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SUMMARY

Changes in the form of soil nitrogen (N) are difficult to measure on a routine basis suitable for
predicting the amount of soil N that becomes available to a crop in a growing season.
However, soil organic carbon (SOC) is relatively simple to measure. Thus, the relationship
between SOC and N is used in models to predict the change in available soil N over time and

hence anticipate a crop’s fertiliser N requirements.

Previous Australian studies have highlighted two potential weaknesses in these fertiliser
requirement prediction models. Firstly, studies with soils amended with calcium carbonate
(CaCOs3) or lime showed that the presence of CaCOj; reduced C mineralisation rates.
Secondly, using total OC in models may not be valid because not all OC is necessarily
available for mineralisation due to chemical and physical protection. The effect of these two
factors on N fertiliser requirement models has not been determined and might be important in
regions with calcareous soils and a history of burning. The objective of the research
presented in this thesis was to fill this knowledge gap and apply the information to calcareous

Xeralfs in South Australia.

Field experiments were established at two sites with different CaCO; contents to determine
whether CaCOj; affected net N mineralisation rates under two cropping treatments. Results
were inconclusive with high variability between replicates (coefficient of variation (cv) up to
637%) despite intensive soil sampling equivalent to 900 samples ha™. High variability was
due to the net N mineralisation rates having high spatial variability (cv > 100%) and being very
close to zero (< 0.5 ug'1 N g soil” day'1). All further experiments were conducted under

laboratory conditions.

Before starting a long term in vitro mineralisation experiment, two technical experiments were
conducted to establish techniques for generating mineralisation rates that represented field
conditions as closely as possible. The first technical experiment compared two Xeralfs

subjected to three soil treatments; sieving only, sieving plus repacking, and intact soil cores.

X1v



Recovery of total CO,-C from sieved plus repacked cores averaged at least 94% of that
recovered from intact cores. Total amounts of C mineralised were highest in the sieved only
treatment and least in the intact treatment. Net N mineralisation was statistically the same
across all soil treatments in the calcareous soil. In the non-calareous soil net N mineralisation

was in the order intact < repacked , sieving only.

The other technical experiment showed that mineralisation of glucose-C could be used on
mildly alkaline and calcareous Xeralfs to monitor C mineralisation rates without glucose-C
becoming trapped in the soil. Further, evolved CO, was not derived from CaCOQOj. Using
results from the two technical experiments, a 231 day incubation compared the net N and C
mineralisation rates in four Xeralfs with different CaCO; contents collected from two locations

in South Australia.

The 231 day incubation showed that mineralisation of SOC and labelled glucose-C differed
between soils. Net N mineralisation rates produced a similar trend to C mineralisation. The
effect of soil type suggested that the form or availability of SOC differed between soils. The
total proportion of C mineralised was up to 8.9% less in soil with added CaCO; compared to
non-calcareous soil. However, the effect of CaCO; was only due to differences in the
mineralisation rates of glucose-C, not SOC. Differences in net mineralisation rates of

substrate N and native soil N were less discernible than for substrate C.

Explanations for the effect of SOC and CaCO; on mineralisation rates were determined using
high energy ultra-violet (UV) photo-oxidation followed by cross polarisation magic angle
spinning '*C nuclear magnetic resonance analysis (CP/MAS "°C NMR). Analysis of <53 um
soil fractions showed that between 17% and 40% of SOC was in a condensed aromatic form,
most likely charcoal. Adjusting the total amounts of C mineralised during the 231 day
incubation to account for the presence of charcoal reduced the differences between sails.
However, the soils with CaCO; still mineralised less OC than the non-calcareous soils which
indicated that physical protection of OC by calcium — organic matter (Ca-OM) bridging also

reduced mineralisation rates (Muneer and Oades, 1989c).
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The concept that organic material remaining after photo-oxidation may be physically protected
within Ca-OM aggregates was investigated by treating soils with a mild acid prior to photo-
oxidation. More organic material was protected in the calcareous than the non-calcareous
soils regardless of whether the calcium (Ca) occurred naturally or was an amendment. Acid
treatment showed that the presence of exchangeable Ca reduced losses of organic material
upon photo-oxidation by 7% due to calcium bridging. The finding that OM is protected in the
presence of Ca has implications for C sequestration in soils. Larger amounts of C may be
retained in calcareous soils than in non-calcareous soils with low exchangeable Ca.Further

research is warranted to quantify this difference between soils.

The implications of these findings for N fertiliser prediction models is that in soils with
charcoal, the active OC pool is overestimated when a conventional method such as Walkley-
Black is used to determine the soil's OC content. Overestimation leads to higher rates of N
mineralisation being assumed than actually occurs and therefore predicted N fertiliser
requirements are underestimated. Using UV photo-oxidation to assess soils’ OC content
overcomes the problem of overestimating OC. However, presently the method is too
expensive and time consuming to be used in routine analysis. With regards to the effect of
CaCO; on N fertiliser prediction models, the effect is small and unlikely to have an effect that
impacts upon N fertiliser recommendations in calcareous soils similar to those used in this
study. This conclusion may not hold true in highly calcareous soils (> 50%) such as those
farmed at the southern tip of Yorke Peninsula, and far western Eyre Peninsula, South
Australia. The effect of calcium on N mineralisation in highly calcareous soils may be
significant and warrants further investigation especially where the soil has high amounts of

exchangeable calcium.
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CHAPTER 1

Literature Review

11 Soil organic matter decomposition

1.1.1  Definition of soil organic matter

Soil organic matter (SOM) can be said to be both the product of living matter and the source
of it (Thaer, 1808 cited by Boyle et al, 1989). The term SOM covers a range of materials that
are widely variable in their susceptibility to degradation. SOM such as sugars and starches
decompose rapidly (the labile fraction) whiist lignins decompose extremely slowly (the
recalcitrant fraction) (Oades, 1988). Humus is almost totally resistant to microbial
degradation. This variability leads initially to a period of rapid decomposition followed by a

period of slow decomposition, that is, two - phase decomposition.

Soil organic matter has been defined in terms of chemical fractionation (Greenland, 1965;
Stevenson and Elliott, 1989). However, the relationship between chemical extractants and the
dynamics of SOM is unclear because SOM that is physically protected, and therefore siow to

decompose, is present in the extracts (Jenkinson, 1971; Oades and Ladd, 1977).

Soil organic matter is also defined in terms of physical fractionation (Cambardella and Elliott,
1993). Physical fractionation divides SOM into particle size fractions based on a four step
process of wet sieving (2000um - 53um), gentle sonication, sieving of sonication products
(250um - 20um) and density flotation (0.2 — 20 pym). The size fractions recognised by
Cambardella and Elliott (1993) were: > 2000 ym (large macroaggregates), 250 — 2000 um
(small macroaggregates), 53 — 250 pm (microaggregates), 20 — 53 pm (silt), 2 — 20 um (fine

silt), 0.2 — 2 um (course clay) and < 0.2 ym (fine clay).

1.1.2  Factors affecting soil organic matter decomposition

1.1.2.1 Aggregate stability

Microorganisms positively affect aggregate stability by mechanically binding soil particles and



producing chemicals with binding properties (Lynch, 1981). Mechanical binding is facilitated
by clay adhering to the walls of fungal hyphae and bacteria. Microorganisms also affect
aggregate stability by what appears to be a simplistic method of adsorption of bacterial and
fungal products (Gupta and Germida, 1988). There is some photographic evidence of
materials produced by earthworms and microbes binding soil particles (Greenland and Hayes,
1978). The materials were listed as being worm casts, flagella and predominantly
polysaccharide mucilage. This was supported by findings that soil aggregation increased
when organic residues are added to soil containing microbes but not when added to sterile
soil (Martin et al., 1967). Carbohydrates in particular have been shown to persist despite
being subjected to periodate treatment for 6h. Whether their persistence is a cause or effect

of aggregate stability has been difficult to establish (Cheshire et al., 1983).

The quantity and type of residual plant material in the soil affects aggregate stability (Tisdall
and Oades, 1982). When OM was removed from a soil sample, dispersion can be achieved
with a lower energy input then when OM is retained (Edwards and Bremner, 1967). Equally,
aggregate stability has been shown to increase in the presence of living roots due to an
associated increase in microbial biomass (Lynch, 1981). The stage of decomposition of
organic amendments has been shown to be a factor with older residue giving less
aggregation than fresh residue (Martin ef al., 1955). When the C:N ratio is low, microbes use
the soil-binding materials produced when the organic amendments were initially decomposed
as an energy source. Hence aggregate stability initially increases but is eventually reduced by
the presence of an active microbial population. Increased aggregate stability has been shown

to be accompanied by a reduction in SOM decomposition (Lynch, 1981).

Aggregate stability is also increased by inorganic compounds or elements binding with SOM.
Positively charged clays, calcium (Ca) and aluminium (Al) ions form covalent bonds with OM

hence reducing the susceptibility of OM to decomposition (Oades, 1995).

1.1.2.2 Disturbance

Disturbance by cultivation or sieving reduces aggregate stability (Tisdall and Oades, 1980),



the size of soil aggregates (Gupta and Germida, 1988) and increases the accessibility of
microorganisms to SOM (Lynch, 1981). In the immediate term, as shown by sieving, the
increase in accessibility leads to an increased in the microbial population. This is
accompanied by an increase in the rate of SOM decomposition as signified by a flush in
carbon dioxide (CO,) evolution (Ross et al., 1985). However, available SOM increases in soils
that are cultivated because carbon inputs are higher in cropped soils than in soils under
native vegatation (Robertson et al., 1997). Other immediate effects of sieving are an increase
in extractable inorganic P and N content (Ross et al., 1985). The increase in N and P has
been attributed to the death of microorganisms during sieving and the subsequent release of
N and P compounds. Ross et al. (1985) also noted that with particularly wet soils (about 75%

moisture content) sieving was accompanied by smearing and an increase in denitrification.

1.1.2.3 Temperature

Decomposition of SOM is facilitated by microorganisms that can only survive and function
between about 10°C and 30°C (Oades, 1995). At temperatures below 10°C and above 35°C,
microbial activity and SOM decomposition are very slow. An increase in mean annual air
temperature of 9°C within the function range of microbes was shown to double the rate of
decomposition (Ladd et al., 1985) at field sites in South Australia (Ladd et al., 1985), England
and Nigeria (Jenkinson and Ayanaba, 1977). Under laboratory conditions, decomposition
rates as represented by CO, evolution doubled for every 10°C increase in temperature

(Howard and Howard, 1993).

1.1.2.4 Moisture

Like temperature, soil moisture also affects SOM decomposition because the process is
facilitated by microorganisms. At low soil water potentials, that is when soil pores > 10 ym
radius are filled with air (McGill and Myers, 1987), the decomposition process is most rapid
since both water and oxygen are available to bacteria (Ladd et al., 1985). In dry conditions
such as 5% to 10% water holding capacity (WHC), water is more tightly bound in soils and
therefore decomposition and mineralisation rates are low (Howard and Howard, 1993).

Conversely, in waterlogged soil, decomposition is slowed due to a low proportion (< 15%) of



air filled pore spaces (AFPS) (Miller and Johnson, 1964). Limited AFPS restricts oxygen
supply through slowing the diffusion of oxygen through the soil hence anaerobic conditions
prevail. The optimal moisture status for decomposition and mineralisation is considered to be

about 60% water filled pore spaces (WFPS) (Howard and Howard, 1993; Sierra 1997).

In natural systems and in the laboratory, soils are subjected to wetting and drying cycles. The
wetting phase of these cycles have been shown to produce a flush of microbial activity,
increase in microbial population and decomposition rates whilst during the drying phase the
opposite occurs including the death of microorganism (van Schreven, 1967; van Veen et al.,
1985). The cycles produce a flush of activity partially because aggregates that contain OM
are disrupted during drying thus more OM is exposed to microbes during the wetting phase
(Sorensen, 1974). In addition, microorganisms that were killed in the drying phase due to
either dehydration or lack available substrate provide another source of OC and organic N
(Stark and Firestone, 1995). The intensity of these flushes decreases with the number of
wetting and drying cycles as OM that is not bound within aggregates is decomposed (van

Schreven, 1967).

Aggregate size, disturbance, temperature and moisture content all interact to determine the
decomposition rate of OM. Decomposition of OM as a whole can be segmented into various
components that specifically deal with the elements found in OM. The two elements of
particular interest in this review are C and N. As such, the dynamics of these two elements in

soil will be discussed in detail.

1.2 Nitrogen cycling

1.2.1  Overview of the nitrogen cycle

The N cycle is essentially the transformation and movement of N atoms through various N
containing compounds via microbial and enzymatic processes (Fig 1). Agricultural production
makes N cycling more complex than N cycling in natural ecosystems. This is because in

agriculture, N is imported and exported from the local on-farm system that is continuously



undergoing change in the form of cultivation, compaction and amendment. The key elements
of the N cycle and the agricultural practices that influence it will be discussed with particular

reference to calcareous soils.
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Fig 1. The N cycle (van Veen et al, 1980)

1.2.2  Nitrogen mineralisation
The underlying reason for N fertiliser needing to be applied to cereal crops is a lack of
available N in the soil. Available N, that is N in the forms ammonium (NH,"), nitrite (NO,) and

nitrate (NOjy), is formed by specific components of the SOM decomposition process known as



N mineralisation and nitrification (Stevenson, 1982). These processes can be summarised by

Equation 1 :

— mineralisation -
R-NH, & NH,’ < NO; < NOj Equation 1

—— nitrification ——

where R —NH, is N in amino acids.

N mineralisation is the process by which organic N is converted to inorganic N, that is N in the
form of amino acids is converted via soil microorganisms to ammonium. Nitrification is the
process by which ammonium is converted to nitrite then to nitrate. When the rate of
movement of N from the organic to the inorganic pool is measured, the value is known as the

gross N mineralisation rate.

In the field, the conversion of ammonia to nitrite is facilitated by Nitrosomonas sp. (Jarvis et
al., 1996). Nitrite does not usually accumulate in soils, particularly alkaline soils, instead it is
quickly converted by Nitrobacter sp. to nitrate. These bacteria are obligate aerobes using CO,
and carbonates as their C source (Bartholomew and Clark, 1965). The optimal pH range for
nitrification in vitro is between 6 and 8. Nitrification rates are significantly reduced below pH 6
and are negligible below pH 4.5. At pH>8, the presence of ammonium inhibits nitrification.

However, nitrification rates measured in situ are not related in soil pH (Robertson, 1982).

Not all of the ammonia produced is converted to nitrites and nitrates. Some of the ammonia is
used directly by plants (Salisbury and Ross, 1985), some is fixed and some is used by
microbes to synthesise tissue. A small amount of ammonia may be volatilised although this is
more likely to occur with ammonia that is broadcast as an ammonium-based fertiliser than
with ammonia that is produced through mineralisation, especially on sandy soils with low

water-holding capacity (Havin and Tisdale, 1999).



The rate of N mineralisation is dependent upon the same soil properties and climatic factors
that affect decomposition as previously described (aggregate size, soil disturbance,
temperature and moisture). As with decomposition, N mineralisation rates are higher in
disturbed soils than undisturbed soils (Stenger et al., 1995). Comparative experiments
showed that mineralisation rates were 1.5 to 3 times higher in a disturbed than an undisturbed
loam soil incubated at 21°C for 84 days (Stenger et al., 1995). Nitrogen mineralisation rates
are also increased by reducing aggregate size due to organic material being freed from
aggregates (Elliott, 1986). Increasing soil temperature from 10°C to 35°C produced a 6-fold
increase in the amount of mineral N present in the soil after 14 days incubation (Kladivko and
Keeney, 1987). Keeping WFPS at about 65% was shown to optimise N mineralisation by
providing the water needed for microbial activity without reducing oxygen diffusion rates
through the soil pores (Sierra, 1997). Conversely, N mineralisation rates are reduced in
waterlogged soils due to slow diffusion of oxygen because pore spaces are filled with water

(Stevenson, 1982).

In addition to the afore mentioned factors that effect both decomposition and mineralisation,
mineralisation rates are affected by the OC: N ratio in the soil (Oades, 1989). As a general
rule, an OC:N ratio above 20:1 will lead to N immobilisation due to competition for the N by
microbes (van Veen et al., 1985). Soil amendments also effect N mineralisation rates through
changing soil properties. For instance, amending an acid Mollosol with 6 to 12 t gypsum
(CasS0,.2H,0) ha"' decreased soil pH and subsequently the N mineralisation potential whilst

amending the same soil with 1 t lime (CaCO;) ha™' had the opposite effects (Carter, 1986).

1.2.3  Nitrogen immobilisation

Nitrogen immobilisation is the conversion of inorganic N to organic N, that is, the assimilation
of ammonium and nitrate into organic compounds (Stevenson, 1982). Hence, the
immobilisation process is the reverse of the mineralisation process (Eq 1). Immobilisation is
promoted when plant residues with a high (>20:1) C:N ratio are added to soil. Immobilisation
also occurs in the presence of other C and N substrates such as glucose and ammonium

sulphate solutions. Amending both calcareous sand and calcareous clay with wheat straw in



controlled conditions resulted in inorganic N being immobilised for the first 32 days of the
incubation period (Ladd et al., 1977a). Although an undesirable process for plant growth in
the short term because N is rendered unavailable to plants, immobilisation is the
consequence of retaining cereal residue. However, residue retention is necessary for
maintaining aggregation in soils, and high OC% and nutrient reserves sufficient for
sustainable agriculture (Larson et al., 1972; Powlson et al., 1987; Campbell et al., 1991a). Net
N immobilisation is usually temporary and the long term benefits of improved soil structure

theoretically exceed the short-term costs of immobilising N resources.

The immobilisation and mineralisation processes are reversible and in practice operate
concurrently. Thus immobilised N is re-mineralised to inorganic N. Re-mineralisation of the
organic N contained in soil biota occurs when the soil biota die and themselves become a
source of organic N for microbes. The amount of N re-mineralised during the first growing
season after incorporation of labelled plant residues has been measured to be in the range
2% - 10% of total immobilised N. The amount of re-mineralised N in subsequent years was
less ranging from 1% to 3% total mineralised N (Hauck, 1981). Soil biota can be a significant
source of organic N with up to 5% of total organic N contained in soil biota at any one time
(Anderson and Domsch, 1978). Death of soil biota can occur due to various events such as
the C source used for energy being exhausted, lack of oxygen in soil pores due to
waterlogging, desiccation during drying soil or physical shearing as occurs when wet soil is

sieved (Ross et al., 1985).

Without using isotopes to track the movement of N between pools, only the net effect is
measured and the rate of movement is known as the net N mineralisation rate. The distinction
between gross and net N mineralisation is important to note. Comparative experiments on a
loamy sand showed that gross N mineralisation in the 0-5 cm layer was 3 to 4 times higher

over a period of 144 h than net N mineralisation (Sparling et al., 1995).

1.2.4  Nitrogen inputs

The major sources of N in agriculture are fertilisers and N fixation by leguminous pastures or



grains. In Australia, fertiliser-N is commonly in the form of urea (CO(NH,),) or liquid ammonia
(NHa(y) or as a multi-nutrient high analysis fertiliser such as monoammonium phosphate
(MAP), diammonium phosphate (DAP), (NH4),SO, or NH;NO3. Ammonium-based fertilisers
are readily available to plants (Salisbury and Ross, 1985). However, availability of
ammonium-based fertilisers is reduced through fixation in soils abundant in 2:1 layer clays
such as illite or vermiculite (Nommik, 1981) and through volatilisation if the fertilisers are not
incorporated into soil. Urea-N is converted in soil to ammonium-N through hydrolysis (Havin
and Tisdale, 1999). Hydrolysis is catalysed by the enzyme urease that is produced by soil

borne bacteria, fungi and actinomycetes. The reaction is as follows:

CO(NH,), + H+ 2H,0 < 2NH," + HCO3’

The efficiency of each previously listed fertiliser as a source of N depends upon the soil
moisture content, soil pH, OM content, microbial activity and application method. The various

soil conditions which promote loss of applied N will be discussed in a later section.

Nitrogen fixation by grain and pasture legumes is also a source of N in agricultural systems.
An °N analysis of Medicago littoralis var. Harbinger that was grown with (°NH,),SO, at 10%
enrichment showed that about 65% of legume-N was derived from N fixation (Ladd et al.,
1981). Availability of N from leguminous material is affected by the rate of decomposition and
mineralisation and therefore by the same climatic and soil factors previously described. In the
N model by Payne and Ladd (1993a), N input to subsequent crops through N fixation
increased as the quantity of leguminous biomass increased and as harvest index was
reduced. The rates of decomposition in South Australian Xeralfs from the Barossa and Mid-
North regions have been comprehensively studied in experiments using N to track
decomposition of legume derived N and subsequent uptake by the following crop. After 7
months in the field about 31% of incorporated and ground '°N labelled Medicago littoralis had
been released into the soil as inorganic N through mineralisation and was present in the top
90 cm of soil (Ladd et al., 1983). This accounted for about 6% of total inorganic N in the soil

profile. After a further 8-9 months in the field, 88% to 93% of >N was recovered in the top



90cm of soil and the mature wheat crop (Ladd et al., 1981). Recovery of legume derived N
in the following wheat crop accounted for between 20% and 28% of N in the incorporated
legume (Ladd et al., 1983). This proportion was equivalent to between 82% and 88% of "°N
that had been mineralised between incorporation of the legume and sowing of the wheat.
These studies show that legumes are a source of N to cereals but decomposition and

recovery of fixed N is a slow process.

1.2.5 Nitrogen losses

Lysimeter studies in North America showed that crops recovered between 45% and 75% of
available N in one growing season (Allison, 1955). In field experiments, between 20% and
35% of the non-utilised N was recovered in the leachates. Provided N is not leached below
the maximum rooting depth, or lost by another means, inorganic N can be utilised by crops in
following seasons. Permanent N losses through leaching are considered negligible in soils
with a calcareous horizon (Stevenson, 1986). This could be expected to apply to many South
Australian soils in the regions of Eyre Peninsula, Yorke Peninsula and the Murray Basin
because calcrete formations are common in B and C horizons (Milnes and Hutton, 1993).
However, on a South Australian calcareous sandy-loam where CaCQOj; content increased with
depth, only 78 — 80% of urea-N was recovered in soil (0-90 cm) and in the crop one year after
application (Ladd and Amato, 1986). Most of this discrepancy was considered to be due to N

leaching to a depth greater than 90 cm.

Nitrogen can also be lost from dryland agricultural systems through volatilisation; that is the
conversion of an N source (usually fertiliser) to gaseous ammonia followed by loss to the
atmosphere (Fenn and Hossner, 1985). Most reactions are dependent upon chemical
reactions whilst others, such as the loss of ammonia from urea is mediated by urease. The
likelihood of fertiliser N being lost to the atmosphere is directly affected by soil pH. Soil
alkalinity has been shown to result in up to 62% of applied urea-N being volatilised from
sandy loam (pH 10.6) under laboratory conditions (Rao and Batra, 1983). In addition,
volatilisation has been shown to be higher in soil with high CaCO; content (Fenn and

Miyamoto, 1981), soil moisture content up to field capacity and soil temperature particularly
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between 8°C and 20°C (Rao and Batra, 1983). Field studies in an alkali (pH 8.4) calcareous
(20% CaCO;) soil demonstrated that low moisture content caused urea-N to be hydrolysed at
a slower rate and therefore losses of ammonia were less (Gezgin and Bayrakll, 1995). For
instance, during the first 12 days of the field study, only 6.4% of urea N was volatilised despite
the general finding that most volatilisation occurs in the first 2 to 10 days (Gould et al., 1986).
Fertiliser type also affects volatilisation with acid fertilisers, such as ammonium nitrate and
ammonium sulphate, being particular susceptible to loss of ammonia (Fenn and Hossner,
1985). Volatilisation of fertiliser N has been shown to be higher where the fertiliser is applied
to the surface or incorporated at shallow depths. For instance, 60% of surface applied
ammonium sulphate N was volatilised from the soils used by Rao and Batra (1983) whilst less

than 10% was volatilised when the fertiliser was incorporated at a depth of 7.6 cm.

Loss of N through denitrification is primarily caused by anaerobic bacterial respiration, with
aerobic denitrifiers also contributing to a lesser extent (Bartholomew and Clark, 1965). The

denitrification process can be summarised by Equation 2 :

NO; = NO; = NO = N, O = N, Equation 2

Denitrification occurs when oxygen is excluded from the soil such as during prolonged
waterlogging or in fine textured, structureless soils or microsites. In these conditions of
reduced aeration, denitrification rates are optimised in soil with pH ranging from 6 to 8, at a
temperature between 15°C and 35°C and where there is a readily available OC supply
(Bartholomew and Clark, 1965). At a moisture regime suitable for microbial activity (60%
WFPS), denitrification of crop residue derived N was found to be negligible (0 — 0.06 mg N kg’
! d'1) in a loam soil with pH 6.5 incubated at 25°C (Aulakh et al., 1991). However, at a
suboptimal moisture regime (90% WFPS), denitrification in the same soil incubated under the
same conditions increased between four and ten fold depending upon the type of crop

residue used.

Where N fertilisers have been added, iosses of N attributed to denitrification have been
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estimated to be near 30% in cropping systems although actual losses are dependent on the
type of fertiliser-N applied.(Hauck, 1981). Losses can be over 50% in rice paddies where N
fertiliser is broadcast (De Datta et al., 1989). Denitrification rates measured in the top 15¢cm of
a massive clay soil of the Denchworth series incubated with 110 kg fertiliser N ha” gave
estimated losses of NO,-N to be 12 kg ha™' per day (Igbal, 1992). Measured rates of
denitrification should only be taken as a guide to a soil's potential for denitrification. The
spatial variability for soil denitrification can be very high with coefficients of variation in the
range 100-500% (Parkin, 1991) and there are no reliable methods of measuring denitrification

rates in soil especially clay soils (Hauck, 1986; Smith, 1991).

1.3 Quantifying N mineralisation

1.3.1  Net nitrogen mineralisation potentials

Laboratory incubations under optimal conditions for N mineralisation (sieved soil, mixed with
sand and incubated moist between 30°C and 35°C) have been used to measure potential
rates of net N mineralisation (Cabrera and Kissel, 1988a; Stanford and Smith, 1972; Xu et al.,
1996). Potential rates were shown to vary between 0.7 and 7.85 mg N week” depending
upon the amount and type of plant residues in each soil (Stanford and Smith, 1972) even
when soils were incubated under identical conditions. A potential net N mineralisation study
with 123 sites in South Australia (Xu et al., 1996) showed similar variability between sites to
the values measured by Stanford and Smith (1972) with the amount of mineralisable N

varying from 14 to 121 kg N ha” over a period of 4 weeks.

Incubation methods, such as those just discussed, are time consuming. Therefore many
chemical methods have been developed with the aim of measuring soils’ potentially available
N. Twelve chemical and 5 biological methods were reviewed and compared (Gianello and
Bremner, 1986) to ascertain which chemical methods gave results that most closely
resembled net N mineralisation potentials determined by incubation for up to 12 weeks. The
comparison showed that two rapid chemical methods were able to account for 90% of the

variation in N mineralisation potentials obtained by the biological methods in 30 soils from
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lowa. The two methods were; heating soil at 100°C in 2M KCI for 4 h, and steam-distilling soil

with pH 11.2 phosphate-borate buffer.

Regardless of the biological or chemical method used, all in vitro methods with sieved and
dried soil can only be used to ascertain a soils’ potential available N and do not reflect the
amount of N mineralised in situ (Cabrera and Kissel, 1988a, 1988b; Sierra, 1992; Mary and
Recous, 1994). The discrepancy is due to the combined effect of soil disturbance during the
sieving process causing organic material to become available for mineralisation, and due to
soils being incubated in ideal temperature and moisture regimes. Methods designed to
minimise soil disturbance and changes in temperature and moisture content from that in the

field need to be used when attempting to estimate net N mineralisation in the field.

1.3.2  Benefits of measuring nitrogen mineralisation in situ

Measuring N mineralisation directly either in the field or in undisturbed soil cores has been
recognised as providing mineralisation rates that more closely reflect the actual rates that
occur in the field (Cabrera and Kissel, 1988a). Comparative experiments have shown there
are large discrepancies between net N mineralisation rates measured in the field and those
measured using the classical method of sieving soil followed by repeated wetting and drying
as practiced by Stanford and Smith (1972). Comparisons in net N mineralisation rates for five
soil types showed that the amount of N mineralised in 104 days was overestimated by up to
343% when the method of Stanford and Smith (1972) was used instead of measuring net N
mineralisation in undisturbed soil cores (Cabrera and Kissel, 1988a). Large discrepancies are
to be expected given that disturbing soil allows the soils’ net N mineralisation potential to be
measured whereas undisturbed soil measures net N mineralisation rates in a sub-optimal

environment.

Although sieving and drying soils has been used extensively to measuring soil's net N
mineralisation potential (Stanford and Smith, 1972) the data are unsuitable for use in models
that are designed to predict how much N will the mineralised during a growing season. If net

N mineralisation potential data are used in models designed for this purpose, net N
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mineralisation rates will be overestimated. The consequence of this overestimation would be
an underestimation of the amount of N fertiliser recommended to make up the shortfall
between crop demand and supply from soil N. Given the limited usefulness of mineralisation
potential values in N models several techniques have been developed to measure net and

gross N mineralisation either in undisturbed soil cores or in the field.

1.3.3  Techniques for measuring nitrogen mineralisation in situ

Methods of measuring N mineralisation that have been designed to provide a means of
measuring N mineralisation in the field include; measuring accumulation of mineral N in ion
exchange resins placed in the field (Binkley and Matson, 1983), burying bags of disturbed soil
in the field (Raison et al., 1987; Poovarodom et al., 1988) and storing undisturbed soil cores
in the field in plastic bags, metal cans or capped plastic tubes (Eno, 1960; Poovarodom et al.,
1988). The limitations of using these types of methods as a means of measuring N
mineralisation in situ soil have been reviewed in some detail (Raison ef al., 1987; Rees et al.,

1994).

In brief, N mineralisation rates are highly dependent upon soil disturbance, soil temperature
and soil moisture content. Any procedure that alters these parameters from field conditions
will greatly change N mineralisation rate (Raison et al., 1987). Storing soil in plastic bags does
not allow for field fluctuations in moisture content over time and disturbing soil changes soil
aeration and porosity. Measuring accumulation of mineral N in ion resins relies upon water
being present to move mineral N through the soil and mineral N that is absorbed by roots is

omitted from the measurement.

Two alternative methods that are considered to be capable of accurately measuring gross

and net N mineralisation under field conditions are described in detail in the following section

of this review.

The first method is known as the isotopic dilution method which was developed to measure

gross in situ N mineralisation on a daily time increment (Davidson et al., 1991). The method
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involves uniformly injecting (15NH4)2SO4 into intact soil cores and measuring changes in the
"N : N ratio of the ammonium pool over a few days. Injecting N as a solution resulted in
cores having up to an eightfold increase in their gravimetric soil water content compared to
the surrounding soil, an increase in downward movement of water due to the soil’s high sand
content and thus an overestimation of gross N mineralisation (Sparling et al., 1995). This
limitation was overcome by modifying the method to inject N in a gaseous form (NHs) into
sandy soil (Murphy et al., 1997) and heavier textured loams (Murphy et al., 1999). The only
drawback of this method is that it is unsuitable for monitoring long term changes in mineral N

and injecting gas into soil requires specialist equipment.

A simpler in situ exposure method for tracking net N mineralisation over an extended period
of time such as a growing season or a calendar year was initially developed for use in forests
(Raison et al., 1987). However, the in situ exposure method has since been used to measure
net N mineralisation, surface leaching and crop N uptake in cereal cropping systems ( Stein et
al., 1987; Rees et al, 1994). The method as described by Stein et al. (1987) involves
inserting paired PVC tubes (Covered tube and Open tube) into soil to a depth of 10cm and
leaving them for several weeks. At sampling time (t), the soil cores are removed and the
tubes are reinserting into the soil for the next incubation period. A soil sample from a
neighbouring unconfined site (Field) is taken at the beginning of each sampling period. Net

changes in the amount of mineral N in the 0-10 cm layer are calculated as follows:

e Net N mineralisation = Ncov 1) — Nfield,
e Surface leaching of mineral N = Ncov; — Nopen;

e Crop uptake of mineral N= Nopen, — Nfield,

Questions have been raised over the effect that capping the tubes to exclude rainfall has on
net N mineralisation estimations (Rees et al., 1994). Moisture content has been found to be
higher in covered cores than in the surrounding soil and subsequently net mineralisation rates
were significantly overestimated (Rees et al., 1994). Severing living roots when inserting

cores into soil is also considered to be potentially problematic in that the severed roots
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artificially introduce an additional source of C (Rees et al., 1994). The problem of severed
roots was considered by Raison et al. (1987) and dismissed as being unsubstantiated by

empirical evidence.

When using this in situ exposure method, within site variability can be high. A compilation of
data sets from virgin soils in north Queensland showed coefficients of variation ranging
between 10% and 20% for both N and C where soil samples were taken at 10 m intervals
(Spain et al., 1983). Given the prospect of high spatial variability, large numbers of paired
tubes must be used in a small area to produce significant treatment differences. Stein et al.
(1987) used 10 paired tubes per plot but plot size was not stated in their paper. Raison et al.
(1987) used 16 sampling points in a 0.25 ha plot to obtain significant differences between

fertiliser treatments.

An argued shortfall in all the in situ methods hereto described is that they only measure
changes in mineral N content in the 0-10 cm layer. This approach could be said to be of
limited value because plants are capable of taking up water from depths of at least one metre
(Fischer and Kohn, 1966). Subsequently it has been suggested that porous ceramic cups be
used to sample inorganic N in solution at depth. However, the cups preferentially sample
large pores in their immediate vicinity thus creating sampling errors (Hauck et al., 1994).
Additionally, those measuring N mineralisation rates are interested in changes in N availability
not the total amount of N available to plants in the soil profile. Therefore, it is only necessary
to sample the soil layers where change is likely to occur. By measuring microbial biomass N
and extractable inorganic N, Sparling et al. (1995) found that 90 - 95% of net N mineralisation
activity occurred in the 0-5 cm layer in soil samples treated with a single rewetting. Even with
double rewetting treatments the amount of inorganic N in the 5-10 cm layer was only in the
order of 3.5 ug g‘1 N. Thus, measuring changes in mineral N content that are due to

mineralisation in the 0-10 cm layer appears to be valid.

1.3.4 Laboratory techniques for estimating in situ nitrogen mineralisation

A major challenge of measuring net N mineralisation in situ is the logistics given that intensive
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sampling is required to overcome spatial variability (Macduff and White, 1985; Hauck et al.,
1994). Several laboratory techniques have been trialled to avoid the difficulties of in situ
measurements yet maintain conditions as close as possible to those found in the field. One
such technique was used to estimate in sifu net N mineralisation in eucalypt plantations
(O'Connell and Rance, 1999). Soil samples taken from the field were packed in PVC tubes
(38 mm diameter) to field bulk density and exposed to a set temperature (4, 12, 20, 28, 35 or
42°C) at one of 10 soil moisture contents for period of up to 56 days. The rates of
mineralisation at each temperature and moisture content were related to field temperature
and moisture content as measured hourly and every four weeks, respectively. The predicted
in situ net N mineralisation rate was compared to rates obtained using the method described
by Raison et al. (1987). The modelled rates and actual rates were well related (r* =0.97) and
predict in situ net N mineralisation rates to within 20% of actual rates (O'Connell and Rance,

1999).

1.4 Carbon cycling

1.4.1  Overview of the carbon cycle

The concentration of OC present in the 0-10 cm layer of Australian soils varies from less than
1% in cultivated Red Brown Earths to more than 14% in forested alpine humus soil (Stace et
al., 1968). The rate that C cycles between atmospheric CO, and organic material is
determined by the same environmental factors than effect N cycling; soil moisture content,
soil temperature and soil disturbance (Fig. 2) (Oades, 1995). In addition, the rate of C cycling
is highly dependent on the rate of photosynthesis by plants and the type of OM present in the

soil; that is the quality of OM.

1.4.2 Carbon inputs in soil

Carbon is inputted into agricultural soils indirectly through photosynthesis and through the
addition of amendments to the soil. Amendments may include organic matter, lime fertiliser,
plant residues, exudates from plants and microbes, and through the death of roots on living

plants. A significant proportion (20% — 50%) of C that is placed below ground by a plant can
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be lost to the soil while the plant is still growing (Paustian et al., 1990). Oades (1995) claimed
that fine roots might have a 100% annual turnover. Inputs of C to an acid soil through
sloughed root cells and due to plants producing exudates was measured to be about 3% and
4% of all accumulated C for wheat and barley, respectively (Gregory and Atwell, 1991). These
proportions equated to an annual addition of about 16 kgC ha™ for wheat and 24 kgC ha™ for

barley.
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Fig 2. The carbon cycle

Total SOC has been shown to increase in agricultural systems when soil is subjected to no
tillage (Chan et al., 1992; Franzluebbers et al., 1994). A ten year field experiment in Alabama
showed that SOC in the 0-10 cm layer increased from 0.6% to 1% with no tillage compared to

conventional cultivation (Wood ef al., 1991). The increase in SOC was attributed to increased
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aggregate stability. Similarly, a nine year field experiment with continuous wheat showed that
SOC increased by 33% in the 0-5 cm layer when no tillage was practiced instead of
conventional cultivation (Franzluebbers et al., 1994). The increase in SOC content was
attributed to less C mineralisation due to a lack of soil disturbance under the no-tillage
practice. In addition, the amount of SOC present after nine years increased by 95% when the
time the field was under crop was increased from 6 months to 10.5 months each year, and
when N fertiliser was applied. The increase in SOC due to higher cropping intensity and using

N fertiliser was attributed to higher biomass production.

1.4.3  Carbon mineralisation

Carbon mineralisation is the process of converting C in organic matter to CO, (Ajwa et al.,
1998). This process is facilitated by heterotrophic bacterial species and many other soil
organisms such as fungi and protozoa that oxidize OC to CO, (Stevenson, 1986). The CO;
generated by the heterotrophs and other soil organisms is subsequently used by autotrophs
as an energy source whilst converting ammonium to nitrite and nitrite to nitrate (Bartholomew
and Clark, 1965). Given that micro-organisms are an integral part of both the C and N cycle it
would be expected that the cycles are closely related. This relationship was demonstrated by
laboratory incubations of soils subjected to various rotation and fertiliser regimes (Campbell et
al., 1991b). There was a significant relationship between C mineralisation and total N content

(7 = 0.61) and between C mineralisation and potentially mineralisable N (r = 0.85).

Due to C mineralisation being a microbial mediated process, the rate of C mineralisation
(alias respiration) is dependent upon soil temperature, soil moisture and soil disturbance
(Oades, 1995) through the same mechanisms previously described for the overall process of
SOM decomposition. A flush in C mineralisation as denoted by increased CO, evolution
occurs when soils are suddenly exposed to higher temperatures (up to 35°C), more optimal
moisture regimes (about 60% WFPS) or when soils are disturbed (van Schreven, 1967;
Sorensen, 1974). These three parameters effect the mean turnover time of OC which is
considered to average about 7 years in arable soils (Bolin et al., 1979). In vitro, the maximum

recovery of evolved CO, from readily utilised C sources like glucose is about 65% to 75%
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(Baldock et al., 1990; Ladd et al., 1992).

The quality of OM also effects the rate of C mineralisation. Simple molecules such as glucose
are readily available energy sources for bacteria and have been shown to be almost
completely mineralised after only a few days incubation. For instance, a Vertisol incubated at
25°C and 40% WHC for 24 h only retained 17% of the initial added glucose (Ladd et al.,
1992). Only about 0.5% of initial glucose was present after 8 days incubation. Similar results
were found for 22 other Australian soils subjected to similar incubation conditions (Amato and

Ladd, 1992).

In vitro studies have shown that plant residue C is mineralised at a far slower rate than
glucose-C (Amato and Ladd, 1992). Plant residues contain readily decomposed material like
hemicellulose and carbohydrates, and more complex substrates such as lignins (Oades,
1995). In a laboratory incubation, the proportions of vetch, soybean, corn and wheat residues
recovered as CO,-C after 35 days incubation at 60% WFPS ranged from 46% to 55% (Aulakh
et al., 1991). Carbon mineralisation rates differed between plant residues due to differing C :
N ratios (Aulakh et al., 1991). For instance, the in vitro incubation with incorporated plant
residues showed that maximum rate of CO, evolution occurred later in the incubation period
as C:N ratios increased (Aulakh et al., 1991). Maximum rates of CO, evolution occurred after
2 to 3 days for vetch (8:1), 3 days for soybean (43:1), 5 days for corn (39:1) and 8 days for

wheat (82:1).

Carbon mineralisation is slower in sub-optimal conditions as shown in the same experiment
by Aulakh et al. (1991) conducted at higher water content. At 90% WFPS, 31% of wheat
residues and 40% of corn residues were recovered as CO,-C over a period of 35 days. Less
CO,-C recovery with the higher water regime was attributed to one of two potential causes
that had previously been identified (Suchomel et al., 1990; Aulakh and Doran, 1991). One
possible cause was that a high proportion of WFPS lead to a lack of aeration thus lower
microbial activity and less CO, evolution. Alternatively, the low proportion of air filled pores

lead to evolved CO, being trapped within the soil. Thus although, CO, was evolved, it was not
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recovered in the headspace of the closed jars that housed the soil.

The effect of OM quality on C mineralisation rates was demonstrated in a sandy loam that
was collected from an environment naturally subjected to repeated wetting and drying cycles
throughout the year (Degens and Sparling, 1995). Subjecting the soil to wetting and drying
cycles in vitro did not result in a flush a C mineralisation as has often been observed upon
applying that treatment to soils (van Schreven, 1967; Sorensen, 1974). Degens and Sparling
(1995) proposed that there was no response to the treatment because readily utilised OC had

already been mineralised in the field and only recalcitrant material remained.

Temperatures outside the range considered suitable for microbial activity (10-35°C) also lower
C mineralisation rates. This was demonstrated by a field experiment at a site with a mean
annual temperature of 7.9°C (Wolters, 1991). In contrast to laboratory studies with plant
materials (Aulakh et al., 1991), fresh beech leaves buried in the field for one year and

protected from macrofauna and mesofauna only lost between 16% and 22% of initial C.

1.4.4  Carbon dioxide fixation and carbon immobilisation

The initial rate of fixation of atmospheric CO,-C by photosynthetic organisms is dependent
upon the rate of photosynthesis (Salisbury and Ross, 1985). In turn, the rate of
photosynthesis is dependent upon the amount of plant available water, solar radiation,
temperature and availability of other nutrients. As discussed in the previous section about C
mineralisation, the amount of time that C remains in plant residue, photosynthetic bacteria
and blue-green algae before decomposition is related to the type of OM (Oades, 1995). In
addition, decomposition rates are dependent on the size and shape of the material (Oades,

1995).

The microbial biomass is recognised as an integral part of the C cycling process since all
SOC passes through it at some point during the cycle. At any particular point in time, the
microbial biomass in a soil contains between 1% and 5% of the total SOC (Oades, 1995).

Carbon is immobilised in microbes, fungi, and as exocellular products of these organisms in
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several chemical structures, principally alkyl, O-alkyl and carboxyi carbon (Baldock et al.,
1990). These structures have been shown to account for the other 30% of readily available C
substrate, in this case glucose, that is not respired by microbes during laboratory incubations

(Baldock et al., 1990).

Immobilisation of C can also occur by CO, being converted to other inorganic C forms such
as carbonates (Anderson, 1982). This process occurs in alkaline soils where CO, reacts with
water to form soluble carbonates or hydrogen carbonate salts. The carbonate ions may in turn
react with Ca ions to form CaCO; which has a low solubility (Weast, 1969). Without

acidification, C will not be released from carbonates to progress in the C cycle.

1.4.5 Carbon losses from soil

Physical removal of C from soil occurs when CO, is respired by microbial organisms or roots
and diffused through air filled pore spaces to the soil surface. As previously mentioned, this
loss accounts for about 65% to 75% of readily available C sources as utilised by microbes in
laboratory incubations (Baldock et al., 1990; Ladd et al., 1992). In the field, loss of C to the
atmosphere through root and microbial respiration has been shown to be less than in the
laboratory. A field study with labelled CO, gas showed that the highest rates of respiration
from barley roots and microbes occurred at tillering with 25% of “CO, recovered in the
headspace 24 h after labelling (Gregory and Atwell, 1991). At grain filling, respiration of CO,
was least with 2.1% recovered after 24 h. Over the entire growing season, loss of C from the

plants and soil totalled 235 kg ha™ for barley and 132 kg ha™ for wheat.

Some C is also lost from agricultural systems at harvest when grain is removed from the field.
However, the amount of C removed through harvest is very low relative to the amount of total
OC present in soil. On a larger scale, OC is lost from soil due to the actions of cultivation and
removal of crop residues, especially in the first few years of cropping (Dalal and Mayer, 1986;
Chan et al., 1992). As with any other form of disturbance, the immediate effect of soil
cultivation is more OM becoming available for decomposition and therefore accelerated C

mineralisation. Cultivation can also be accompanied by soil erosion and produces greater
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fluctuations in soil temperature and moisture which effect microbial activity and can lead to
flushes of C mineralisation. A ten year field experiment in Australia showed that cultivation
intensity did not significantly effect the rate of OC decline (Chan et al., 1992). Both one and
three cultivations prior to sowing lead to OC losses of up to 31% compared to direct drilling
practice. The same Australian field experiment also showed that removing crop residue by
burning the stubble resulted in significant loss of OC from the 0-10 cm layer relative to

retained stubble treatments.

A 68 year field experiment on a Red Brown Earth at Urrbrae showed that decline in SOC is
affected by cropping rotation (Grace et al, 1995). Eleven rotations were included in the
experiment. The largest decline in SOC occurred in the rotations that included a fallow and no
long term pasture where SOC fell from an initial value of 2.75% in 1925 to an average of
1.22% in 1993. The smallest decline of only 0.29% occurred in the rotation that started as
wheat — pea rotation in 1925 and was converted permanent pasture to in 1950. Rapid decline
in SOC for rotations containing a fallow was attributed to accelerated decomposition of native
OM and crop residues in fallow periods where water is stored in the soil. Conversely, slow
decline in SOC where pastures were included in the rotation for at least two consecutive
years was due to the continuous growth, death and decomposition of roots from pasture

plants.

The rate of loss of OC due to cropping also varies depending upon initial OC and soil
aggregation (Dalal and Mayer, 1986). For six soils from southern Queensland, the rate of loss
of OC from the 0-10 cm layer was found to be inversely related to the soil’s clay content (r =

0.97).

1.4.6 Techniques for measuring carbon mineralisation in situ and in vitro

Directly measuring C mineralisation is a relatively simple process because C in the form CO;
is generally released from soil rather than being cycled within the soil as is the case for N.
The relative simplicity of measuring CO, means that evolution of CO, can be used to measure

decomposition of OM or utilisation of organic substrates (eg labelled glucose) and as an
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indicator for movement of N between N pools. Mineralisation of C can be measured by
collecting CO, in alkali traps (NaOH or KOH) placed in close proximity to the soil and
analysing either for total CO,-C or labelled substrate CO,-C (van Gestel et al., 1991,
Franzluebbers, 1999). Alternatively, CO, can be collected from the headspace directly above

the soil and the concentration determined by gas chromatography (Ajwa et al., 1998).

In acid soils, evolved CO, is derived either from OM or from a C source added to the soil as
an amendment. In calcareous soils, C can be derived from OM or carbonates that react with
organic acids produced during decomposition of OM (Oades, 1989). Despite the inability to
distinguish unlabelled mineralised C from carbonate derived C without using delta 3C values,
some incubation experiments with calcareous soils assume that all CO; is derived from OM or
the C substrate (van Gestel et al., 1991; Ajwa et al., 1998). This assumption does not seem to
be unreasonable as a search of the literature failed to find any evidence that carbonate
derived CO, confounded SOM stuldies. The inability to distinguish substrate derived CO, from
carbonate derived CO, becomes important when calcareous soil is acidified to retrieve all of
the unmineralised labelled C source at the completion of an experiment (Watwood et al.,
1991). Therefore to account for all substrate C in calcareous soils a minimum requirement is
to label the substrate and have an alkali trap large enough to trap all carbonate, OM and

substrate derived CO, (Amato, 1983; Watwood et al., 1991).

Another proposed complication of studying SOM dynamics in calcareous soils is the
possibility that substrate derived CO, may be retained within the soil solution as carbonates
(bicarbonate, carbonic acid or carbonate ions) or be fixed in soil as carbonates rather than
diffusing to the soil surface for recovery (Guerin, 1999). However, acidification of two slightly
alkaline soils (pH 7.5 and 7.8) containing the substrate endosulfan showed that substrate
derived 14002 was not retained in soil solution or fixed as carbonates. Despite this result,
Guerin (1999) recommended that the risk of underestimating C mineralisation due to retention
of substrate derived CO, be assessed prior to commencing mineralisation experiments with

alkaline soils.
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1.5 Physical and chemical protection of organic carbon

1.5.1  Microbial and fungal attack

Microbes and fungi can only use OC as an energy source if their exocellular enzymes can
physically access the SOM (Ladd and Foster, 1988). However, physical access by soil biota
can be restricted because OM and soil aggregates form complex spatial arrangements (Fig.
3). Fragments of OM with large surface area : volume ratios that are either free in solution
between aggregates or only loosely bound to soil aggregates can be readily accessed by
fungi and bacteria (Skjemstad et al, 1993). Organic matter fragments with smaller surface
area : volume ratios or OM with limited exposure to the soil solution are more difficult for

microbes and fungi to access.

Some OM is lodged in pores within soil aggregates. This OM is not accessible to fungi that
have diameters ranging between 3 uym and 50 ym and are located in larger pores between
microaggregates (<250 um) (Ladd and Foster, 1988). Bacteria are relatively small (0.5 -2 ym
diameter) and are able to access fragments of OM contained in the larger pores within soil
aggregates (Ladd and Foster, 1988). However, OM lodged in the larger pores is still relatively
protected from microbial attack because only a small proportion of the OM is exposed to the
soil solution (Skjemstad et al., 1993). The smallest pores that bacteria can access has been
suggested to be those with a diameter of at least 0.48 pm (McGill and Myers, 1987). Othe
submicron pores within soil microaggregates are too small for bacteria to access (Foster,
1981). Any OM in these submicron pores is physically protected from microbial attack until the

microaggregate itself breaks down.

The most recalcitrant OM is fully encased by soil within the aggregate and cannot be
assessed by any microbes until the soil aggregate is disturbed. The concept that OM
enclosed within aggregates is less accessible than OM loosely bound to the edge of
aggregates was supported by radiocarbon dating the OC found within soil aggregates
(Skjemstad et al., 1993). By discriminating between OC afforded physical protection within

soil aggregates, Skjemstad et al. (1993) estimated that readily oxidised OC could be
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considered modern whilst physically recalcitrant OC in clay fractions was about 320 years old.

Fig 3. Representation of organic matter (dark grey) associated with soil aggregates (light
grey). A, organic matter free in solution or as small particles, B, larger particles of organic
matter either free in solution or loosely bound to soil aggregates, C, organic matter lodged in
small pores in soil aggregates, D, organic matter fully enclosed by the soil aggregate

(Skjemstad et al., 1993).

1.5.2 Clay content

Clays are known to have an association with OM. The clay fraction of soil has been found
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associated with the residual products of substrate-C that has been utilised by microbes
(Baldock et al., 1990). Analysis of the clay fraction of a fine sandy loam showed that the
fraction contained 73% of residual substrate-C. Clays are known to form soil aggregates
through clay-OM bonding (Edwards and Bremner, 1967). Clay-OM bonding occurs by non-
organic adsorption mechanisms such as hydrogen (H) bonding and van der Waals forces
(Parfitt and Greenland, 1970). The bonding of clay to OM causes OM to be protected from
microbial attack due to physical protection (Craswell and Waring, 1972). Protection of OC due
to clays has been demonstrated in C mineralisation studies which showed that the total
amount of SOC mineralised after 24 days in vitro incubation decreased from 34to22mgC g

! total C as clay content increased from 30 to 350 mg g'1 soil (Franzluebbers, 1999).

The effectiveness of adsorption between clays and organic polymers is reduced in soils
where the clays are saturated with calcium, sodium, aluminium or potassium ions (Martin et
al., 1955; Parfitt and Greenland, 1970). However, polyvalent cations are thought to have an
important role in binding SOM through cation bridging (Oades, 1988). Cation bridges are of

particular importance in calcareous soils.

1.5.3  Calcium bridging

Peterson (1947) experimented with the concept that Ca ions acted to provide a link between
clay and OM to form water-stable granules in soils. Peterson theorised that Ca was capable
of acting as a bridge between carboxyl groups of uronide particles and clay particles, thus

forming Ca-humates. The Ca linkage mechanism is illustrated as follows :

clay-Ca-00C-R-CO0O-Ca-00C-R-COO-Ca-clay

Using H-pectin as the polyuronide with various quantities of CaCO,; Peterson (1947)
measured the thixotropy of the suspensions and found evidence of Ca linkage. Twenty years
later a similar theory was proposed based on the assumption that the mechanism for
aggregation is merely the reverse of the mechanism for dispersion (Edwards and Bremner,

1967). Dispersion was achieved by shaking soil with a suspension of a sodium (Na) saturated
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cation-exchange resin. This caused the monovalent cations to replace the polyvalent Ca and
iron (Fe) cations thus weakening and rupturing the inter-particle bonds. Therefore, the
proposed theory was that clay particles were linked with OM through polyvalent cations such

as Ca, Fe and Al.

Drawing on the earlier work by Peterson (1947), Oades (1988) proposed that Ca ions bridge
cells and cell debris to clays thus forming chemically stable aggregates that restrict microbial
access and therefore SOM decomposition. This theory was supported by laboratory
experiments (Gaiffe et al., 1984) which demonstrated that removing Ca from soil stimulates

OM decomposition and C mineralisation.

Muneer and Oades (1989a) showed that adding Ca, particularly in the form of gypsum,
inhibited C mineralisation in Urrbrae fine sandy loam amended with 120mg of labelled
glucose cm™ and incubated for 730 days. Initially CO, release was higher in the amended
soils than in the control however after only 20 days both gypsum and lime treatments inhibited
C mineralisation. Particle size distribution was also affected by amending the soils with Ca
and incubating for 730 days. The amended soils had a greater percentage of particles in the
50-250 mm diameter range and less in the <50 mm diameter range than the control soils.
This change resulted in a reduction in the amount of dispersible clay thus improving the soil's

structural stability.

Expanding their experiments into the field and using labelled straw instead of glucose Muneer
and Oades (1989b) found the field and laboratory results to be complimentary. They
concluded that losses of OM could be reduced and a soil’s structural stability could be
improved by adding Ca as lime or gypsum. Field work by Oades (1988) gave compatible
results, demonstrating that adding CaCO; to a Rhodoxeralf soil initially resulted in increased

CO, production but eventually C mineralisation was reduced.

Muneer and Oades (1989c) proposed a model based on a previous model by Tisdall and

Oades (1982) and their own work illustrating the role of Ca in linking clay and organic matter
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and the wider ramifications. The model proposed that Ca was involved in :

« the stability of aggregates both larger and smaller than 250um,

« stability of quasi-crystals and domains,

= crosslinking functional groups in humic macromolecules,

» linking clay aggregates to humic material to form microaggregates that are subsequently

bound together by roots, hyphae and bacteria to form large stable aggregates.

Note needs to be taken that not all research in this area has produced the same results. A
more recent five year field experiment on the same soils concluded that there was no
significant accumutation of soil OC that could be attributed to applying 0.8 t calcium ha” in the
forms of lime or gypsum (Baldock et al, 1994). Increases in soll OC were measured,
however, they were due to the annual incorporation of wheat straw. Given these conflicting

results, this topic was mooted as an area that required further research (Baldock et al., 1994).

1.56.4 Charcoal

Charcoal is a form of OC that is said to be chemically protected (Skjemstad et al., 1996). That
is, charcoal is considered inert in terms of its role in C cycling and as such it needs to be
considered as a passive fraction of the C cycle (Parton et al., 1987). Several Australian soils
have been shown to contain significant amounts of charcoal relative to total OC (Skjemstad et
al., 1996, 1999a). For instance, a Krasnozem from Queensland was shown to have 30% of its
OC in the form of charcoal. Based upon these findings, Skjemstad et al. (1996) concluded
that charcoal is a major component of OC in many Australian soils. The finding that charcoal
can be a major component of SOC has emphasised the need to differentiate between inert
OC and active OC. Inert OC is any form of OC that cannot be moved between C pools (eg

charcoal) and active OC is any OC that is labile.

1.5.5 Measuring organic carbon using the UV technique
Techniques used to measure OC are based upon two main assumptions, namely, that all
active OC can be accounted for by the chosen technique, and secondly, inert forms of OC,

like charcoal, are not detected. The second assumption is based on comments in the
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literature which state that charcoal is virtually undetected by the oxidation methods of Walkley
and Black (1934) and Heanes (1984) (Piper, 1944; Heanes, 1984). However, this assumption
has been challenged by Skjemstad et al. (1999a) who found that both the Walkiey-Black and
the Heanes method detected various proportions of charcoal derived from plant material. The
proportion of charcoal recovered was inconsistent and depended upon the type of plant
material used in the experiment and the charcoal’s particle size. Given the factors determining
recovery rates, a correction factor could not be created to convert total OC recovery to active

OC recovery.

The ultra-violet (UV) photo-oxidation method can discriminate between active OC and
charcoal as well as the amount of physical protection afforded to organic material by soil
aggregates (Skjemstad et al., 1993) and theoretically by other OM bonding materials such as
Al or Ca ions. The method uses UV light as a substitute for the microbial decomposition of
SOM in a suspension. Decomposition of SOM using this method occurs gradually in four

steps.

Initially, SOM that is either free in solution or adsorbed to exposed surfaces is decomposed.
This is followed by the decomposition of SOM that is loosely bound to soil aggregates. Given
that SOM itself is part of the binding material in soil aggregates, these aggregates may start
to breakdown. Thus SOM lodged in small pores becomes exposed to UV light and
decomposed. Finally, SOM that is fully encased in a soil aggregate may become exposed to
UV light as the soil aggregate breaks apart. After a period of up to 2 h, the only SOM
remaining is either physically protected within aggregates or in the form of charcoal. The
presence of charcoal in some soil samples after the decomposition is complete has been

confirmed using nuclear magnetic resonance (Skjemstad et al., 1996)

1.6 Modelling nitrogen availability through turnover of organic carbon

Total OC is a simple parameter to measure and there is a close relationship between the C

and N cycle. Therefore several total SOC-based models have been developed to predict the
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amount of N that becomes available to plants during the cropping season (Payne and Ladd

1993a, 1993b). The models vary in their complexity.

1.6.1  Simple nitrogen prediction models

The simplest model assumes that the same proportion of SOC is available in all soils and that
mineralisation rates are constant at a wide range of soil temperatures and regardless of soil
texture. The only factors used to predict the amount of N mineralised over a growing season
is initial OC content and growing season rainfall. This simple model has been used in
extension programs for grain growers (Evans, 2000). However, as explained in the previous

t
discussion, these assumptions are unlikely to be valid.

A somewhat more involved model was developed in South Australia for use by grain growers
who crop in the southern part of Australia (Payne and Ladd, 1993a, 1993b). The growers’
model accounts for N inputed through growing leguminous crops and pastures in previous
years and the difference in N mineralisation rates due to clay content. Payne and Ladd
(1993a) suggested that SOC contents determined using the Walkley-Black method be
increased if clay content was below 10% and decreased if clay content above 40%. Soils with
modified OC% outside the range 0.6% to 2% are not accommodated by the model and no
adjustments were made for chemically protected OC. Seasonal differences in soil
temperature and moisture content are not accounted for in the model thus it is assumed that
net N mineralisation rates do not vary between seasons. The growers’ model is based upon N
mineralisation rates measuring in situ and in vitro for South Australian non-calcareous Xeralfs
principally in the Mid-North of the State (JN Ladd, personal communication). The validity of
the growers’' model for crops grown on the calcareous soils of Yorke Peninsula was
specifically questioned by Payne and Ladd (1993a). These calcareous soils were considered
to mineralise less N than expected given their OC contents. No reason was given for the low

net N mineralisation rates.

1.6.2 Complex nitrogen prediction models

Complex N prediction models have been developed and refined as more quantitative
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information about N cycling in soils becomes available (van Veen et al., 1984; Parton et al.,
1993). Models such as CENTURY (Parton et al., 1987), SUNDIAL (Smith et al., 1996) and
APSIM (Probert et al., 1998) account for most N losses, the effect of OM quality and soil
conditions that effect the microbial biomass. The flexibility of these models provides site
specific N mineralisation rates since they can accommodate changes in soil temperature, soil

moisture and various soil textures.

In addition, the complex models are built with separate sub-routines for the various types of
SOM. For instance, the CENTURY model which is based upon long term data from field
experiments at Rothamsted separates SOM into five pools each with a different turnover time
(Paustian et al., 1992). Two pools are for plant litter and animal manure, and three pools are
for SOM. The litter and manure is divided into a structural pool with a turnover time of about
one to five years and a metabolic pool with a turnover time of about one to 12 months (Parton
et al., 1987). SOM is fractionated into one of three pools primarily based upon the SOM’s
turnover time. The active fraction has the shortest turnover time of one to five years and
includes live microbes, metabolites and readily decomposable SOM such as carbohydrates.
The slow fraction is composed of SOM that is physically protected or is in chemical forms that
are more resistant to decomposition, for instance, cellulose. The turnover time for the slow
fraction is about 20 to 40 years. The third SOM pool is the passive or inert fraction which
consists of SOM that is highly resistant to decomposition due to physical protection within
aggregates or chemical protection in recalcitrant forms such as charcoal. The turnover time
for SOM in the passive fraction is estimated to be between 200 and 1500 years (Parton et al.

1987).

Using the CENTURY model requires many initial site parameters that are fairly simple to
measure such as soil bulk density, intial C and N content, clay and sand content, soil depth
and monthly rainfall data. The modetl also requires the initial percentage of SOM in each pool.
However, initial proportion of SOM in each pool can only be estimated because methods for
measuring SOM fractions are based upon chemical or physical fractionation not functional

fractionation. Estimates are based on site-specific values such as soil texture and residue
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lignin content.

The proportion of OM that was classified for the CENTURY model by Jenkison and Rayner
(1977) as chemically stabilised (passive fraction) was only 4%. Other work with CENTURY
model assumed that 8% of SOM had a turnover time of 1500 y (passive fraction) (Parton et
al., 1993). However, as previously mentioned, more recent studies have shown that some
soils contain far higher proportions of chemically recalcitrant OC than previously estimated

(Skjemstad et al. 1996, 1999a).
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1.7 Objectives of this research

The objective of this research was to investigate two main hypotheses:

A. Calcium carbonate decreases N mineralisation rates in South Australian soils under
field and cultural conditions.

B. The chemical cause of the reduction in N mineralisation is calcium forming bonds with

organic material thus slowing N mineralisation rates.

Hypothesis A was researched by conducting experiments that met the following objectives:

e Measure and compare in situ net N mineralisation in soil under two cropping treatments
on the Yorke Peninsula and in the Mid-North of South Australia.

e Determine if the presence of CaCOj; affects in situ net N mineralisation in soils measured
for the first objective.

e Develop an in vitro method for measuring net N and C mineralisation rates in calcareous
soil that gives an accurate estimation of in situ net N and C mineralisation rates.

e Measure and compare in vitro net N and C mineralisation rates in soils from Yorke
Peninsula and in the Mid-North of South Australia and determine if the presence of

CaCO; affects mineralisation rates.

Hypothesis B was researched by conducting experiments that met the following objectives:

e Find evidence for a mechanism involving calcium that explains the differences in
mineralisation rates between calcareous and non-calcareous soils from Yorke Peninsula.

o Determine whether differences in mineralisation rates between soils from Yorke
Peninsula and the Mid-North are due to chemical protection of OC as charcoal.

¢ Quantify the effect of physical and chemical protection of OC on N availability in soils from

Yorke Peninsula
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1.8 Flow chart

Chapter 2

Long term in situ N mineralisation study using the method of
Raison et al (1987) - Found high spatial variability

v

Estimating in situ N and C mineralisation in vitro
Chapter 3 Chapter 4
Risk assessment for Assessing techniques for
using ™C in alkaline soils minimising the effects of soil disturbance
- Found "C was suitable - Use repacked moist soit cores
Chapter 5

Long term in vitro C and N mineralisation study
- Found differences between soils

v

Chapter 6

Physical and chemical protection of OC
- Found differences between soils due to physical protection of OC
in Ca-OM aggregates and chemical protection of OC as charcoal

v

Chapter 7

Implications for predicting N fertiliser
requirements using OC based models
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CHAPTER 2

In situ net nitrogen mineralisation in agricultural soils with different contents of calcium

carbonate

2.1 Introduction

The N cycling models developed in South Australia for the purpose of predicting N fertiliser
requirements in the State’s annual cereal-based cropping systems (Payne and Ladd, 1993a,
1993b; Xu et al.,, 1996) are primarily based on net N mineralisation rates determined for
Rhodoxeralfs (Red Brown Earths) in the Barossa and Mid-North regions. Several in vitro
techniques (Ladd et al., 1977b, 1994) have been used to determine N mineralisation rates for the
South Australian N models (Payne and Ladd, 1993a, 1993b; Xu et al., 1996). The common
elements amongst the various in vitro techniques are that the soil is collected from the field,

repeatedly disturbed and kept moist during incubation.

As previously discussed, these actions maximise N mineralisation rates and allow potential rates
in the field to be determined. The shortcoming with in vitro techniques becomes evident when
attempts are made to relate potential N mineralisation rates to N mineralisation rates which occur
in the field (Cabrera and Kissel 1988a; Rees et al. 1994). Net N mineralisation has been shown to
be higher in sieved soil than in undisturbed cores in the field (Cabrera and Kissel, 1988a; Sierra,
1992) and laboratory (Ross et al., 1985; Cabrera and Kissel, 1988b). In Cabrera and Kissel's
(1988a) experiments, net N mineralisation predicted from laboratory incubations was
overestimated by between 67% and 343% compared to field studies. Sieving soils and incubating
at a low bulk density (< 1 Mg m'3) relative to field bulk density has also been shown to increase
CO; release during the first few days of incubation particularly in clay soils (Franzluebbers, 1999)
although not necessarily by a significant amount (Hassink, 1992). Overestimates of C and net N
mineralisation has been attributed to microbes’ having greater access to OM after soil aggregates

are disrupted by wetting and drying (van Schreven, 1967) or sieving (Sierra, 1992). Additional
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explanations relate to more OM becoming available through incorporation of organic residues
upon sieving (Raison et al., 1987), decomposition of cut root material, and decomposition of

microbes killed during the action of sieving (Ross et al., 1985).

The issue of overestimation becomes critical when the purpose of measuring N mineralisation
rates is to include the data in models designed to predict how quickly organic N becomes
available to plants. Overcoming the limitations of in vitro techniques requires N mineralisation to
be measured in situ. A technique developed for forest ecosystems (Raison et al., 1987) is
considered to most closely reflect N mineralisation in field conditions (Cabrera and Kissel, 1988a)
and has been shown to be related to in vitro measurements through soil temperature and

moisture (O'Connell and Rance, 1999).

In addition to the potential inadequacy of Payne and Ladd’s (1993b) prediction model because of
the methods used to acquire net N mineralisation data, the validity of using these models in the
calcareous soils of Yorke Peninsula is in doubt (Payne and Ladd, 1993a). In part, this uncertainity
arose because calcium had been found to reduce net N mineralisation rates in laboratory studies
(Muneer and Oades, 1989a) and in some field studies (Muneer and Oades, 1989b, 1989c) where
Ca was applied to non-calcareous soil. Restricting usage of the N prediction model to non-
calcareous soils in South Australia would severely limit the model’s application because large
areas of wheat and barley production occur on calcareous and alkaline soils in the Mallee, Yorke

Peninsula and Eyre Peninsula.

The experiments presented in this section were designed with two purposes; to determine if in
situ net N mineralisation rates differed between the Red Brown Earths of the Barossa and the
Xeralfs of Yorke Peninsula and to determine if the presence of naturally occurring calcium in the
field affected in situ net N mineralisation rates. These aims were approached by using the
exposure method (Raison et al., 1987) to measure in situ net N mineralisation rates at two sites

on Yorke Peninsula and one site in the Barossa under oat (Avena sativa L. cv Wallaroo) and
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fallow treatments. A field pea (Pisum sativum L. cv Alma) treatment was included in preparation

for the following season.

2.2 Materials and methods

2.2.1 Locations and soils

Three field sites differing in their CaCOj; contents were selected in two regions of South Australia
with wheat and barley based dryland cropping systems. Two of the field sites were selected in a
single paddock on a commercial farm (Kenton Farm) near the township of Arthurton on Yorke
Peninsula (34° 11’ S 137° 51’ E). Initial site selection was based upon a fizz test (1M HCI) in the
field for the presence of carbonates. The fizz test showed that the sites differed in their carbonate
content. Field observations were confirmed in the laboratory by measuring the CaCO; equivalent
(CCE%) (Allison and Moodie 1965) in soils taken from each site. The sites, hereafter referred to
as Low CCE and High CCE, had 0.4% and 9.8% CCE, respectively. The two sites on Yorke

Peninsula were selected to assess the effect of Ca on net N mineralisation rates.

A third site with very low CaCOj; content was selected at Turretfield Research Centre near the
township of Rosedale (34° 55’ S 138° 83’ E) in the Barossa Region. The key feature of these

three sites was that they differed in their CaCO; contents.

2.2.2 Initial soil sampling and soil analysis

Prior to commencing the experiments in winter, the Yorke Peninsula and Turreffield sites had
been fallowed through the summer with sheep grazing the stubble from the previous winter wheat
crop. Two weeks before establishing the field experiments, 15 soil samples (0-100 cm) were
taken in a 10 m x 10 m grid pattern over each site. Deep cores were divided into 6 increments (0-
10, 10-20, 20-40, 40-60, 60-80 and 80-100 cm) and assessed for inorganic-N content after air

drying the soil at 40°C for 72 h (Fig 2.1). After air drying, soil was passed through a 2 mm sieve
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Figure 2.1. Amount of inorganic N (nitrate-N plus ammonium-N) and the standard deviation at each depth for 6 depth increments prior to

sowing at the three field sites (n = 15).
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Figure 2.2. Rainfall from the 1 July 1994 to 31 December 1994 as measured at Turretfield Research Centre, Barrossa Valley, and

Kenton Farm, Yorke Peninsula. Turretfield season and YP season show the length of growing season from sowing to harvest.
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and 10 g (air dried weight) was extracted by end over end shaking for 1 h in 100 mL of 2M KCI.
The extract (25 mL) was filtered through Whatman No.42 filter paper and shaken with 1 g Chelex
100 resin (Bio-Rad Laboratories Inc.) for 45 minutes to remove Mg> and Ca’* ions which would
have otherwise interfered with the hydrazine sulphate mediated reduction process used for
determining nitrate and ammonium by colourmetric analysis (Ananth and Moraghan, 1987;
Kempers and Luft, 1988). After shaking the extract was decanted and analysed for nitrate and
ammonium (Kempers and Zweers, 1986; Rayment and Higginson, 1992) using an Alpkem auto-
analyser with WinFLOW Il software (Perstorp Analytical, USA). All inorganic-N results were
adjusted for the moisture content of the air-dried soil. Moisture contents for air dried and field
moist soil was determined by placing 25 g to 30 g of soil in a pre-weighed plastic container,
weighing the soil in the container and placing in a drying oven at 105°C. Soil samples were left in
the drying oven until they reached a stable weight. Drying time was about 2 days for air dried soil
and 4 days for field moist soil. Soil samples were re-weighed after drying. Moisture content was

calculated as follows :

% Moisture Content = (wet soil weight — dry soil weight) x 100

dry soil weight — container weight

General soil characteristics for the three sites were determined from soil samples taken prior to
commencing the experiments and before application of any fertiliser for the upcoming season

(Table 2.1).

2.2.3 Germination rates

The germination rates of oat and pea seed used in the field experiments were quantified in the
laboratory so the seeding rates could be calculated. Two hundred randomly selected seeds of
each type were placed on sheets of paper towel moistened with distilled water. The paper towel
was loosely wrapped, placed in a plastic bag with about 10 mL of free distilled water and sealed.
The sealed plastic bags were placed in an incubator at 30°C. After 3 days incubation, the seeds

were removed and the germination rate was determined by counting how many seedling had a
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radical at least 1 cm long. The germination rates were 78% for oat and 88% for pea.

Table 2.1. Soil characteristics in the 0 to 10 cm layer prior to field experiments for the two

sites on Yorke Peninsula and the site at Turretfield.

Characteristic Units Low CCE High CCE Turretfield
Soil type * T Haploxeralf  Rhodoxeralf  Rhodoxeralf
Colour ® Dark brown Brown/Grey Light brown
Bulk density Mg m™ 1.02 1.00 1.20
Clay © % 40 24 35
pH (water) ° 8.1 8.5 6.9
Organic carbon & % 1.92 2.26 1.29
TotalN F % 0.159 0.250 0.180
CCE® % 0.4 9.8 <0.1
Extractable P " mg kg’ 43 49 63
Extractable K " mg kg’ 660 362 640
Electrical conductivity © dsm”’ 0.18 0.18 07
Exchangeable Ca ' cmol kg™ 30.70 33.70 12.35
Exhangeable Mg ' cmol kg’ 4.93 3.34 4.56
Exchangeable Na ' cmol kg'1 0.64 0.60 0.45
Exhangeable K ! cmol kg'1 2.03 1.16 1.90
Cation exchange capacity'  cmol kg™ 38.30 38.80 19.26
Extractable Cu ” mg kg™ 2.4 1.1 1.2
Extractable Zn * mg kg‘1 571 18.3 20.1
Extractable Mn * mg kg™ 195 12 37
Extractable Fe * mg kg™ 36 1 3

""" Soil Survey Staff (1989). ° Munsell colour charts (Anon., 1994). ~ Determined by particle size
distribution (Shedrick and Wang, 1993). P pH (H,O 5:1 water : soil extraction). = Walkey-Black
method (Walkley and Black, 1934). F Determined by combustion. € Calcium carbonate equivalent
(CCE) (Allison and Moodie, 1965). H Extraction in 0.5M NaHCO; (pH 8.5) (Colwell, 1963). '
Extraction in 1M NH,CI (pH 7.0) (Rayment and Higginson, 1992), J Extraction in DTPA (Rayment

and Higginson, 1992).
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2.2.4  Experimental design and agronomy

The experiments at each site were arranged in a complete randomised block design with three
crop treatments; oat, field pea and fallow. Each treatment had five replicates. All plots were 10 m
x 10 m. The experiments at Turretfield and Yorke Peninsula were sown on the 5" and 6™ of July

1994, respectively.

Seeding rates were based upon guidelines established for the local regions (Taylor et al., 1991)
and anticipated germination rates of 80% and 90% germination for oat and pea, respectively. The
oat crop was sown at 70 and 90 kg seed ha' and the pea crop was sown
at 85 and 110 kg seed ha™ at Yorke Peninsula and Turretfield, respectively. Based upon these
seeding rates the target crop densities were 35 pea plants m? and 180 oat plants m? at Yorke

Peninsula sites and 45 pea plants m? and 230 oat plants m at the Turretfield site.

One day prior to sowing, the Turretfield site was harrowed and cross-harrowed to evenly
distribute residual wheat straw. Immediately prior to sowing, soil was conventionally cultivated to
a depth of 5 cm with one pass at all sites. In the same operation, P was applied at 20 kg P ha” as
triple superphosphate. Seed was sown at a depth of 5 cm using a 10 row cone seeder with 18 cm
row spacings and trailing harrows. Due to the width of the seeder and the plots, each plot was

sown in six side by side sections.

Emergence density within each plot was monitored by counting the number of plants in 9 x 1 m
rows within each plot at 31 and 42 days after sowing (DAS). Only a maximum of three rows were
counted from any one of the six sections within a plot. Throughout the experiment, fallow plots
were kept free of vegetation by periodically spraying with glyphosate (Roundup by Monsanto
Australia Ltd) applied at 2 L ha™. Oat were not sprayed for weeds at any time during the

experiment.

At maturity, grain and straw yields were determined by harvesting one 1 m? area within each plot
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by hand. The remaining grain within each plot was harvested on the 12" and 9" of December
1994 using a plot harvester. Daily rainfall data was recorded at both locations throughout the

experiment (Fig 2.2).

2.2.5 In-season soil sampling and net nifrogen mineralisation

The season was divided into three periods for the purpose of measuring rates of net N
mineralisation. The length of an in situ incubation period was based upon in-season rainfall.
Periods were longer when rainfall was limited as the daily change in inorganic N was expected to
be relatively small. Net N mineralisation rates were measured in oat and fallow plots using the
method described by Raison et al. (1987) for forest systems and adapted by Stein et al., (1987)
for use in cereals. Since pea plots were only included as a prepatory treatment for measuring net
N mineralisation in the following season under a cereal, net N mineralisation was not measured in

this season.

The methodology consisted of taking three soil samples from the 0-10 cm layer at each sampling
time. Two samples were contained in 15 cm length tubes (75 mm diameter) made from
polyvinylchioride (PVC) stormwater pipe and the third was taken using a 7.5 cm auger. Based
upon inorganic-N results for the deep cores taken prior to sowing, nine random sampling points
were installed in each plot. Intensive sampling was deemed necessary to overcome the high
variability in inorganic-N at each site. At each sampling point a pair of tubes (15 cm apart) were
hammered into the soil to a depth of 10 cm using a one piece core driver especially designed to
fit 75 mm diameter tubing. Cores were only placed between plants. After installation, one of the
tubes was capped with stormwater capping (L) which had four holes drilled in the sides (3 mm
diameter) of the cap at equidistance points. These holes allowed air movement across the soil
surface inside the core. The other tube in each pair was left open (NL) to measure the amount of
inorganic-N leached from the 0-10 cm layer. Directly after installing each pair of tubes, a soil
sample was taken within 30 cm of the pair to a depth of 10 cm using a 75 mm auger. The auger

sample (NT) provided a baseline for the commencing sampling period. Net N mineralisation and
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leaching were calculated using the following equations from Stein et. al. (1987) :

Net N mineralisation = L.y — NT,

Leaching = Ly — NL;

where L is inorganic N in the capped core and NT is inorganic N in the auger sample and NL is

inorganic N in the open core.

After sampling, soils were stored at 4°C prior to air-drying at 40°C for 3 days and analysing for
nitrate-N and ammonium-N using the same procedure described for the analysis of the initial soil

samples.

At the Yorke Peninsula sites, the in situ incubation periods for LowCCE were for 28, 30 and 57
days during the season covering the dates 4™ August to 1 September, 2™ September to 1%
October, and 2" October to 26™ November, respectively,. Dates for initiation and termination of
incubation periods were one day later for HighCCE. At Turretfield, in situ incubation periods were

for 28, 29 and 56 days during the season covering the dates 2" August to 30" August, 31 August

to 29 September, and 30" September to 24" November, respectively.

2.2.6 Statistical analysis

Differences in grain yields between sites were analysed using the two sample unpaired t-test
procedure in SAS version 6.12 (SAS Institute Inc., 1996). The two sample paired t-test procedure
was used to determine if there was any difference in the soil moisture content of samples taken at
each site at the three sampling times. The General Linear Model (GLM) procedure in the same
statistical program was used to compare the amount of inorganic N in each sample type (L, NL
and NT), the rates of N mineralisation within the three incubation periods and the overall net N
mineralisation rate for fallow and oat treatments within each site. Differences in inorganic N and N

mineralisation between sites could not be statistically compared because standard errors differed
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between sites by more that two fold (Gomez and Gomez, 1984). Attempts were made to map the
variability in inorganic N within each plot. However, the variability was too high to enable a curve
to be fitted to the semivariogram that was needed to allow point specific data to be krigged and

interpolated for mapping.

2.3 Results

2.3.1 Seasonal characteristics

The long term median annual rainfall for the middle region of Yorke Peninsula (Maitland, 34° 38’
S 137° 68’ E) and for Turretfield is 485.9 mm and 459.1 mm, and the median in-season rainfall
from July to December (inclusive) for the same locations is 254.1 mm and 241.6 mm, respectively
(Bureau of Meteorology, 1995). Compared to these long term medians, rainfalls during the
season were relatively low. The annual and in-season rainfalls at the sites on Yorke Peninsula
were 261 mm and 123.5 mm, respectively. Between sowing and the first emergence density
count, 42 mm of rain fell and a further 9.5 mm fell between the first and second emergence
density counts. At Turreffield, the annual and in-season rainfalls were 467.9 mm and 156.2 mm,
respectively. Between sowing and the first emergence density count, 38.8 mm of rain fell and a

further 10 mm fell between the first and second emergence density counts.

2.3.2 Emergence and plant densities

At 31 DAS, seedling emergence density at the Yorke Peninsula sites relative to target densities
were 59% and 75% for pea and 63% and 22% for oat at Low CCE and High CCE, respectively
(Table 2.2). At Turretfield, emergence densities relative to target densities 31 DAS were 97% and
95% for pea and oat, respectively (Table 2.2). After a further 11 days, the emergence density had
increased to 91% and 80% for pea and 73% and 47% for oat at Low CCE and High CCE,
respectively (Table 2.2). At 42 DAS, emergence densities at Turretfield were 109% for pea and

95% for oat.
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Table 2.2. Emergence density (plants m'z) of field pea (cv Alma) and oat (cv Wallaroo) at
Yorke Peninsula (Low CCE and High CCE) and Turretfield field experiments as measured

by counting 9 x 1 m rows at two times (31 and 42 days after sowing (DAS).

Low CCE High CCE Turretfield
 Field pea o -
First count 21.5(*17.0) 27.5(15.7) 457 (15.7)
Second count 33.1 (14.5) 29.1 (10.4) 51.2 (12.0)
Oat
First count 113.5(37.3) 39.4 (40.0) 22.2 (17.9)
Second count 131.9 (12.5) 84.4 (12.5) 221.7 (15.5)

* co-efficients of variation are given in parentheses.

Plant densities at harvest on Yorke Peninsula were 93% and 96% for pea (Table 2.3) and 79%
and 48% for oat (Table 2.4) at Low CCE and High CCE, respectively. At harvest at Turretfield,
plant densities had fallen to 73% and 49% of the target densities for pea and oat, respectively
(Tables 2.3 and 2.4). Pea plants at both Yorke Peninsula sites were visibly water stressed in the

first few weeks of the season as indicated by purpling on the edges of the leaves.

2.3.3 Straw and grain yields and yield components at Yorke Peninsula
Yield components showed that pea plants grown at Low CCE were smaller and produced fewer
pods and less grain than plants grown at High CCE. This resulted in pea plants grown at Low

CCE attaining lower grain and straw yields than pea plants at High CCE (P = 0.320).

Oat grain yield at Low CCE were 9.3% lower than grain yield at High CCE, however, the plant
density was higher at Low CCE as indicated by the crops’ emergence density at 42 DAS. The
higher plant density at Low CCE was negated by plants producing fewer tillers, heads, spikelets

and grain per plant than oat plants grown at High CCE. Viable grains from Low CCE also had a
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slightly lower grain wieght than viable grains from High CCE.

Table 2.3. Grain and straw yields (kg ha'1), number of plants m* and yield components

(plant™) of field pea (cv Alma) at Yorke Peninsula (Low CCE and High CCE) and Turretfield

field experiments as measured after harvesting by hand on 1%t and 6" of December,

respectively.

Low CCE High CCE Turreffield
“Grain yield 1008 (*21.1) 1533 (14.6) 1352 (19.6)
Straw yield 1448 (23.3) 1888 (18.6) 1736 (14.0)
Harvest index 0.44 (23.2) 0.45 (8.7) 0.44 (19.3)
Number of plants 33.7 (13.2) 34.9 (16.7) 34.3 (13.5)
Pods 4.43 (22.1) 5.55 (17.9) 5.15 (18.1)
Viable grains 13.97 (26.9) 18.45 (15.4) 16.70 (14.7)
Total grains 13.97 (26.9) 18.45 (15.4) 20.03 (16.2)
100 grain wt 21.78 (12.3) 23.73 (4.9) 20.23 (9.3)

"+ co-efficients of variation are given in parentheses.

2.3.4 Straw and grain yields and yield components at Turretfield
Pea grain and straw yields at Turretfield was between the two yields attained at Yorke Peninsula
despite the higher seeding density and emergence density at 42 DAS. Only 83.4% of pea seed

was viable due to the seeds being infested by pea weevils (Bruchus pisorum L.).

Oat grain yield was also lower at Turretfield than the Yorke Peninsula sites despite the higher

seeding density and emergence density at 42 DAS.
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Table 2.4. Grain and straw yields (kg ha'1), number of plants m? and yield components

(plant™) of oat (cv Wallaroo) at Yorke Peninsula (Low CCE and High CCE) and Turretfield

field experiments as measured after harvesting by hand on 1* and 6" of December,

respectively.

Grain yield
Straw yield

Harvest index

Number of plants

Tillers

Heads
Spiklets
Viable grains

1000 grain wt

Low CCE

High CCE Turretfield
1603 (*12.7) 1768 (25.2) -~ 1139(18.0)
1939 (11.6) 1560 (22.1) 2178 (24.1)
0.45 (8.4) 0.53 (2.2) 0.35 (19.7)
142.3 (19.6) 86.6 (35.4) 113.6 (17.6)
1.69 (15.3) 2.03 (18.9) 4.06 (20.1)
1.67 (15.4) 1.97 (19.5) 1.57 (15.1)
20.07 (7.1) 26.97 (23.4) 21.42 (17.0)
40.78 (12.4) 66.10 (25.9) 43.91 (18.2)
27.71 (4.3) 30.91 (1.3) 22.85 (3.5)

* co-efficients of variation are given in parentheses.

2.3.5 Soil moisture inside and outside cores

At some sampling times and sites there were significant differences in the soil moisture contents

from within uncapped cores and from neighbouring unconfined soil (Table 2.5). At Turretfield, the

soil moisture content of soil in uncapped cores was significantly higher (P < 0.05) than soil from

neighbouring unconfined soil only at the first sampling time. At Low CCE, soil from uncapped

cores had a significantly higher moisture content (P < 0.05) than unconfined soil at the second

sampling time and a significantly lower soil moisture content at the third sampling time. At High

CCE, the soil moisture content was significantly higher in uncapped cores (P < 0.05) than

neighbouring unconfined soil at only the second sampling time.
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Table 2.5. Average moisture content (%) of soil in the 0 to 10 cm layer at Yorke Peninsula
(Low CCE and High CCE) and at Turretfield, at three sampling times during the growing

season and by three soil sampling types (L, UL and NT).

Sample time and type Low CCE High CCE Turretfield

% % %

L, T 268(*27) 23.5(1.0) 13.5 (2.0)
UL, 19.2(3.8)  18.7(1.8) 11.5 (2.4)
NT, 19.9 (2.0) 196 (1.7) 9.8 (1.9)
L, 209(3.2)  20.3(1.5) 9.2 (2.1)
UL, 202(39) 19.9(2.2) 8.4 (2.8)
NT, 17.7 (1.7) 18.3 (1.3) 7.4 (1.7)
Ls 14.5 (2.3) 14.3 (2.8) 8.0 (2.2)
UL, 10.3 (1.0) 10.1 (1.9) 5.2 (0.8)
NT, 109 (1.9)  10.5(2.6) 5.1 (1.4)

* standard deviations are given in parentheses.

2.3.6 Effect of crop treatment on net nitrogen mineralisation rates

2.3.6.1 Within each site

Of the four occasions inorganic N was measured within each plot at each site, eight, three and
four sampling times at Low CCE, High CCE and Turreffield, respectively, showed that the amount
of inorganic N present under oat was significantly less than in fallowed soil (Table 2.6). However,
these differences did not tend to translate into differences in net N mineralisation rates either
within each incubation period or over the whole experiment (Fig 2.3). Only in the first incubation
period at High CCE were net N mineralisation rates different between crop treatments. The lack
of difference in net N mineralisation rates was primarily due to high variability between replicates
at each site as shown in Figure 2.3. This stemmed from high coefficients of variation for inorganic

N measured at each sampling time. Coefficients of variation ranged between 19% and 240% at
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Low CCE, 13% and 112% at High CCE, and 44% and 637% at Turretfield. Despite the high
variability, one constant for the three sites was that the net effect of changes in the form of N was
mineralisation in all incubation periods and both treatments except the second period under fallow
at Turretfield. Following on from net changes in N form within incubation periods, the overall

effect was net N mineralisation at all sites.

Table 2.6. Difference between the amount of inorganic N g soil”’ under fallow and oat

treatments (Fallow minus Oat) in Low CCE, High CCE and Turretfield at all sampling times.

Low CCE ~ High CCE Turretfield

ug inorganic N g soil””  pg inorganic N g soil’ g inorganic N g soil”

Initial N -4.73 ns 5.87s -1.27 ns
First L 4.15s -2.47 ns -3.85ns
First NL 451 ns -0.84 ns 10.11 ns
First NT 535s 0.70 ns 1542's
Second L 3.66s 0.10 ns 4.26 ns
Second NL 451s -1.72 ns 4.89 ns
Second NT 6.10 s 3.54 ns 156.56 s
Third L 13.94 s 11.84 s 38.43s
Third NL 1580 s 12.70 ns 31.29ns
Third NT 13.27s 1257 s 33.29s

s = significant difference in the amount of inorganic N in soil under the two crop treatments, ns =

non-significant difference in the amount of inorganic N in soil under the two crop treatments
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