

c

125
100
75
50
25
0

0.0

0.5

1.0

% CaSO4 added

Fig. 4.1 Cumulative respiration on day 28 per g substrate (A) and per g organic C (B) in sand
only and sand amended with 50 and 300 g clay kg-1 isolated clay with 0, 0.5 or 1% CaSO4
(n=4). Different letters indicate significant differences between treatments (P ≤ 0.05).
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2500

Sorbed C
-1
(mg C kg substrate)

-1

(A) mg sorbed C kg substrate

2000
1500

a

1000
500

Soil 0 Ca
Soil +Ca
Clay 0 Ca
Clay +Ca

0
-500
-1000
3000

Sorbed C
-1
(mg C kg clay)

b

c

(B) mg sorbed C kg-1 clay

2500
2000

b

1500

a

1000
500
0
-500
-1000

0

1000

2000

3000

4000

5000

-1

WEOC added (mg C kg substrate)

Fig. 4.2 Sorption of water-extractable C per kg substrate (A) or per kg clay (B) by Vertosol
soil or clay isolated from the Vertosol with and without 1% CaSO4 after shaking for 16 hours
at different concentrations of water-extractable organic C (n=4). Different letters indicate
significant differences between treatments (P ≤ 0.05).
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Desorbed C
-1
(mg C kg substrate)

3000

(A) mg desorbed C kg-1 substrate

2500

d

Soil 0 Ca
Soil +Ca
Clay 0 Ca
Clay +Ca

2000
1500

c
b
a

1000
500
0

Desorbed C
-1
(mg C kg clay)

-500
3000

(B) mg desorbed C kg-1 clay

2500

c

2000

b
b

1500
1000

a

500
0
-500

0

1000

2000

3000

4000

5000

WEOC added (mg C kg-1 substrate)
Fig. 4.3 Desorption of C per kg substrate (A) or per kg clay (B) from Vertosol soil or clay
isolated from the Vertosol with and without 1% CaSO4 after shaking for 16 hours with water
(n=4). Note that this desorption experiment was carried out with the substrates that had
been used for the sorption experiment. Different letters indicate significant differences
between treatments (P ≤ 0.05).
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Water-extractable organic C sorbed
-1
(mg kg )

4000
-1

f

(A) C sorbed mg kg
3000
first
second
third
fourth

2000
1000

e

e
cd
b

a

cd

c

0
-1000

0

1060

2740

5140

Sorbed C
(% of added WEOC)

70
60

(B) C sorbed % added WEOC
de

50

f

f

cd
bc

40
b

30

a

20
10
0

1060

2740

5140

Water-extractable C added (mg kg-1)

Fig. 4.4 Sorption of C per kg substrate from a Vertosol soil after shaking 1-4 times for 16 hours
at different concentrations of water-extractable C added (n=4). Different letters indicate
significant differences between treatments (P ≤ 0.05).
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Abstract: It is well-known that Ca2+ plays an important role in binding of organic
matter to clay. However, most previous studies were conducted with either topsoil or
pure aluminosilicates. Less is known about the effect of Ca2+ on binding of organic
matter to clay-rich subsoils which have lower organic matter content than topsoils
and their clays are more strongly weathered than pure aluminosilicates. We
conducted two experiments with a Vertosol subsoil (69% clay): a laboratory
incubation and a batch sorption. The mineral substrate in the incubation experiment
was pure sand alone or sand amended with 300 g clay kg-1. Powdered CaSO4 at rates
of 0, 5, 10, 15 g Ca kg-1 and mature wheat residue at rate of 20 g kg-1 were added to
this mineral substrate and the water content adjusted to 70% of water-holding
capacity. Carbon dioxide release was measured for 28 days. Cumulative respiration
per g soil organic C (SOC from clay and residues) was increased by clay addition.
Increasing Ca2+ addition rate decreased cumulative respiration in the sand with clay
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but had no effect on respiration in the pure sand. Clay and Ca2+ addition had no
significant effect on microbial biomass carbon (MBC) per g SOC but clay addition
reduced the concentration of K2SO4 extractable C per g SOC. For the batch sorption
experiment, the subsoil was mixed with 0 to 15 g Ca kg-1 and water extractable
organic C (WEOC) derived from mature wheat straw was added at 0, 1485, 3267 and
5099 mg WEOC kg-1. Increasing Ca2+ addition rate increased sorption of WEOC
particularly at highest concentration of WEOC added and decreased desorption. This
study confirmed the importance of Ca2+ in binding of organic matter to clay and
suggests that Ca2+ addition to clay-rich subsoils could be used to increase their
organic C sequestration.
Keywords calcium, decomposition, subsoil clay, sorption

Introduction
Polyvalent cations play an important role in stabilizing organic matter and sorption
of dissolved organic matter to clay minerals (Tisdall and Oades 1982). The negatively
charged surfaces of clays and organic matter repel each other. This repellence can be
overcome by polyvalent cations such as Ca2+ which neutralize the negative surface
charge of the clay minerals and the acidic functional groups (COO-) of the organic
matter and act as a bridge (Lützow et al. 2006).
Previous studies have shown the effect of Ca2+ on sorption of dissolved organic
carbon in topsoil from forest ecosystem or pure aluminosilicates (Römkens et al.
1996; Chi and Amy 2004; Tipping 1981; Evans and Russell 1959; Gu et al. 1995). The
effect of Ca2+ addition could be different in clay-rich subsoils because they have
lower organic matter content than topsoils and their clays are more strongly
weathered than pure aluminosilicates. A better understanding of organic matter
binding to clay-rich subsoils and the role of Ca2+ are needed to maximize C
sequestration in subsoils.
Subsoils have the capacity to sequester large amounts of soil organic carbon because
they are low in native organic matter and microbial activity is low (Liski and
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Westman 1995; Richter and Markewitz 1995; Jobbágy and Jackson 2000; Swift 2001).
Dissolved organic C from plant roots or microbes in the topsoil can be transported
into the subsoil (Baldock and Smernik 2002; Kaiser and Guggenberger 2000; Kalbitz
et al. 2000) where it could be sorbed to mineral surfaces and thereby protected from
decomposition and loss via leaching.
Clay-rich subsoils can be used to ameliorate sandy soils. Sandy soils are characterized
by poor nutrient and water retention; clay subsoil addition by spreading or delving
can improve soil properties and increase yield (Carter et al. 1988; Obst 1989).
Addition of clay-rich subsoils may also increase the organic C sequestration capacity
of sandy soils, which could be further increased by amendment with Ca2+. This study
was conducted to investigate (i) the effect of Vertosol clay-rich subsoil and calcium
addition to sand on soil respiration and labile organic carbon concentrations, and (ii)
the effect of Ca2+ addition on sorption and desorption of water extractable organic
carbon in Vertosol subsoil.
We hypothesize that (i) addition of clay-rich subsoil to sand will reduce
decomposition of added organic matter, (ii) CaSO4 addition will enhance the effect of
clay as it will bind the organic matter to the clay more strongly, and (iii) sorption of
water extractable organic C will be greater and desorption lower when CaSO4 is
added to clay-rich subsoil.

Materials and Methods
Clay-rich subsoil (30-50 cm, 69% clay) was collected from a Vertosol (Isbell 2002)
from Gnawaree, Mount Pollock, Geelong in south-eastern Australia (38°09’S,
144°34’E; annual rainfall 553 mm) which was under a rotation of wheat-canolabarley with minimum tillage for the last 6 years. After collection, the soil was airdried, passed through a 2 mm sieve, and stored at room temperature.
Soil particle size distribution was determined by the hydrometer method (Bouyoucos
1936). The total organic carbon concentration was measured by dichromate
oxidation (Walkley and Black 1934). Clay mineralogy was measured by X-ray
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diffraction. The dominant clay mineral is smectite, with small amounts of kaolinite
and illite (Table 5.1).
Experimental design
Experiment 1 (respiration and labile organic C)
This experiment was designed to study the effect of addition of different rates of
Ca2+ to sand mixed with clay-rich subsoil at two rates 0 or 300 g clay kg-1 amended
with wheat straw on soil respiration and labile organic C. The clay-rich Vertosol
subsoil (69% clay) was mixed with commercial sand (53-150 μm, 0.2 g kg-1 total
organic carbon, 0.3 mg kg-1 Ca and Mg, 1.6 mg kg-1 Na) at a rate equivalent to 300 g
clay kg-1, the control consisted of sand without clay addition. Mature wheat residue
with a C/N ratio of 83 and a water soluble carbon concentration of 21 g kg-1 (ground
and sieved to particle size 0.25 to 2 mm) was added at a rate of 20 g kg-1 and mixed
thoroughly with the sand-clay substrate. Then powdered CaSO4 was mixed into the
substrate at rates of 0, 5, 10, and 15 g Ca kg-1. This mixture was inoculated with a
microbial inoculum which was obtained from the Vertosol subsoil. For the microbial
inoculum, the Vertosol soil was incubated for 7 days at 50% water holding capacity
(WHC) to reactivate the microbes. Then, water was added to obtain a 1:5 soil:water
suspension which was shaken for one hour. After settling for 1 hour, the supernatant
was used to inoculate the substrate at a rate of 25 mL kg-1. The sand-clay mixture
was adjusted with reverse osmosis (RO) water to 70% WHC (corresponding to 137.4
mL water kg-1). This water content was chosen because it had been shown to result
in maximal respiration in previous experiments. Twenty g of the mix was added to
PVC cores with a diameter of 3.7 cm and height of 5 cm and adjusted to a bulk
density of 1.41 g cm-3. There were 8 treatments with four replicates each: with four
CaSO4 rates (0, 5, 10, 15 g Ca kg-1) which were combined with two clay treatments
(sand without clay and with 300 g clay kg-1).
The samples were placed individually in 250 mL Mason jars with gas-tight lids
together with 5 mL RO water in a vial (to help maintain substrate moisture) and kept
in the dark at constant temperature (25 °C) for 28 days during which the substrate
water content was maintained regularly by weight.
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The electrical conductivity of the mix was measured at the start of the experiment in
a 1:5 mix/water suspension after 1 hour end over end shaking at 25 °C (Table 5.2).
Sodium, calcium and magnesium were determined in a 1:5 extract by inductively
coupled plasma atomic emission spectroscopy. SAR1:5 was calculated according to
Rayment and Lyons (2011).
Soil respiration (CO2-C release) was measured throughout the incubation period
(28 days) by quantifying headspace CO2 concentrations repeatedly within each jar
using a Servomex 1450 infra-red gas analyser (Servomex, UK). For each
measurement period (varying from 1 to 4 days, with more frequent measurements
at the start of the incubation due to the higher respiration rates), an initial
measurement of the CO2 concentration in the headspace was taken immediately
after sealing the jars (t0). The closed jars were then left to incubate for a defined
duration and then a second measurement was taken (t1). After the second
measurement, the jars were opened to refresh the air within them using a fan (new
t0). The CO2 evolved from the each sample was calculated as the difference between
the final (t1) and initial CO2 concentrations (t0) obtained for each measurement
period. The relationship between CO2 concentration and detector response was
determined by injecting known amounts of CO2 into jars similar to those used for the
samples. The linear regression based on these standards was then used to calculate
the CO2 concentration in the jars with soils. The calculated CO2 concentration was
multiplied by the gas volume of the jars to obtain the mL of CO2 - C respired during
each measurement period. Respiration was expressed in mg CO2-C per g soil organic
C (SOC) added (residues and clay) to take into account the organic C added with the
subsoil. The concentration of SOC added was 8.6 g C kg-1 for the sand alone and 13.6
g C kg-1 for the sand + 300 g clay kg-1.
Labile organic C and microbial biomass C were determined at the end of the
experiment (day 28) by chloroform fumigation for 24 hours followed by shaking at
1:5 ratio with 0.5 M K2SO4 extraction. The C concentration in the extracts was
determined by K2Cr2O7 and H2SO4 oxidation, followed by titration with acidified
(NH4)2Fe(SO4)2·6H2O (Anderson and Ingram 1993). Microbial biomass C was
calculated as the difference in organic C concentration between the fumigated and
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non-fumigated soil and multiplying this value by 2.64 (Vance et al. 1987). The organic
C concentration in the K2SO4 extract of the un-fumigated soil represents labile
organic carbon.
Experiment 2 (sorption and desorption of water-extractable organic C)
Water-extractable organic C (WEOC) was extracted from mature wheat residues by
adding 900 mL of RO water to 30 g of ground wheat residues. After 1 hour shaking,
the suspension was allowed to stand for 30 minutes at room temperature and then
passed through a Whatman No 1 filter paper. The concentration of WEOC in the
extract was 532 mg C L-1, determined as described above for microbial biomass C.
This stock solution was diluted with RO water to obtain three initial solutions of 149,
327 and 510 mg water extractable organic C L-1.
The sorption experiment was carried out with the Vertosol subsoil with eight CaSO4
addition rates (0, 1, 2.5, 5, 7.5, 10, 12.5 and 15 g Ca kg-1) and 4 replicates per
treatment. The soil was mixed with powdered CaSO4 and then the solutions with
different water extractable organic C concentrations were added at a soil: solution
ratio of 1:10 (dry w/v). To determine the release of native water-extractable C, a
control with RO water without WEOC addition was included. Thus, there were four
WEOC concentrations: 0, 1485, 3267 and 5099 mg C kg-1 substrate. After overnight
shaking at 4 °C, the suspension was centrifuged at 3000 rpm for 15 mins. The
supernatant was filtered through Whatman No 1 filter paper and analysed for WEOC
as described above for microbial biomass C. The amount of sorbed C was calculated
by the difference between the concentration of WEOC before and after shaking.
Sorption was expressed per g soil.
The remaining soil/clay pellet was then used to determine desorption. Reverse
osmosis water was added to the pellet at a solid: solution ratio of 1:10 (dry w/v)
followed by vortexing to disperse the pellet. After overnight shaking at 4 °C, the
suspension was centrifuged at 3000 rpm for 15 mins. The supernatant was filtered
and analysed for WEOC.
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Statistical analysis
The data on cumulative respiration and K2SO4 extractable C in Experiment 1 were
analysed by two-way analysis of variance with Ca2+ rate and clay concentration as
fixed factors (Genstat, 14th edition). The data on sorbed and desorbed WEOC in
Experiment 2 were also analysed by two-way analysis of variance with Ca2+ rate and
initial C concentration as fixed factors (Genstat, 14th edition). The LSD values were
tested at 5% probability level and Tukey test was used to determine the significant
differences among treatments in both experiments.

Results
Experiment 1
Without salt addition, the sand with 300 g clay kg-1 had a slightly higher EC than the
pure sand but there were no differences in EC among the treatments when CaSO4
was added (Table 5.2). Addition of 5, 10 and 15 g Ca kg-1 increased the EC from 2.3 to
2.7 dS m-1 and reduced the SAR.
Cumulative respiration per g SOC on day 28 was higher with 300 g clay kg-1 than in
the sand alone up to 10 g Ca kg-1. In the clay-sand mix, addition of Ca2+ reduced
cumulative respiration with a stronger effect with 15 g Ca kg-1 than with 5 and
10 g Ca kg-1 (Figure 5.1). There were no significant differences in cumulative
respiration among Ca2+ rates with sand alone.
K2SO4 extractable C
Clay or Ca2+ addition had no significant effect on microbial biomass C concentration
per g SOC on day 28 (data not shown). Clay addition significantly reduced the
concentration of K2SO4 extractable C per g SOC at all Ca2+ rates (Figure 5.2). The
concentration of K2SO4 extractable C was not influenced by Ca2+ addition when clay
was added but in the sand alone it was significantly lower with 10 and 15 g Ca kg-1
compared to the treatment without Ca2+ addition (Figure 5.2).

102

Sorption
Addition of different rates of Ca2+ to the Vertosol increased the EC from 0.44 to
1.81 dS m-1 and reduced the SAR (Table 5.3). The amount of water extractable
organic carbon (WEOC) sorbed increased with increasing concentration of added
WEOC (Figure 5.3). Addition of > 1 g Ca kg-1 increased sorption compared to the
treatment without Ca2+ addition and sorption increased with increasing Ca2+ addition
rate particularly at the highest WEOC concentration. There were no significant
differences among Ca2+ addition rates in net release of native water extractable
organic C (no organic C added).
Desorption
The concentration of WEOC desorbed generally increased with increasing
concentration of WEOC added (Figure 5.4). At the two highest WEOC addition rates
(3267 and 5099 mg kg-1), desorption decreased with increasing Ca2+ addition rates at
> 1 g Ca kg-1. But Ca2+ addition had no consistent effect on desorption at the lowest
WEOC addition rate (1485 mg C kg-1). Desorption was lowest when no WEOC had
been added and Ca2+ addition had no effect in this treatment.

Discussion
This study showed that CO2 release per g SOC was increased by clay addition at a
rate of 300 g clay kg-1 to the sand but was reduced by addition of CaSO4 when clay
was present. The batch sorption study confirmed the role of Ca2+ for binding of
organic matter to the clay-rich subsoil.
Clay effect on respiration
The finding that clay addition increase respiration per g SOC is in contrast to our first
hypothesis (addition of clay-rich subsoil to sand will reduce decomposition of added
organic matter) and many previous studies have reported that clay-rich soils have a
lower decomposition rate than coarser textured soils (Bronick and Lal 2005; Wang et
al. 2003; Sollins et al. 1996; Coleman and Jenkinson 1996). The increased cumulative
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respiration with clay could have been due to the improved conditions for microbes in
the presence of clay. With clay addition (300 g clay kg-1) the percentage macropores
(> 250 µm) is reduced from 76% in the pure sand to 23% whereas the percentage
micropores (< 100 µm) increased from 14% in the pure sand to 71% (Roychand and
Marschner 2013). Macropores do not hold water because they are easily drained
whereas micropores are likely to be water-filled (Yoo et al. 2006) and therefore allow
diffusion of substrates. They may also restrict aeration but the surrounding substrate
in the sand-clay mixture contains macropores so oxygen supply is likely to be
sufficient. Another reason for high soil respiration could be the high residue addition
rate (2% w/w). At this high rate, sorption of a proportion of the added residue to clay
would still leave sufficient residue available to sustain high respiration during the
experimental period. The reduction of labile organic C (K2SO4 extractable C) in the
clay amended sand and the sorption of WEOC in the batch experiment indicate that
some sorption of labile organic C occurred.
The reduction of respiration by addition of Ca2+ when clay was added to the sand can
be explained by stronger binding of organic matter to the clay via Ca2+ bridges
(Kaiser and Guggenberger 2000; Mikutta et al. 2007) and the reduction of the
negative charge (Chorom and Rengasamy 1995) which reduces the availability of the
organic C to microbes. This Ca2+ effect was also observed in the batch sorption
experiment at the higher WEOC addition rates.
The effect of increasing Ca2+ addition rates on sorption were stronger at the higher
WEOC concentrations because the number of Ca2+ bridges available for binding
would be more limiting than at the lower WEOC concentrations. When the
concentration of added WEOC was low, Ca2+ addition had no consistent effect on
sorption and desorption suggesting that the native Ca2+ concentration was sufficient
to bind the WEOC added.
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Conclusion
This study showed that addition of Ca2+ can improve the capacity of sandy soils
amended with clay-rich subsoils and subsoils to sequester organic C.
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Table 5.1
Properties of the Vertosol soil
Property
pH (1:5)

7.1

Total organic C (g kg-1)

14.5

Sand (g kg-1)

244

Silt (g kg-1)

67

Clay (g kg-1)

689

Clay minerals

Dominant smectite/minor kaolinite,
illite
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Table 5.2
Electrical conductivity (EC), sodium adsorption ratio (SAR) and Ca concentrations in a 1:5
soil: water ratio of sand alone or sand with 300 g clay kg-1 with 0, 5, 10 and 15 g Ca kg-1 used
in Experiment 1
Ca addition rate (g kg-1)

EC 1:5 (dS m-1)

SAR1:5

C a1:5 (mg L-1)

0

0.01

2.21

0.3

5

2.26

0.24

93.1

10

2.29

0.24

100.3

15

2.36

0.26

104.0

0

0.01

1.34

3.8

5

2.75

0.84

93.0

10

2.77

0.82

93.5

15

2.76

0.82

94.3

Sand alone

Sand with 300 g clay kg-1
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Table 5.3
Electrical conductivity (EC), sodium adsorption ratio (SAR) and Ca concentrations in 1:5 soil:
water extract with 0, 1, 2.5, 5, 7.5, 10, 12.5 and 15 g Ca kg-1 used in Experiment 2
Addition rate (g Ca kg-1)

EC 1:5 (dS m-1)

SAR1:5

C a1:5 (mg L-1)

0

0.09

2.46

3.2

1

0.44

3.58

9.0

2.5

1.01

2.21

38.8

5

1.61

1.71

85.6

7.5

1.71

1.64

95.3

10

1.75

1.56

102.0

12.5

1.78

1.62

104.5

15

1.81

1.62

103.3
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ab

ab
a

ab

Clay added
(g kg-1)

Figure 5.1. Cumulative respiration per g SOC added on day 28 in sand alone and sand
amended with 300 g clay kg-1 soil with 0 5, 10 and 15 g Ca kg-1 (n=4). Bars with
different letters are significantly different (P ≤ 0.05).
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c
bc
b
b

Clay added
(g kg-1)
a

a
a

a

Figure 5.2. K2SO4 extractable C per g SOC added on day 28 in sand alone and sand
with 300 g clay kg-1 soil with 0, 5, 10 and 15 g Ca kg-1 (n=4). Bars with different letters
are significantly different (P ≤ 0.05).
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LSD

Figure 5.3. Sorption of water-extractable organic C (WEOC) per kg substrate by
Vertosol soil with 0, 1, 2.5, 5, 7.5, 10, 12.5 and 15 g Ca kg-1 after shaking for 16 hours
with 0, 1485, 3267, 5099 mg WEOC kg-1 (n=4).
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LSD

Figure 5.4. Desorption of WEOC per kg substrate from Vertosol soil with addition of
0, 1, 2.5, 5, 7.5, 10, 12.5, 15 g Ca kg-1 and 0, 1485, 3267, 5099 mg WEOC kg-1 after
shaking for 16 hours with water (n=4). Note that this desorption experiment was
carried out with the soils used for the sorption experiment.
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Conclusions and Future Research
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Conclusions and Future Research
Globally, sand cover large areas. Sand have low water and nutrient retention
capacity due to the micro proportion of small pores and low cation exchange
capacity (Walpola and Arunakumara 2011; Reuter 1994). These soils may also be
water repellent which leads to degradation by increasing runoff and erosion. Thus,
plant growth is often poor and therefore input of organic carbon in these soils is low.
Further, sand have low organic carbon sequestration capacity because the organic C
is not protected from microbial decomposers as it is in soils with greater clay
content.
Clays have a high capacity to hold nutrients and organic C (Don and Schulze 2008;
Kaiser and Zech 2000; Lynch and Cotnoir 1956). Therefore, to overcome water
repellency, reduce leaching losses of nutrient and increase crop yields clays are often
added to farmed sandy soils either by deep cultivation or top dressing (Carter and
Hetherington 1994; Obst 1989). For example, there was threefold increase in yield
due to clay application in field experiments with cereals in south-western Australia.
After application of clay to water repellent sandy soil yield increases persisted over 3
years (Carter and Hetherington 1994). Clay addition could increase organic C content
of amended sandy soils not only by increasing plant growth but also by protection of
the organic C through sorption and by formation of aggregates which reduce the
accessibility of the organic C to decomposers (Edwards and Bremner 1967; Tisdall
and Oades 1982; Bronick and Lal 2005; Sollins et al. 1996). Hall et al. (2010) showed
that claying (0, 50, 100, 200 and 300 t ha-1) on sandplain soils on the southcoast of
western Australia increased soil organic carbon by 0.2% thereby doubling crop
yields. To better understand the influence of clay soil addition on organic C retention
in sandy soils, the research described in this thesis determined the effect (i) of
addition of Vertosol subsoil or clay isolated from Vertosol subsoil to a sand on soil
respiration and microbial biomass carbon at different clay concentrations, residue
types and rates, bulk density and water content, Ca2+ addition rates and (ii) the
influence of Ca2+ addition on sorption of water extractable organic carbon.
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Organic carbon storage may be influenced by the clay addition rate to sandy soils.
Therefore, in the study described in Chapter 2 (Experiment 1) isolated clay was
added at 0, 50, 100, 200, 300 and 400 g kg-1 to sand together with mature wheat
residue as a C source. Then soil respiration was measured for 35 days. The results
showed that clay addition at ≥ 300 g clay kg-1 to the sand increased cumulative CO2
release per g substrate which was in contrast to the expectation that clay would
reduce respiration by protection of organic C (Baldock and Skjemstad 2000). The
increased cumulative respiration can be explained by the addition of SOC with the
clay because when expressed per g SOC, clay addition decreased cumulative
respiration either temporarily or throughout the incubation period. Clay may also
reduce respiration by limiting oxygen diffusion through the smaller pores (Skopp et
al. 1990). Therefore, Experiment 2 was carried out with different bulk densities and
water contents, both of which can affect gas exchange in the substrate (Keith et al.
1997). Then soil respiration was measured for 35 days. Clay addition decreased
cumulative respiration per g TOC compared to the sand at all water contents and
bulk densities. From this study it can be concluded that clay addition to sand can
reduce substrate availability by organic matter binding to the surface of the clay
whereas effects on gas exchange are less important.
Decomposition rate is negatively correlated with residue C/N ratio (Heal et al. 1997;
Martens 2000) and the effect of clay addition to sand may be influenced by
decomposition rate. To study this, three residue types differing in C/N ratio were
added to sand without clay or with 300 g clay kg-1 (Chapter 3, experiment 1). The C/N
ratio of the residues was 38, 83 and 677 for pea, wheat and sawdust, respectively.
The residues also differed in water-soluble C concentration, being high for pea
residues and low for sawdust and wheat. Soil respiration was measured for 34 days.
Cumulative respiration was greatest for pea residues (low C/N, high concentration of
water-soluble C) and lowest for sawdust (high C/N, low concentration of watersoluble C). Cumulative respiration per g C was higher with clay for wheat residue and
sawdust than in the sand without clay addition. This may be explained by the more
favourable habitat for the microbes when clay was added. Clay addition reduced the
percentage macropores (> 250 µm) from 76% in the pure sand to 23% with
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300 g clay kg-1; whereas the percentage micropores (< 100 µm) were increased from
14% in the pure sand to 71% with 300 g clay kg-1. Macropores are mostly air-filled
because they drain quickly and do not hold water. Micropores are favourable
habitats for microbes as they allow movement of the microbes and also diffusion of
substrates and enzymes because they are more likely to be water-filled (Yoo et al.
2006). They may also restrict aeration but as long as the surrounding substrate
contains macropores, oxygen supply may still be adequate. The microbial activity
stimulation by clay addition could also be due to the relatively large amount of
residues addition (20 g residue kg-1 corresponding to 36 t C ha-1 for wheat) which
would leave sufficient residue available even if a proportion of the residue was
bound to clay. To test this, a further experiment was conducted with different
residue rates (Chapter 3). Mature wheat residue was added at different rates 0, 1,
2.5, 5, 10, 15, 20 g kg-1 to sand alone or sand with clay at 300 g clay kg-1. Cumulative
respiration per g C added was higher at the higher residue addition rates. But at
lower residue addition rates, clay addition reduced cumulative respiration per g C
compared to pure sand. At the low residue addition rates, most of the residue
particles would have been bound to the clay thereby reducing accessibility to the
microbes. This study showed that at high residue addition rates, clay addition has
little effect on short-term decomposition of residues with high concentrations of
water-soluble C. At high residue rates where sorption of a proportion of the residues
to clay will leave sufficient substrate available for decomposition, the favourable
effect of clay on the microbial habitat lead to stimulation of microbial activity by clay
addition. A reduction of microbial activity by clay was only observed at lower residue
addition rates.
Sorption of organic C to clay can be influenced by the presence of divalent cations
because they can form bridges between the negatively charged clay minerals and
the negatively charged organic matter (Kaiser and Guggenberger 2000; Lutzow et al.
2006; Li et al. 2002). To assess the effect of different rates of Ca2+ on cumulative
respiration, three rates of CaSO4 (0, 0.5%, 1% CaSO4) and mature wheat straw (at
20 g kg-1) were added to sand alone or sand with 0, 50 and 300 g isolated clay kg-1
(Chapter 4). Soil respiration was measured for 28 days. As in the previous
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experiments, clay addition to the sand increased cumulative CO2 release per g
substrate which could be due to the organic carbon in the clay (0.9% organic C). But
clay addition also increased cumulative respiration per g C added, suggesting that at
this high residue addition rate the effect of clay was due to the improved microbial
habitat (Chapter 3). CO2 release was reduced by addition of CaSO4 particularly when
added at a rate of 1%. This can be explained by the binding of organic matter to the
clay via Ca2+ bridges (Kaiser and Guggenberger 2000). To confirm this, a short term
batch sorption experiment was carried out to determine the effect of Ca2+ on
sorption and desorption of water extractable organic carbon (WEOC). Additionally, it
was assessed if the effect of the isolated clay differed from that of the clay subsoil.
WEOC (extracted from mature wheat residues) was added at 0, 207, 621, 1048, 2377
and 5395 mg kg-1 to the Vertosol subsoil and the clay isolated from this soil with two
Ca2+ addition rates (0, and 1 % CaSO4). CaSO4 addition increased sorption and
reduced desorption of WEOC which can be explained by the formation of cation
bridges between the negatively charged clay surface and organic molecules by the
divalent Ca2+ (Mikutta et al. 2007). The amount of WEOC sorbed and desorbed
increased with increasing concentration of added WEOC in both Vertosol soil and
isolated clay. To assess the maximum WEOC sorption capacity of the Vertosol
subsoil, a further short-term batch sorption experiment was carried out with
repeated addition of WEOC. WEOC was added at 1060, 740, 5140 mg kg-1 up to four
times. At the lowest concentration of WEOC added (1060 mg kg-1), both the amount
and percentage of WEOC sorbed remained unchanged with repeated WEOC addition
whereas at the higher concentrations of added WEOC (2740, 5140 mg kg-1), both
amount and percentage WEOC sorbed decreased from the first to the fourth
addition. This suggests that the WEOC sorption capacity of soil was nearly saturated
making it less likely that any further addition of WEOC would bind to the remaining
free binding sites. This study confirmed the importance of Ca2+ for the binding of
organic matter to clay surfaces. The results of the third experiment indicate that
sorption of WEOC may be underestimated if it is added only once in batch sorption
experiments.
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The experiments described in Chapter 4 were carried out with only two rates of
CaSO4. To further investigate the influence of Ca2+ addition and clay on cumulative
respiration, the experiment described in Chapter 5 was carried out with CaSO4 at
rates of 0, 5, 10, and 15 g Ca kg-1 which were added to sand alone or sand mixed with
300 g isolated clay kg-1. Mature wheat straw was added at 20 g kg-1. In the clay-sand
mix, addition of Ca2+ reduced cumulative respiration with a stronger effect by 15 g Ca kg-1
than with 5 and 10 g Ca kg-1. This was followed by a short-term batch sorption
experiment with WEOC at 0, 1485, 3267 and 5099 mg kg-1 and different rates of 0, 1,
2.5, 5, 7.5, 10, 12.5 and 15 g Ca kg-1. The effect of increasing Ca2+ addition rates on
sorption was stronger at the higher concentrations of water extractable organic C.
We hypothesise that at the higher WEOC concentration, the number of Ca2+ bridges
available for binding are more limiting than at the lower concentrations of WEOC.
These results suggests that Ca2+ addition to sandy soils amended with subsoil clay
soil can improve the organic carbon storage capacity of these soils and limit the loss
of water extractable organic C through leaching.
The experiments described in this thesis showed that the effect of clay addition to
sand is modulated by residue addition rate and presence of Ca2+. Clay reduced
cumulative respiration at low rates of residue addition, particularly when Ca2+ was
added. This can be explained by sorption of organic C to the clay which was
confirmed in the batch sorption experiments. However clay addition increased
cumulative respiration at high rates of residue addition where the favorable effect
on the microbial habitat (more micropores) overrode the sorption of a proportion of
the residue C to the clay.

Suggestions for future studies
The experiments described in this thesis answered a number of questions with
respect to mechanisms of protection of organic matter by clay. However, there are a
number of research gaps arising from this study that could be addressed for future
studies:
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1. In all the experiments, one type of isolated clay with the main clay mineral smectite
was used. Clays with other proportions of clay minerals may have a different effect
because minerals such as kaolinite and illite have a lower surface area and cation
exchange capacity than smectite (Churchman 2006; Dixon 1991). Ideally, respiration
and batch sorption experiments with different clay types should be carried out
where the clay concentration is similar to limit the effect of clay concentration on
the results.
2. Although water content did not seem to have a great effect on decomposition rates
with and without clay addition, experiments with a wider range of water contents
should be carried out. Due to the greater percentage of micropores when clay is
added to sand, clay may increase respiration rates at low water content because the
micropores are still water-filled allowing diffusion whereas the macropores which
dominate in the sand are air-filled. The experiments were conducted with pure sand.
However, sandy soils differ in texture and many contain small percentages of silt or
even clay. Future experiments should investigate the effect of clay addition on
cumulative respiration on a range of different sandy soils to determine how the
effect of clay is influenced by the properties of the sandy soil.
3. In the studies described here, CO2 release from the added residues could not be
distinguished from CO2 from the organic matter in the clay. To determine the source
of the CO2, residues labeled with 14C or with different δ13C than the organic C in the
clay could be used and the 14C or 13C concentration in the released CO2 measured.
4. The experiments conducted in the present study showed short term effects of clay
which may differ from long term effects. The effect of clay may become more
pronounced as the quantity of remaining residue decreases. Therefore similar
experiments as described here but with incubation times of several months or years
should be conducted. Respiration rates and total organic C content could be
measured at different times during the incubation.
5. The finding that the effect of clay varies with residue rates could be further explored
by adding different amounts of residues but with smaller differences between the
rates than used here to determine exactly at which rate the clay effect changes.
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6. The effect of clay may not be only be enhanced by calcium but also due to the
presence of iron oxides. Future experiments could investigate how the natural clay
and clay from which iron oxides are removed affect decomposition.
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