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FOREWORD
Soil is vital to the livelihood of our society, whether we plant in it, keep animals on it, build on it, make
gardens from it, or use for recycling waste products. Yet, too often our society takes it for granted or, at
least, does not accord it the importance and respect that the soil deserves.
Although Australia is termed an ancient continent, with old soils, which are therefore of poor fertility, it
has a great variety of soil types and a fascinating breadth of soil character with many potentials but, also,
many pitfalls. Queensland itself comprises much of this array of soil types and characteristics.
Queensland and Australia boast a proud, international reputation in soil science, and for implementing the
latest scientific research in the use and management of soil resource. We do not want to lose that
reputation or let our transfer of information and technology from the scientists to the practitioners in soil
use decline either. So I believe it is imperative that the soil scientists maintain the communication of new
and core knowledge with the community involved with soil in any and every way. We in the Australian
Society of Soil Science have an obligation to do just that and that is why we are pleased to present
another ‘Refresher Training Course’ in S E Queensland and are equally pleased to see the enthusiasm
from the soil-involved community to participate in such an event.
The traditional government institutions no longer dominate the conduct and implementation of soil
science in our Australian and Queensland environment. Commercial consultants, industry managers and
local authorities are realising the benefits of good soil science skills and expertise in a diverse range of
environmental settings and land use applications.
Always, our knowledge of pedology, soil chemistry and physics, soil ecology, and organic and nutrient
cycling is imperfect. So we are continually discovering new things, creating new knowledge, developing
new ideas, reclassifying soil entities, revising previous thinking, and rethinking management practices
and appropriate evaluation of those practices to protect, conserve, and sustain this vital resource.
We must also continually inform those who evaluate and manage the soil resource, and those who decide
upon the fate of the soil’s use, as well as judge the effect of its misuse, to maintain the integrity of the
resource for the future.
I hope that this training course and subsequent ones go some way to achieving that goal and that you as
participants feel more competent and confident to carry out your roles concerning the soil as a result. I
also hope that you too may pass on the knowledge of experienced scientists and practitioners presenting
the course here today and that you too will encourage communication within the community and between
the generations.
I would like to thank the organising committee (names appear on inside cover) for their energies and
commitment to not only this event but also to the design and conduct of the concept since its inception.
I am sure you will have a rewarding time at the course and make new colleagues and friends. Most of all I
hope you get enthused, or re-enthused, to go out and do good things with our soil.

Robin Thwaites
President ASSSI (Queensland Branch)
School of Natural Resource Sciences, QUT
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Chapter 1. Soil Profile Description1
RC McDonald
(ex) Land Resources Branch, Queensland Department of Primary Industries, lndooroopilly Qld
4068
Abstract
A soil profile description is useful, even essential, in understanding a soil’s behaviour, devising
management systems, reinterpreting the suitability of the soil through time for different uses, identifying
environmental impacts or gross disturbances, for forensic examination, archaeological studies,
classification and transfer of knowledge and experience to or from similar soils. An understanding of
soil-forming factors and processes operating in the landscape is desirable in devising the best long-term
management strategies for soils. Soil horizons and attributes are briefly described and various qualitative
interpretations of the attributes outlined. Recognition of soil limitations is necessary in developing
management strategies which will give sustainable production with minimal degradation to the land
resource.
Keywords: Genesis, Horizons, Soil attributes, Colour, Field texture, Structure, Consistence,
Segregation, pH, Management, Sustainable production

1.

INTRODUCTION

Why have a soil profile description anyway? Not the most riveting of questions, is it? It is the sort of
question 99% of Australians would respond to with a yawn or the guarded blandness that greets the
esoteric. And yet it is an important question. Soil affects everything that grows or is built on it, in some
way or another. We drink water that has been harvested after moving over or filtered through the soil.
We eat, sleep and live in houses built on soil, drive our cars on roads built on soil, spend our working
lives on soil or in structures on soil—and eat food, 90% of which is grown on soil or depends on soil, as
most animals do, for their very existence. As we do.
Without soil we would not survive, nor would the world as we know it. Soil is such a basic essential to
life that most people take it for granted. But we are not most people. We are part of that relatively small
percentage of people who are interested in managing soil for environmental or agricultural uses. If we are
going to manage something, we need to know what it is we are managing. What are its component parts?
How do they work?
A soil profile description provides us with an inventory of the morphological attributes of a soil. This is
used in determining which attributes may affect a particular crop or land use by favouring or limiting a
specific plant’s’s growth. The description can be used in association with analytical data to better
understand how a soil may react to various uses. This knowledge is very important in developing
management strategies which will maintain optimum long-term production with minimal degradation to
the land.
Uses of soils vary over time and soil descriptions provide a base for reinterpreting the significance of soil
attributes through time for different uses. The soil profile description is essential for soil identification
and placement of soils in soil classification schemes. It is thus necessary for the transfer of knowledge
about soils to other areas with soils of similar description.
For soil profile descriptions to be most effective in knowledge transfer, they should have standardised
terminology. The standard for Australian soils is the Australian Soil and Land Survey Field Handbook
(McDonald et al. 1990), later referred to as the Field Handbook.
1

This paper is an update of that presented by Ron McDonald (now deceased) to the first Refresher Training Course in Soil
Science, held in Brisbane, 5–9 December 1988 by the Australian Society of Soil Science Inc. (Queensland Branch). The
updating was conducted by Doug Smith and Bernie Powell of the Department of Natural Resources and Mines.
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This paper briefly describes the major factors in soil genesis (soil forming factors) and provides an
introduction to attributes of the soil profile and how they are described and interpreted. The paper has
been prepared largely from the following texts: McDonald et al. (1990), Murtha (1988), Fitzpatrick
(1980), Northcote (1984), Thompson et al. (1983), Soil Survey Staff (1975), Young (1976), Schafer
(1985) and Reid (1985).

2.

SOIL GENESIS

The pioneering Russian Dokuchaev (1883) firmly established that soils develop from the interplay of five
soil forming factors: parent material, climate, organisms (living matter), relief and time.
2.1 Parent material
Soils develop from consolidated material or rocks once they weather and disintegrate to decomposed rock
or saprolite. Soils also develop from unconsolidated material such as alluvial or aeolian (wind blown)
deposits. Light-coloured, coarse-grained, siliceous rocks (such as granite) form soils with coarse sandy
surfaces. Dark-coloured, fine-grained, iron-magnesium rich rocks (such as basalt) weather to form
clay-rich soils, often with minimal textural variation through the profile.
2.2 Climate
Climate is the main factor governing rate and type of soil formation, type of vegetation and geomorphic
processes. Rainfall and temperature are the two most important climatic factors. Atmospheric climate
does not always give a true picture of soil climate. For example, a closed depression where water lies for
long periods may be adjacent to a slightly elevated site with relatively good drainage, giving two different
soil climates. Rainfall intensity governs its effectiveness, light falls evaporating quickly and high
intensity falls giving run-off and danger of erosion. Moderate intensities are the most effective for
providing water as a medium for the chemical reactions associated with soil genesis and the provision of
available water for plants. High rainfall may contribute to development of distinct soil horizons through
leaching, eluvation and illuviation of soil constituents such as clay, organic matter and salts.
Soil temperature influences the level of activity of soil organisms and the rate of chemical reactions. It is
influenced by altitude, cloudiness, humidity, prevailing winds and vegetation cover. Soil colour and
moisture content strongly influence soil temperature, and heat conduction to depth depends mainly on soil
porosity and moisture content.
2.3 Organisms
A very wide range of plants and animals affect soil development. Life-forms range from microscopic
bacteria to large mammals, including man. Higher plants probably make their greatest contribution to soil
formation through their addition of litter to the surface of soils, except in some agricultural practices
where it is removed. Recent Australian work has provided a link between development of laterites and
related oligotrophic (low nutrient) soils with the biotic activity of proteaceous plants and their secretion of
organic acids (Pate et al. 2001). Micro-organisms including bacteria and fungi particularly,
actinomycetes, algae and protozoa, participate in a large number of generally poorly understood but
important processes in the soil. These include nutrient cycling and soil moisture retention.
Mesofauna such as earthworms, ants, termites, nematodes, mites, millipedes, centipedes and many insects
work in the soil, the majority being concentrated in the A horizon (see section 3, The Soil Profile), though
some penetrate much deeper. Earthworms ingest organic and mineral material and are responsible for
considerable soil mixing or pedoturbation. Burrowing animals can cause significant mixing of A and B
horizons.
Uncontrolled grazing by introduced hoofed animals has left soil surfaces in many parts of Australia
denuded, pulverised and subject to accelerated water and wind erosion. People have had a profound
effect on soils, and in many countries it is difficult to find soils that have escaped human influence.
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2.4 Topography
Topographic features fall into three main categories: those features formed by tectonic processes, those by
erosion and those by deposition. Topography is one of the chief factors determining the pattern of soils in
the landscape.
Soil properties commonly found to be related to relief are depth of soil, thickness and organic matter
content of the A horizon, relative wetness of the profile, colour of the profile, degree of horizon
differentiation, soil reaction (pH), soluble salt content, type and degree of pan development, temperature
and nature of the initial material (Buol et al. 1973).
2.5 Time
Soil formation is usually a very slow process requiring thousands and even millions of years, though
some surface horizons can develop in a few decades in unconsolidated material. Fitzpatrick (1980)
suggests that weathering of rocks to form soils such as red earths may take more than a million years. As
evidence, he indicates that such soils are found mainly on very old land surfaces which have been
exposed to weathering since at least the Tertiary period.
It is highly desirable that the processes operating in the landscape be understood. This can be useful in
understanding the distribution of soils in the soil landscapes, the likely or possible consequences once
land is developed and what management strategies might best be used to ensure sustainable economic
production on the land.

3.

THE SOIL PROFILE

Soils are organised in soil horizons or layers of soil approximately parallel to the land surface. Soil
horizons have morphological attributes different from horizons above and/or below them.
The soil profile is a vertical cross-section of soil from the soil surface through all its horizons to parent
material, other consolidated substrate material or selected depth in unconsolidated material. The soil
profile is usually described to a depth of 1.5 to 2 metres unless rock is shallower.
Horizons are more fully discussed in the Field Handbook (McDonald et al. 1990), p.104.
3.1 Organic horizons
Organic horizons are horizons dominated by organic material in varying stages of decomposition; two
organic horizons are described here (O and P).
O horizons have formed in relatively dry conditions, not underwater or in excessively wet conditions:
O1 horizon: Original form of most of the vegetation (leaves, twigs) can be recognised with the naked eye.
O2 horizon: Original form of most of the vegetation cannot be recognised with the naked eye.
P horizons have long been commonly known as peat and formed underwater or in excessively wet
conditions:
P1 horizon: Original form of most of the vegetation can be recognised with the naked eye.
P2 horizon: Original form of most of the vegetation cannot be recognised with the naked eye.
3.2 Mineral horizons
Mineral horizons are horizons dominated by mineral material. A term commonly used by soil scientists is
the solum, which is comprised of the A and Bhorizons.
A horizons are horizons of maximum biological activity or eluviation or both:
A1 horizon: At or near the soil surface with some accumulation of humified organic matter.
A2 horizon: Has, either alone or in combination, less organic matter, sesquioxides, silicate clay than
immediately adjacent horizons.
A3 horizon: Transitional between A and B but dominated by properties of overlying A1 or A2.
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B horizons are horizons of accumulation or maximum development of pedologic organisation:
B1 horizon: Transitional between A and B but dominated by properties of underlying B.
B2 horizon: Dominant feature is one of the following:
− an eluvial, residual or other concentration of silicate clay, or iron, aluminium or
humus, either alone or in combination; or
− maximum development of pedologic organisation as evidenced by a different
structure and/or consistence and/or stronger colours than the A horizons above or
any horizon immediately below.
B3 horizon: Transitional between B and C or other sub-solum material but dominated by properties
of an overlying B2.
C horizons are horizons, usually partially weathered, that are recognised by their lack of pedologic
organisation. Remnants of the original fabric of the parent rock or sediment can usually be seen. When
moist, they can be dug with hand tools.
D horizons are horizons below the solum (A and B) with pedologic development contrasting with the
solum.
R horizons are horizons of strong or very strong rock usually too strong to dig with hand tools.
3.3 Horizon suffixes
(See Field Handbook, p.108). Suffixes may be added to a horizon name to note a unique feature of the
horizon such as B2k denoting that this horizon has a notable quantity of carbonate (k) segregations.

4.

PROFILE ATTRIBUTES AND THEIR INTERPRETATION

4.1 Effective soil depth
(See Field Handbook, p.103). This is the depth of soil available for root proliferation with beneficial
uptake of water and nutrients, and for adequate physical support for the crop. This will vary according to
the crop. The effective soil depth includes not only the solum (A and B horizons) but also any soft,
weathered material of the C horizon which roots use.
4.2 Colour
(See Field Handbook, p.113). Soil colour is measured on the surface of a freshly broken aggregate of
moist soil. If dry, the soil surface should be moistened. Colour is measured by matching the moistened
soil to a colour chip of the Munsell Soil Colour Charts or the Revised Standard Soil Colour Charts
(Oyama and Takehara 1970) that use the Munsell colour system.
Colour per se has no known direct effect on soil behaviour except for absorption of heat at the surface. It
is, however, particularly useful in recognition and identification of soils because it is so obvious and can
be easily measured against colour charts. It is also an indirect measure of other soil attributes.
Colour may be due to soil forming processes, or inherited from the parent material. In general, soil colour
is determined by the amount and state of the organic matter and iron oxides. Some colours may be relict
from prior climates and geomorphic processes not currently affecting the soil.
Organic matter tends to become darker with increasing humification. Although there is a broad
relationship between colour of surface soils and organic matter content, the relative darkness does not
reflect absolute levels of organic matter. In hot regions, well drained soils with high organic matter are
commonly less dark than soils in cooler regions with similar amounts of organic matter. Wetter soils of
temperate regions can be darker than adjacent well drained soils with the same or higher organic matter
content. The darkness of many black Vertosol soils (eg on the Darling Downs) is not due to high organic
matter levels but to clay–iron–manganese–organic matter complexes. The type of vegetation can also
affect soil colour. For example, soils under eucalypt–casuarina forest are darker than adjacent soils under
rainforest with similar organic matter content.
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Red and yellow colours are mainly caused by iron products in the clay fraction. Red colours usually
indicate good drainage and aeration. Yellow colours generally indicate a more moist and less well
aerated soil than red ones. Grey often indicates more impeded drainage and less well-aerated soils than
yellow soils, and very poorly drained soils can have gley colours (light grey, greenish and bluish) where
all the iron is reduced to the ferrous form. In the presence of organic matter the proportion of grey
generally increases with increasing wetness.
Bleached (near white or white) horizons such as in bleached A2 horizons of Podosols (podzols, humus
podzols), Sodosols (solodic soils, solodized solonetz, soloths) and Kurosols (some podzolic soils), are
indicative of seasonal saturation and intense leaching of these horizons. Iron and organic matter are
removed from the surface of sand and silt particles under wet conditions and leached out of the A2
horizon either vertically or laterally across the top of the underlying B horizon.
4.3 Mottles
(Field Handbook, p.114). Mottles are spots, blotches or streaks of sub-dominant colours different from
the matrix colour of the soil. They can be measured against soil colour charts or given simple colour
names such as red, orange, brown, yellow, grey, dark, grey or pale. Their abundance, size and degree of
contrast with the adjacent matrix colour is usually recorded.
Mottling commonly indicates soils that are imperfectly or poorly drained with periodic waterlogging and
alternating oxidising and reducing conditions. It can also be produced by weathering or can be relict from
prior climatic conditions. An example of relict mottling is the prominent red, yellow and grey mottled
zone in the remnants of the Tertiary lateritised ground surfaces which once covered most of Australia..
Mottling can occur as orange or rusty root line mottles in the A horizon of soils where water lies on the
surface for significant periods, or in B2 horizons subject to periodic waterlogging from perched or
fluctuating groundwater. Straw yellow mottles composed of the acidic mineral jarosite typically develop
when coastal sulfidic Hydrosols (acid sulfate soils) are drained.
Wilson (1982) in a study of soils with fluctuating watertables in the Ingham area found a strong
relationship between mottles, soil colour, and watertable heights. Red and brown mottles at the surface
graded into yellow mottles at depth where iron had been reduced in the wetter conditions. As the brown
soil colours became paler through yellowish brown to grey, the number of days the watertable fluctuated
in the horizon increased. He found mottle percentage and size increased with the period the watertable
fluctuates in the soil, the total number of days of waterlogging and the average waterlogging period.
Longer periods of waterlogging corresponded with increasing mottle contrast, paler soil and mottle
colours. The longer the waterlogging, the lower the sugarcane yield. Marginal soils for sugarcane were
indicated by 40–50% mottles or mottles larger than 15 mm or prominent mottles or red mottles at 0.5 m
depth.
4.4 Field texture
(Field Handbook, p.115). Soil texture is determined by the size distribution of mineral particles finer than
2 mm. Field texture is a measure of the behaviour of a small handful of soil moistened and kneaded into
a ball (bolus) and then pressed out between thumb and forefinger into a ribbon. The behaviour of the
bolus and ribbon produced characterises the field texture. The field texture grades (such as sandy loam,
silty clay loam) reflect the proportions of sand, silt and clay size particles in the soil. Field texture grades
(McDonald et al. 1990) are based on field determinations, not laboratory determinations of particle size
distribution. Field texture, although more subjective than laboratory determinations, is probably a better
guide to the soil’s behaviour. Salter and Williams (1967) found that field assessment of soil texture gave
a better estimate of available water capacity than laboratory particle size analysis in some soils they
studied.
Field textures can be affected by clay mineral type, organic matter content, oxides of iron and aluminium,
calcium and magnesium carbonates, exchangeable cation composition and soil structures. The effects are
discussed by McDonald et al. (1990, p.121).
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Soil texture is related to key soil water qualities such as rate of water entry, permeability, water storage or
plant available water capacity (PAWC) and deep drainage. However, these qualities are not affected by
soil texture alone but in association with other attributes such as condition of the surface soil, porosity,
soil structure, organic matter, coarse fragments (stone) content and effective rooting depth of soil.
Greacen and Williams (1983) support the generally held view (Salter and Williams 1965) that the
medium textured soils have the largest available water storage capacity (AWSC). However, they believe
that the influence of structure, particularly in the loam and sandy loam groups, is of greater importance.
They further consider the influence of soil structure in clay loams and clays compared with its influence
in loams and sandy loams is minimal. In the lighter textured soils, structure increases the available water
storage capacity.
A soil profile with a marked increase in clay content below a lighter textured surface soil (such as in
duplex soils, Northcote 1979) will impede internal drainage to varying degrees depending on its sodicity
(percentage of exchangeable sodium), soil structure and porosity.
Before water moves downward from a more clayey horizon into a lighter textured horizon directly below
it, it accumulates (to the point of temporary waterlogging) in the lower part of the more clayey horizon
before entering the lighter textured horizon below.
Soil texture is strongly influenced by the parent rock type or parent alluvial sediments. Granitic rocks
often form coarse sandy soils and basalts often weather to clay-rich soils. Different layers of alluvial
deposition are often reflected in the soil textures with coarse sand to fine sand ratios often differing from
one deposition layer to another.
In crops where the harvest material occurs below the ground surface (roots, tubers, underground fruit),
harvesting is more difficult in soils that adhere to the harvest material. This is most notable in high clay
content cracking clay soils (Vertosols).
4.5 Coarse fragments
(Field Handbook, p.123). Coarse fragments are fragments of rock including gravel (2–60 mm average
maximum dimension), cobble (60–200 mm), stone (200–600 mm), boulders (600 mm–2 m) and large
boulders (>2 m). Abundance is estimated visually from the whole soil or from the proportion retained by
a 2 mm sieve.
Surface coarse fragments can adversely affect cultivation, harvesting and processing of crops, especially
those that fruit below ground or low above the surface. Surface fragments can be useful in decreasing
erosion and increasing soil water entry into the soil.
The percentage of coarse fragments in the soil is important in interpreting analytical results. Coarse
fragments impose limitations on rooting volume, lowering the soil’s capacity to supply water and
nutrients.
Coarse fragment shapes can give useful guides to soil formation. Angular gravel will usually not have
moved far and be derived from the underlying parent rock type. Rounded gravel, particularly of resistant
minerals (quartz) will often have been transported large distances with alluvial material. Bands of more
resistant coarse fragments which run through all soil horizons upward from the substrate rock material
will indicate the soil is formed on the rock type underlying it. The type of coarse fragments and their
orientation in the profile can give some idea of the processes of formation of the soils. For example,
where mixed gravels (unrelated to the soil’s substrate material) lie at the base of the A horizon, on top of
the B horizon in a duplex soil, this can indicate that the A horizon may have been deposited over the B
horizon and that this is a polygenetic soil profile.
4.6 Soil structure
(Field Handbook, p.124). Soil structure refers to the distinctness, size and shape of peds. A ped is an
individual natural soil aggregate consisting of a cluster of primary particles, and separated from adjoining
peds by surfaces of weakness which are recognisable as natural voids or by the occurrence of cutans or
6
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clay skins (Brewer 1960). Artificial soil aggregates caused by cultivation or work being done on the soil
are clods (diameter 100 mm or more) or fragments (diameter less than 100 mm).
Soil structure is described by the grade, size and shape or type of peds. The grade of pedality refers to the
degree of development and distinctness of peds. It ranges from apedal soils, which have no observable
peds, to pedal soils with observable peds. In pedal soils, grade expresses the relative difference between
the strength of cohesion within peds and the strength of adhesion between peds.
Soil structure cannot be described adequately from an auger boring but is best described from a soil pit or
an undisturbed soil core.
The importance of soil structure in influencing soil productivity can scarcely be over-emphasised. The
suitability of a soil for plant growth and its response to management depends as much on its structure as
on its chemical fertility.
The voids between ped faces provide space for water and air to move through the soil. In general, the
greater the void space the better the permeability and aeration of the soil. Strongly structured soils which
separate on displacement to very small peds (eg. Red Ferrosols) have a very much larger area of planar
voids between accommodated or closely fitting ped faces than soils with much coarser peds (eg. Sodosols
solodized solonetz soils). The considerably poorer drainage of Sodosols compared with Ferrosols is not
only due to differences in structure, but also to Sodosols having high exchangeable sodium percentages in
their subsoils with consequent dispersion and poor internal drainage.
Structural stability is important for resistance to erosion. For example, cracking clays with strongly
structured self-mulching surfaces, slake on wetting and become susceptible to erosion, whereas red
Ferrosols, with peds more stable on wetting, are less erodible.
Excessive mechanical working of surface soils can destroy structure and adversely affect permeability
and aeration. A pasture phase to build up soil organic matter can be useful in improving structure.
Some types of structure are associated with particular Soil orders (Isbell 1996). For example, polyhedral
structure is associated with Ferrosols and some Kurosols. Columnar structure is a feature of the subsoils
of some Sodosols. Lenticular structure is usually found in the subsoils of Vertosols, and granular
structure in those with self-mulching surfaces.
Structure can be destroyed by cultivation of the soil when it is too moist and compact cultivation pans can
develop below the plough layer restricting the movement of water, air and roots.
Massive or weakly structured soils tend to form surface crusts or set hard after cultivation, which can
reduce water intake, increase run-off and erodibility and decrease seedling emergence.
4.7 Soil water status
(Field Handbook, p.137). Soil water status is assessed by its appearance and feel, and how well it forms a
ball or ribbon when worked in the hand. Whether horizons are dry, moderately moist, moist or wet can
give useful indications as to how water moves through the soil.
Two to three days after heavy rain, examination of the soil profile can indicate how deep the water moves
and where the throttle or relatively impermeable layer may be in the profile. In a porous red Kandosol,
water moves to significant depth, whereas in a Sodosol the A1 horizon may be slightly moist, the lower
A2 horizon wet with some free water and the upper B horizon may be dry several centimetres below this.
4.8 Consistence
(Field Handbook, p.138). Consistence refers to the strength of cohesion and adhesion in soil. It varies
with soil water status which must always be recorded with consistence. Strength of consistence is
measured by the resistance to breaking or deformation of a 20 mm diameter aggregate of soil which may
be a ped, group of peds or a fragment.
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The strength of consistence can be important in water entry, root penetration, soil workability and
trafficability. The stronger the dry strength becomes the more difficult workability, water entry and root
penetration become.
An increase in consistence with depth can be associated with horizons of relatively poorer drainage, the
stronger consistence presumably reflecting the increased bulk density and lower permeability.
4.9 Pans
(Field Handbook, p.143). A pan is an indurated or cemented soil horizon described according to its
degree of cementation, type, continuity and structure. Continuous pans are barriers to water and root
movement, but discontinuous or broken pans (depending on the frequency of breaks) are not as severe a
barrier. Soil pits or cuttings are required to properly describe pans.
Many pans (eg. calcrete) are thought to be relict and not indicative of modern soil forming processes.
4.10 Voids
Voids include cracks, spaces between unaccommodated peds, planar voids between accommodated peds,
and pores. Only macropores (greater than 0.075 mm diameter) can be seen with the naked eye.
The porosity of the soil profile, the upper horizons in particular, is very important in water entry and
aeration. Many cultivation practices are intended to increase porosity, but if done when the soil is too
moist, can have the opposite effect and destroy porosity below the cultivated horizon.
4.11 Segregations of pedogenic origin
(Field Handbook, p.146). These are discrete segregations that have accumulated in the soil because of the
concentration of some constituent by chemical or biological action. They are described by their
abundance, nature, form and size.
Iron, iron–manganese or aluminium nodules (usually reddish, orange, brown or yellowish) are indicative
of horizons with alternate wetting and drying and periodic waterlogging. They can indicate the zone of
groundwater fluctuation or the limit to effective rooting depth.
Manganese nodules (usually black) also indicate horizons with periodic wetness and can occur with
mangans (black manganese cutans or clay skins) at the interface between the upper alkaline soil and
deeper acid soil in grey and brown clays of the brigalow lands.
Carbonate concretions can indicate the depth of the normal effective wetting front in non-cracking soils.
Soft carbonates can occur in large amounts in the B horizons of some soils, especially the Sodosols of
southern Australia, where they impede root growth. Where they are associated with sodium, and
consequently pH greater than 8.5, nutrients such as phosphorus, iron, zinc and manganese become
unavailable to plants and lime-induced chlorosis develops in susceptible crops.
Gypsum is ten times more soluble than carbonate and usually occurs as translucent crystals below
carbonate segregations. In general, the more arid the climate the shallower the gypsum in the soil profile.
Yellow jarosite crystals form in the extremely acid horizon (pH less than 3) of coastal acid sulfate soils
(or cat-clays) when they are drained. These horizons are unsuitable for crop growth and are acid enough
to actively corrode steel and concrete, the effect increasing with increase in clay content and cation
exchange capacity (buffering capacity).
4.10 Soil reaction (pH)
(Field Handbook, p.148). Measurement of pH is determined in the field using a field pH kit. As a
general statement, adverse effects on nutrient uptake by plants are likely at pH below 5.5 and above 8.5.
Acid soils usually have a low base cation status and alkaline soils a high or excessive base status.
In some soils, correlations have been found between field pH and sodicity and consequently dispersion
and poor drainage (Baker et al. 1983).
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5.

CONCLUSIONS

Soil profile descriptions are essential in soil survey and in developing appropriate management or
remediation strategies that will give optimum production with minimal land degradation in the long-term.
They are useful in effective extrapolation of research results from crop trial sites. A knowledge of a soil’s
attributes can be very useful, even essential, in choice of crops/vegetation and management strategies
leading to economically sound decisions for land use.
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Chapter 2. Soil Classification1
RF lsbell
(ex) CSIRO Division of Soils, Davies Laboratory, Private Mail Bag, PO Aitkenvale Qld 4874
Abstract
We need classification primarily to group soils in a manner useful for practical purposes such as
predicting their behaviour, identifying their best use and estimating their productivity. Most
classification schemes in use are general purpose ones, and have obvious limitations because of the
diverse ways in which sails are used. Soils are essentially classified on the basis of the soil profile, but
the choice of differentiating criteria is very wide.
There are currently three systems in use in Australia – the Great Soil Group Scheme of Stace et al.
(1968), the Factual Key of Northcote (1960) and the Australian Soil Classification (ASC) of Isbell (1996).
The earlier two suffer from being some 37 years old and no longer adequately cater for many
(particularly tropical) Australian soils. The ASC was developed as a consequence of this deficiency and
is based on a far greater number of described soils throughout Australia. The international schemes
(Soil Taxonomy and FAO-UNESCO/World Reference Base) are briefly discussed. It is obvious that for
purposes of international communication Australian soil scientists must become familiar with one or both
of these systems.
The advent of numerical classifications and the widespread availability of fast computers initially gave
great hope for a solution to many of the problems of soil classification. Despite the advantages of
numerical methods and the large amounts of data that can be manipulated by computers, there are still
many arbitrary choices to be made. It seems likely that numerical techniques will complement, but not
replace, the traditional approach to all classification.
Key words: Soil classification, Soil mapping, Great Soil Groups, Factual Key, Australian Soil
Classification, Soil taxonomy, World Soil Map

1.

INTRODUCTION

The classification of soils appears to have evoked a more emotional response than the classification of
almost any other group of natural objects. This was particularly evident in the spate of literature on the
subject that appeared in the 1950s and early 1960s. While it may be conceded that by their very nature
soils are difficult objects to classify, and that the science of soil is relatively young, it would seem that
there must also be other reasons for the general lack of agreement on how soils should best be classified.
The dilemma is partly related to the wide diversity of uses to which soils are put, and the wide variety of
scientific interests of those who are concerned with the study of soil.
Essentially, soils (like other objects) are classified in order to organise our knowledge and thus reduce
complexity, as an aid to remember their properties, to bring out and understand relationships among soils,
to correlate information about soils, and to provide a means of transferring information about them. Most
importantly, classification aims to group soils in a manner useful for practical, applied purposes such as
predicting their behaviour, identifying their best use, and estimating their productivity. This last practical
objective is usually the concern of soil surveys and field research.
This paper outlines what we mean by soil classification, the various ways it has been achieved, and what
we actually classify. A brief review of current Australian classifications is given, together with some
thoughts on two international systems. Brief mention is also made of computer-based systems. Much of
the material presented here has been derived from papers by Moore et al. (1983) and Isbell (1984a,
1984b, 1988).
1

This paper has been updated by Bernie Powell, Department of Natural Resources and Mines.
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2.

SOME BASIC PRINCIPLES OF SOIL CLASSIFICATION

It should be realised that there are two components of soil classification, just as there are in the
classification of any other natural phenomena. One is the grouping of like soils into classes, and the other
is the assignment of an unknown or new entity to an appropriate existing class. This latter operation is
better called identification (or allocation), and is usually most conveniently carried out by means of a key
(Moore et al. 1983). The term ‘taxonomy’ is widely used as a synonym of classification.
It is repeatedly stressed in the scientific literature that no classification scheme can remain static. As new
knowledge is gained, soil classifications will need to be modified and improved. When any particular soil
classification scheme is devised there is never a complete knowledge of the universe of soils even on a
local scale. In effect classification is erected on the basis of a ‘sample’ of the soil population, and it is
unlikely that the ‘samples’ on which most classification schemes are based are unbiased. The result is
that all existing classification schemes are imperfect to some degree, and must benefit from modification
in the light of new knowledge.
2.1 Kinds of soil classification systems
The distinction has long been made between general and special purpose classifications, but in fact the
great majority of schemes in current use purport to be of the former kind. Whereas a special purpose or
technical classification is made for a specific purpose and is based on a few relevant attributes, a general
classification is based on a greater number of attributes and is (ideally) useful for a wide range of
purposes. Earlier general classifications, as well as some current schemes, have strong threads of genesis,
often on the assumption that a classification reflecting genetic relationships will be more ‘natural’, and
hence more suitable for a variety of purposes. The usual reasoning for this is that a classification
reflecting genesis will be a more reliable predictor of unmeasured characteristics that are linked in some
way to the genetic model. This of course is open to question, even assuming that we have sufficient
knowledge of soil genesis, which is usually not so.
There are other assumptions implicit it in both general and special purpose (technical) classifications. In
the former it is usually assumed that a degree of covariance exists between those properties (genetic or
otherwise) used in the construction and those that are known to be present but which cannot readily be
observed or measured and yet are important to the use of important to the use of the soil. However, the
validity of this assumption is open to question and has been challenged by a number of workers.
Similarly, a successful technical classification depends entirely on the soil properties most significant to
the particular purpose being known. Unfortunately, this is not always the case, as for example in the
situation of a new plant cultivar.
As Cline (1949) pointed out, one can group soils for a great variety of technical purposes and thus
establish technical groupings, each with a limited objective and with a special bias dictated by the
objective. It is essential then that there be a clear understanding of the objective for which the grouping is
made. Some of the technical groupings are based on many properties, others are based on a few. The
well known land capability classification of Klingebiel and Montgomery (1961) for instance, uses other
attributes as well as those of soil. In contrast, the equally well known Unified Soil Classification (FAO
1973) widely used by engineers is essentially based on particle size and Atterberg limits. It also needs to
be remembered that, as in the case of general purpose classifications, confusion must be avoided between
what Orvedal and Edwards (1941) referred to as categoric and cartographic expression, ie. all objectives
for which technical groupings can be made do not require expression of such groupings on maps in order
that they be useful. As a trivial example, a soil surveyor might report that all soils on ridge crests in a
particular area are stony and hence unsuitable for cultivation. This technical grouping conveys useful
information, although of course it may be even more useful if the spatial distribution is portrayed on a
map.
Although it is usually recognised that soil is a continuum (even though different kinds of soil are
commonly juxtaposed over short distances) and does not have discrete individuals as do biological
populations, the hierarchical system of biological classification is still widely used as a model for soil
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classification. The objections to this have been noted by a number of writers, eg. Avery (1968) and
Webster (1968).
However, in spite of philosophical objections, hierarchical schemes have a number of attractions that are
likely to result in their retention. The more obvious of these include assisting memory, enabling
abstraction at various levels, and facilitating the construction of keys for identification. An important
point not always appreciated by many users of hierarchical groupings was made by Orvedal and Edwards
(1941). It must be recognised that as soils are grouped into larger and more inclusive groups or classes,
the assertions that can be made about any group become progressively fewer. This fact is of great
significance to technical groupings, because it means that so-called simple groupings, which are
groupings made at a high level of generalisation, can serve very few objectives.
As an example, the Factual Key (Northcote 1979) could be considered as being at least partly a technical
classification. At the highest categorical level soils in the uniform primary profile form (the U soils) have
in common only the fact that they are mineral soils with small, if any, texture differences throughout.
This certainly conveys some useful information, but not as much as is provided by the second categorical
level of Uc, Um, Uf and Ug which indicates the textural nature of the soil.
2.2 What we classify
Because soils are three dimensional anisotropic bodies, this question has always caused problems. Most
people (including those in Australia) have usually thought of the object being classified as being the soil
profile, ie. a vertical section through the soil from the surface to the parent or substrate material.
However the lateral dimensions of this section may range from about 2 cm to a metre or more depending
on the method of examination eg. from an auger, core, excavated pit or a natural or artificial exposure.
A more recent change from the soil profile concept is that of the pedon and polypedon as currently used
in the United States Soil Taxonomy (Soil Survey Staff 1975, 1999). The pedon is defined as a threedimensional body of soil that has lateral dimensions large enough to include representative variations in
the shape and relation of horizons and in composition of the soil. Its area ranges from 1 to 10 m2,
depending on the nature of the variability in the soil.
In the United States system, the soil that is classified consists of contiguous similar pedons that are
bounded on all sides by ‘not soil’ or by pedons of unlike character. This group of contiguous similar
pedons is called a polypedon. It is further stated (p.5) that a polypedon has a minimum of 1 m2, and an
unspecified maximum area. It has some characteristics such as shape, transitional margins and natural
boundaries, that are not possessed by any one of its component pedons. ‘The polypedons are the real
things that we want to classify.’
The pedon-polypedon concept, while perhaps theoretically attractive, seems difficult to apply in practice,
particularly when the soil exposure is limited. One wonders even in the case of the pedon how strictly the
definition given above is followed when a soil is being examined with a view to allocation to a class; the
impression is gained that usually a pedon is defined largely on the basis of part of it, viz. the soil profile,
with lateral dimensions of less than 1 metre. This point was made by Webster (1968) who claimed that
the pedon was irrelevant. In a review, Arnold (1983) observed that, in practice, field soil scientists
throughout the world do about the same things to describe and sample soils.
A concept widely used in soil surveys is the soil profile class (Beckett and Webster 1971). This is a
group of similar profiles, not necessarily contiguous, and usually defined at any level of generalisation.
As a rule the ranges of their definitive properties increase as the classes become more inclusive, eg. as in
the sequence family, great soil group, suborder, order. Although it is seldom if ever stated what basic soil
entity is to be used in erecting a soil profile class, it seems implicit in most instances that the soil profile is
used, ie. a vertical soil section with minimum lateral dimensions.
2.3 Choice of differentiae
There is no unequivocal answer to this problem. As mentioned earlier, it was almost universally believed
in the early days of soil classification that properties chosen for general purpose classification should be
those that were thought to be marks of genetic processes. To a large extent this is still true today,
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although slightly modified in some more recent schemes, eg. in Soil Taxonomy (Soil Survey Staff 1975) it
is specifically stated (p.10) that ‘the differentiae should be soil properties, but the most useful properties
for the higher categories may be either those that result from soil genesis or those that affect soil genesis
because these properties have the greatest number of accessory properties.’
Moore et al. (1983) have suggested that the choice of a particular attribute (property) may be made
because of one or more of the following reasons:
(1)
(2)
(3)
(4)
(5)

the attribute shows a higher correlation with a number of others;
it is known or suspected to be relevant to the purpose of the classification being erected;
it is easily observed or measured;
it has been included traditionally; or
it is of special interest to the classifier.

Of the above reasons, (1) is commonly held to be of most importance, but unfortunately few studies have
been made to establish the truth or otherwise of the statement with regard to many of the soil properties
that are commonly used as differentiae in soil classification systems. Another frequent cause of
dissension is the use of properties that are not easily observed or measured, such as those determined in
the laboratory. Here, the conflict is often between the field soil surveyor, who wants his classification
answer on the spot, and the pedologist who is concerned with a more complete study of the soil.
In the case of soil morphological properties, it is impossible to state unequivocally which are more likely
to be useful as class differentiae. Probably all of those mentioned in McDonald et al. (1990) will have
been used to some extent in defining classes in various soil surveys. It is likely that the selection of
various properties as class differentiae in any particular survey will depend on the general kind of soil
present (eg. the absence of carbonate will not be much help in an area where all the soils are acid) and the
nature and purpose of the survey.
2.4 Soil classification and soil mapping
It should be noted that much criticism of soil classification is caused by a lack of understanding of the
fundamental difference between soil taxonomic units and soil mapping units. The latter are delineations
on a map devised to best represent, in simplified form, the natural occurrence of soils in the landscape.
Such map units are of necessity ‘impure’ in the sense that they almost always contain soils outside the
range permitted by definition for a specific taxonomic unit. The apparent discrepancies between soil
mapping units and taxonomic units normally increase with decreasing map scale.
The question of which taxonomic and mapping units to use in soil surveys has been discussed by Isbell
(1988) and some recommendations have been made. Those of you who are likely to be involved in soil
survey activities will need to be aware of the above reference. In brief, the preferred soil taxonomic units
are the soil profile class and a subdivision of this called the soil phase. These classes can of course be
identified in terms of any national or international soil classification system. As an example, we could
have the Dalby soil profile class, identified as a black Vertosol, a black earth, a Ug5.1, or a Pellustert.
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Although in theory taxonomic units at any level of generalisation may be used as mapping units provided
the scale is large enough, in practice this seldom if ever occurs. Whereas soil profile classes need not be
contiguous, a mapping unit consists of areas of contiguous soils (all of which need not conform to the
definition of one class) around which boundaries may be drawn. The distinction is similar to that
between plant species and plant communities.
Isbell (1988) has recommended and defined a number of mapping unit terms which are consistent with
those in the United States National Soils Handbook (Soil Survey Staff 1983). These include soil
complex, soil association, undifferentiated group, miscellaneous soils, miscellaneous area and unique
mapping area. The relationship between soil mapping units and land units is also discussed.

3.

CURRENT AUSTRALIAN CLASSIFICATION SYSTEMS

3.1 The Great Soil Group Scheme
Modern soil classification in Australia began with the classical paper by Prescott (1931) in which he
delineated ten soil zones and described ten major soil groups, and related them to vegetation and climate.
This work was later revised and the number of soils expanded (Prescott 1944) into 18 categories. The
next major development was the publication by Stephens (1953) of his Manual of Australian Soils which
described 40 great soil groups. These early schemes were essentially morphological-genetic, and much of
the nomenclature was borrowed from Europe. However, some early great soil group names were of local
origin and still have wide currency today. The red-brown earth great soil group is a notable example.
Second and third editions of the Stephens’ Manual were published in 1956 and 1962, increasing the
number of great soil groups to 45 and 47 respectively. Largely in response to the holding of the ninth
Congress of the International Society of Soil Science in Australia in 1968, the essentials of the Stephens
system were incorporated into A Handbook of Australian Soils (Stace et al. 1968) with 43 great soil
groups. This work not only contained general descriptions of the soil groups, but also included a large
body of laboratory data for individual profiles. These however were sometimes selected for reasons other
than them being representative of particular great soil groups. A number of profiles were included
because they were to be visited on field excursions associated with the ninth Congress, and hence much
laboratory data was available.
It should be noted that although the schemes of Stephens’ Manual and the Handbook are nominally
many-level hierarchical classifications, in practice they have been used only at the great soil group level.
Although essentially ‘modal class’ schemes, the central concepts have never been explicitly defined, and
individual scientists have independently modified classes depending on their own perceptions and
personal preferences. The classes do not have clear and unambiguous boundaries—no key has been
constructed and hence identification is highly subjective (Moore et al. 1983).
Although some modifications to the earlier nomenclature were made in the Handbook, much still
originates from older US or European classifications. Unfortunately the meanings of many of the names
have been greatly changed from their original meanings eg. the podzolic group, prairie soils, and noncalcic brown soils. As early as 1943 Leeper was critical of current nomenclature, and spoke of the evil of
imbuing common words with technical meanings (eg. red loam). He also noted that the introduction of
geographic terms (eg. ….of the arid regions) into what should be a taxonomic scheme is inconsistent and
inexcusable. It is of interest to note that the reasons for both of Leeper’s objections still exist to some
extent today. For example, in the Handbook we have such terms as ‘desert loams’, some of which may
not be located in deserts, nor have loam present anywhere in the profile.
The most serious disadvantage to the Handbook scheme is that large numbers of Australian soil profiles,
often representing considerable areas of soil, are not catered for. This is largely because there had been
no feedback to the original database and the classification was becoming obsolete.
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Moore et al. (1983) state that the main advantage of the Handbook scheme is that it has had wide
currency in Australia for many years and consequently many people are familiar with the main properties
of many of the classes.
3.2 Northcote Factual Key Classification
In 1954 Leeper presented an expanded, objective framework for the classification of Australian soils
based on the presence or absence of certain soil properties including texture difference (contrast), texture
uniformity, presence or absence of a bleached horizon, pH profile, subsoil mottling, and surface
granulation.
Although Leeper’s 1954 scheme was apparently never used in practice, it obviously provided a basis for
the Factual Key of Northcote (1960). This is a bifurcating hierarchical scheme with five categorical
levels, viz. divisions, subdivisions, sections, classes and principal profile forms. All classes are mutually
exclusive and all the keying attributes can be determined in the field. Almost all are physical
(morphological), the exceptions being presence of carbonate and pH as determined by a simple field kit.
Although the Key has run to four editions, the -most recent being 1979, it has changed very little in basic
form since it first appeared. It was designed essentially as the basis for mapping the soils of Australia at a
scale of 1:2 000 000. This Atlas of Australian Soils project (Northcote et al. 1960–1968) also resulted in
the coining of some largely descriptive class names for what in the Key are represented simply as code
symbols, eg. red friable earths (Gn3.1).
The Factual Key was complemented by the publication of A Description of Australian Soils (Northcote
et al. 1975) which provided descriptive data for the principal profile forms and further formalised mostly
descriptive class names, eg. Hard Pedal Mottled – Red Duplex Soils. This has led to some confusion as
some of these descriptive class names do not conform with those used earlier on the Atlas of Australian
Soils map sheets.
Moore et al. (1983) have discussed the scheme in the following terms:
Advantages
(1) It is simple and unambiguous to use.
(2) The keying attributes can be determined in the field (eg. that used at the highest categorical level is
the textural profile form) and therefore identification can be done there also, which is very
convenient if the classification is being used in soil mapping.
(3) Most of these keying attributes are physical and a high degree of covariance with other physical
attributes might be expected, eg. texture is related to soil moisture characteristics.
Disadvantages
(1) The non-use of laboratory data in defining class boundaries means that the class may be more
variable in such properties than in morphological ones unless there is a high covariance between
them; this has not been generally established although it is not unreasonable to expect such a
covariance to exist on deductive grounds in some instances.
(2) Although non-identification or mis-identification are virtually impossible because of its exclusive
nature and largely binary division, some new soil profile descriptions will have to have new classes
created for them, the number depending on how representative of the universe of Australian soils
the original operational universe was.
(4) Nomenclature is somewhat confusing. While the alphabetic characters in the code are mnemonic
and have consistent meanings, the decimal digits do not.
(5) The emphasis given to surface and near-surface (A1 and A2) horizons may lead to classification
difficulties in disturbed soils because, as in the Handbook classification, no provision is made for
soils with disturbed (Ap) horizons.
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3.3 The Australian Soil Classification
This classification commenced in 1981, when the Soil and Land Resources Committee (SLRC, then a
sub-committee of the Standing Committee on Soil Conservation – SCSC) recommended the formation of
a working party to look into the need for and the options for improving soil classification in Australia.
In 1982 a questionnaire on the subject was sent to all members of the Australian soil Science Society, the
results of which have been published (Isbell 1984b). The working party consequently recommended to
the SCSC (via the SLRC) in 1984 that a soil classification committee be established under the auspices of
SLRC to formulate a proposal for the establishment of a new or revised Australian soil classification.
The working party also listed various options for this task, and provided a number of guiding principles.
The various options considered were:
1.

Revision of the existing Stace et al. (1968) great soil group scheme. This was not considered
practical but the scheme could be partly used as a basis for the preferred option.

2.

Revision of the Factual Key. This was not practical given the structure of the classification. Also
it cannot strictly be considered as a general purpose scheme given the limited nature of the
attributes used. However, appropriate features of the system could be incorporated into any new
classification scheme.

3.

Adoption of an overseas scheme, for example Soil Taxonomy (Soil Survey Staff 1975) or FAOUNESCO (1990). The database on which these schemes were constructed related mostly to
northern hemisphere temperate zone soils, therefore, it could not be expected that these would be
the most appropriate for Australian soils. Experience has shown this to be true.

4.

Adaptation of an overseas scheme to Australian needs and conditions. This was thought to be quite
impractical and would also lead to confusion.

5.

Development of a computer-based numerical system. Although some experiments have been
conducted, no such scheme has yet been developed on a national basis anywhere in the world.
Although techniques are becoming available, the lack of standardised data is and will continue to
be a problem for the foreseeable future.

The selected option for a new Australian classification system was for a multi-categoric scheme with
classes defined on the basis of diagnostic horizons or materials and their arrangement in vertical sequence
as seen in an exposed soil profile, that is, soil rather than geographic attributes were to be used. In the
new scheme, classes are based on real soil bodies, they are mutually exclusive, and the allocation of
‘new’ or ‘unknown’ individuals to the classes is by means of a key.
The guiding principles agreed to were:
(a)
(b)
(c)
(d)
(e)
(f)

(g)

The classification should be a general purpose one as distinct from a technical or special purpose
scheme.
It should be based on Australian soil data and as far as possible the selected attributes should have
significance to land use and soil management.
It should be based on defined diagnostic attributes, horizons, or materials, the definitions of which,
where appropriate, should be compatible with those of major international classification schemes.
The entity to be classified is the soil profile, with no depth restrictions such as the arbitrary lower
limit of 2 metres used in Soil Taxonomy.
Although the soil classification should be based as far as practicable on field morphological data,
laboratory data must be used as appropriate.
The scheme should be based on what is actually there rather than on what may have been present
before disturbance by humans. Surface horizons should not be defined in terms of an ‘after
mixing’ criterion as in Soil Taxonomy.
The scheme should be a multi-categoric one arranged in different levels of generalisation.
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(h)
(i)
(j)

The scheme should be flexible enough to accept new knowledge as it becomes available – it should
be open-ended.
The classification should give emphases to relatively stable attributes as differentiae.
The nomenclature must not be too complex, but be unambiguous.

The general guidelines above have mostly been followed in the new scheme.
The new classification (see Figure 1) is a multi-categoric, hierarchical (order, suborder, great group,
subgroup, family) general purpose scheme with classes defined on the basis of diagnostic horizons or
materials and their arrangement in vertical sequence as seen in an exposed profile. The classes are
mutually exclusive and the allocation of ‘new’ or ‘unknown’ individuals to the classes is by means of
keys. The scheme is open-ended and new classes can be defined as knowledge increases, although these
may not necessarily be added to the end of the present list.
The structure of the scheme has strong similarities with that of Soil Taxonomy, although the Factual Key
also used a hierarchical system of mutually exclusive classes, identified by letter and number symbols. In
contrast, the long-standing Australian great soil group scheme, most recently updated in Stace et al.
(1968), is a fuzzy-class system in which the central concepts are not explicitly defined. Despite some
philosophical objections, hierarchical schemes have a number of attractions that are likely to result in
their retention. These include abstraction at various levels, assisting memory, and facilitating the
construction of keys for identification.
To comment further on the guiding principles:
(i)

The selected (class) attributes should have significance to land use and soil management. While
most would agree with this statement, there are a number of examples where the land use
implications of a particular property may be doubtful or not established. As an example: the
traditional use of colour in many soil classification systems is not always able to be justified, but
because it is such an obvious and easily described property it is difficult to overlook its use.

(ii)

Although the emphasis is on field morphology, laboratory data have been used as appropriate. Use
of the latter is deemed to be necessary at various levels in the classification as this can be the only
way of distinguishing classes with very difficult land use properties. Examples are the use of free
iron content to define the Ferrosols and exchangeable sodium percentage (ESP) in the case of
Sodosols. A summary of the major attributes used to define the orders is given in Figure 1. It was
hoped to make more use of physical and engineering properties, but unfortunately insufficient
appropriate data were available. This needs to be kept in mind for the future, as interest in the nonagricultural uses of soils is increasing because of greater environmental concerns.

(iii)

Stable attributes have been preferred as differentia. In effect this means that emphasis should be
placed on subsoils rather than topsoils (usually A horizons), even though the latter may be more
important than some subsoil features. However, important topsoil attributes are widely used at the
subgroup and family levels.

It is also implicit from the guiding principles that the grouping of soils into classes should be based on
similarity of soil properties rather than presumed genesis. Efforts were also made to keep the class
definitions as simple and unambiguous as possible. This is in contrast to many of those in Soil
Taxonomy, where simplicity was often hampered by the need to avoid the splitting of long established
soil series in the United States (Smith 1986, p.35).
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All Soils
‘Human-made’ soils

ANTHROPOSOLS

Dominated by organic materials

ORGANOSOLS

Negligible pedological organisation

RUDOSOLS

Weak pedological organisation

TENOSOLS

Bs, Bh or Bhs horizons

PODOSOLS

Clay ≥35% in all horizons, cracks, slickensides

VERTOSOLS

Prolonged seasonal saturation

HYDROSOLS

Strong texture – contrast between A and B horizons
pH <5.5 in upper
B horizon

KUROSOLS

Sodic in upper
B horizon with pH ≥5.5

SODOSOLS

Non-sodic in upper
B horizon with pH ≤5.5

CHROMOSOLS

Lacking strong texture – contrast between A and B horizons
Calcareous throughout
profile or below A1

CALCAROSOLS

Figure 1:

4.

High free iron
B2 horizon

FERROSOLS

Structured
B2 horizon

DERMOSOLS

Massive
B2 horizon

KANDOSOLS

Schematic summary of the orders. (Note that this figure is not to be used as a key).

INTERNATIONAL CLASSIFICATION SYSTEMS

Scientists from other disciplines express surprise on learning that there is no universally accepted, worldwide system of soil classification as there is in the case of say plants, and perhaps to a slightly lesser
extent, rocks. The reasons for this state of affairs are many, but perhaps one important reason is that to
some extent the nature of soils tends to be more local than many other phenomena, and it is only to be
expected that a particular region or country will be more concerned with its own soils than those of the
world as a whole.
Some 30 years ago, two soil classification schemes were published which have gained a degree of
international currency. The first, the World Soil Map Legend (FAO-UNESCO 1974) was designed to
facilitate mapping the soils of the world on a uniform basis at a small scale (1:5 000 000). The scale of
the intended map obviously had an important bearing on the construction of the legend, which is now
referred to—although perhaps somewhat inaccurately—as a soil classification system. Equally obviously,
some then existing national soil classification systems played an important part in its formulation, notably
those of European countries.
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The other classification scheme that is considered a defacto international system is that of Soil Taxonomy
(Soil Survey Staff 1975). This system was devised originally for the soils of the United States, although
with considerable input from Western Europe.
A brief account of the general advantages and disadvantages of the above two schemes has been given by
Moore et al. (1983) and is reproduced here. These authors also give a table of approximate correlations
between these two schemes and the two early Australian systems.
4.1 United States Soil Taxonomy
Although stated explicitly to be a classification ‘for making and interpreting soil surveys’, this is
essentially a general-purpose classification. Prior to 1951 soil classification in the USA owed much to
the early Russian system and consequently bore many resemblances to the Australian great soil group
classification. In that year a start was made on an entirely new system of classification, which over the
next quarter of a century proceeded through seven approximations, finally culminating as a formal
publication in 1975.
A description of the operational universe (ie. data base) on which this classification was originally based
has not appeared in published form, but as about 10 000 soil series were being used in the USA when the
final draft of the classification was completed in 1971, it is reasonable to assume that the number of soil
profile descriptions available would have been of that order. This was probably a representative sample
of USA soils but inadequate as far as the rest of the world is concerned. Smith (1983, 1986) has given an
account of the historical development of Soil Taxonomy, and the rationale for its concepts.
The classification is strictly exclusive and hierarchical, with six categorical levels, viz. order (10),
suborder (47), great group (200), subgroup (1 000), family (2 000) and series (11 000). The numbers in
parenthesis refer to the approximate number of classes in each category. There is considerable confusion
in the use of the term series. It is used as the lowest taxon in the classification hierarchy as well as in its
traditional geographical sense.
A completely new nomenclature has been devised from classical Greek and Latin roots. The class names
are mnemonic and are intended to indicate the main properties of the class, the level of generalisation and
relations with certain other classes (Table 1).
Table 1:

Nomenclature and major differentiating characteristics of categories in Soil Taxonomy.

Orders: Soil forming processes as indicated by presence or absence of major diagnostic horizons. Each
order name contains a formative element (underlined) that is used as endings for the names of lower
categories. (Histosol, Spodosol, Oxisol, Vertisol, Aridisol, Ultisol, Mollisol, Alfisol, Inceptisol, Entisol).
Thus any taxa ending in ent can be recognised as belonging to the Entisol order.
Sub-orders: Subdivision of orders according to presence or absence of properties associated with
wetness, soil moisture regimes, soil temperature regimes, major parent materials, major diagnostic
horizons. Names of suborders have exactly two syllables. The first connotes something of the diagnostic
property of the soil, the second is the formative element from the name of the order, eg. the suborder of
Entisols that have an aquic moisture regime are Aquents.
Great Groups: Subdivision of suborders according to similar kind, arrangement and degree of
expression of horizons, with emphasis on upper part of the profile; base status, soil temperature and
moisture regimes, presence or absence of diagnostic layers (plinthite, fragipan, duripan). The name of a
great group consists of the name of a suborder and a prefix consisting of one or two formative elements
suggesting something of the diagnostic properties. Thus Aquents that have a cryic temperature regime
are called Cryaquents.
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Subgroups: Central concept taxa for great groups and properties indicating intergradations to other
great groups, suborders and order. The name of a subgroup consists of the name of a great group modified
by one or more adjectives. The adjective typic is used for the subgroup that is thought to typify the great
group, eg. Typic Cryaquent. Intergrade subgroups are those that belong to one great group but that have
some properties of another order, suborder or great group. Thus an Oxic Paleustalf is an Alfisol that has
some properties grading to those of an Oxisol.
Families: Properties important for plant root growth; broad soil texture classes, mineralogy classes, soil
temperature classes. Names of families are polynomial. Each consists of the name of a subgroup and
adjectives, generally three or more, to indicate the article size class, the mineralogy, the temperature (and
in a few families the depth of soil), eg. Oxic Paleustalf, loamy, kaolinitic, hyperthermic.
Series: Kind and arrangement of horizons, colour, texture, structure, consistence and reaction of
horizons, chemical and mineralogical properties of the horizons. Names of series are abstract place
names, eg. Lansdown Series.

A key is provided down to the great group level. New Zealand Soil Bureau has provided a series of
volumes (Scientific Report 39) which seek to explain, in flow-diagram form, the definitions and keys in
Soil Taxonomy.
Advantages
(1) It attempts to be more straightforward, explicit and comprehensive than any other existing system
of soil classification.
(2) The idea of definition of terms and specification of classes is praiseworthy, even though there is an
unfortunate tendency for the definitions to be mixed up with non-specific descriptive material.
(3) It has considerable value as a means of communication about the soils of large areas of the world.
(4) The development of a new nomenclature that avoids long-established, but often loosely or
erroneously used, names for various groups of soils, is a welcome feature.
Disadvantages
(1)
The problem of loss of information about similar soils in different disjoint classes but
near their common boundary exists in this as in all exclusive classifications. An attempt to
overcome this problem of intergrades and extragrades at the subgroup level results in further
disjoint classes.
(2)
Non-identification can occur because not all possible classes in categories below order
level have been described.
(3)
A particular disadvantage for Australian soil scientists at the moment is the requirement
for some laboratory data which are not commonly determined in Australia. Even so, a large
number of our soils can be identified with reasonable confidence using available data and some
guesswork.
(4)
The use of soil moisture and temperature data in many cases at high levels (suborder) in
the hierarchy is questioned by many Australian pedologists. Although of obvious edaphic
importance, this can be misleading in genetic studies. In addition, both are difficult to determine
for individual soils, and in reconnaissance soil surveys where the taxonomic units often revolve
about the great group level, problems arise with the placement of soil unit boundaries.
4.2 FAO-UNESCO World Soil Map Classification
In many ways this is a compromise scheme which adopts many of the concepts and definitions of the US
Soil Taxonomy and some from European sources. It is the basis of the mapping units used for the FAOUNESCO Soil Map of the World (FAO-UNESCO 1974) that later evolved through several iterations into
the World Reference Base for Soil Resources (ISSS Working Group RB 1998). It is the only
classification among the five considered in this paper that was conceived from the start as a classification
to encompass soils on a global scale.
The scheme is not a hierarchical classification in the sense of being a taxonomic system subdivided into
categories at different levels of generalisation. Rather, it is a two-category system with the higher
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category varying quite widely in concept, being in some cases equivalent to the order in the US Soil
Taxonomy and in other cases being closer to the great group level. The lower category is composed of
intergrades or soils with special horizons or features of note. Phases have been used to subdivide the
secondary classes according to differences in characteristics important in use and management, eg. stony,
saline, etc. phases. It is an exclusive classification.
The nomenclature for many of the diagnostic horizons and soil properties, as well as names for several of
the major classes, have been drawn from the US Soil Taxonomy. The names for the remaining classes
stem in part from 'classic' soil names, particularly the original Russian soil type terminology, eg.
Chernozem, and in part from some of the recently coined soil names in western Europe and Canada.
A key is provided to facilitate the identification of new soil profile descriptions.
Advantages
(1)
The scheme is much simpler than the US Soil Taxonomy and involves much less information
about soils.
(2)
Many of the diagnostic horizons and soil properties are the same as those used in the US
Soil Taxonomy.
(3)
Probably the main benefit of the scheme is that it is the basis of small-scale soil maps of all
continents and these permit some inter-regional comparisons.
Disadvantages
(1)
Its simplicity means that it provides a coarse framework with many fewer classes than at
equivalent levels of US Taxonomy. As a consequence its lower classes have a much lower
information content.
(2)
It has the usual defects of an exclusive classification.
(3)
Although non-identification is unlikely to occur, some new soil profile descriptions will be
allocated to heterogeneous non-conformist classes simply because they are very dissimilar to most
other profile descriptions.
(4)
As for the US Soil Taxonomy, the recognition of a number of diagnostic horizons and soil
properties depends heavily on analytical data, some of it obtained by methods seldom used in
Australia at present.
(5)
Again soil moisture criteria are used to separate several classes which may have similar
morphology.
(6)
Class names are a compromise selection of old and new terms borrowed from previous and
existing soil classifications, with the addition of some new names. The result is a mixture that is a
source of confusion, particularly where some of the older terms are now redefined to have rather
different meanings from the original.
The above discussion relates to the 1974 version of the classification. An updated version is now
available and is titled World Reference Base for Soil Resources ((ISSS Working Group RB 1998). ).

5.

THE USE OF COMPUTER-BASED METHODS IN SOIL CLASSIFICATION

The advent of numerical methods such as cluster analysis and ordination, and the widespread availability
of fast computers, initially gave great hopes for a solution to many of the problems of soil classification.
In general these hopes have not yet materialised. This is largely because the data sets required to generate
soil classification systems numerically have not been and are still not available. It should be realised that
computers per se cannot create classification systems, but they are of course essential in applying
numerical classification techniques to soil data. They are also essential in enabling the use of more
orthodox multivariate statistical procedures, such as multiple discriminate analysis, principal component
analysis, multivariate analysis of variance and canonical correlation analysis, as tools to assist in the area
of conventional soil classification. Webster (1977) has given a comprehensive account of these various
methods in relation to soil classification and survey, and a useful summary is presented in Austin and
McKenzie (1988).
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Some of the advantages of numerical methods are: (i) larger amounts of data can be manipulated
simultaneously than can be handled by the human brain; (ii) the procedures are explicit and objective in
the sense that what is done can be written down exactly, and every individual is treated in the same way;
(iii) they force the classifier to become aware of data quality; and (iv) they increase the number of ways
people can look at data from soil populations.
Despite these advantages, a note of caution needs to be sounded about the role of numerical classification
techniques. Just like conventional schemes, there are still many arbitrary choices to be made. These
include such things as which properties to consider, whether some properties are more important than
others, whether to divide a population or to agglomerate individuals, whether classes are to be disjoint or
overlapping, how many groups are desirable. In addition, there is the problem of choosing which
measures of similarity are to be used. These few examples show that there is no avoiding human
judgement, and in the last resort this judgement must be made in relation to need.
It seems evident from most published studies that the classes defined by numerical methods are clearly
related to natural units in the field eg. Campbell et al. (1970), Moore et al. (1972), Coventry and Williams
(1983). It seems likely that numerical techniques will therefore complement, but not replace, the
traditional approaches to soil classification. To paraphrase Webster (1977), it is probably best to regard
them as voyages of discovery rather than scheduled sailings with assured destinations.
Recent work, channelled through the IUSS Working Group on Pedometrics, has focused on the
development of new approaches to soil classification and the mapping of soil classes, particularly based
on multivariate statistics, numerical taxonomy and fuzzy sets e.g McBratney 1994, Powell et al.
1991,1992).
The use of computers is probably increasing most in their role in soil data storage and retrieval systems
(alternatively known as data base management systems). Indeed there are people who say because some
functions of classification (eg. the organising of existing information or facilitating reference to existing
information) can be discharged as efficiently by a soil information system as by conventional soil
classification systems, the latter are becoming redundant. However, the various functions of soil
classification listed in the Introduction are not all able to be covered by soil information systems. Moore
(1978) has also drawn attention to the problems of data incompatibility and data base incompatibility; the
former are the province of the soil scientist and the latter the concern of the computer scientist. While
both can be overcome at the local level, whether they can be achieved at the national and international
level remains unanswered at this stage. The full potential of numerical methods awaits the solution of
these problems, but in the meantime the results of numerical taxonomic studies may give a different
insight into the soil data while not replacing a traditional subjective classification.

6.

CONCLUSION

The Handbook and Factual Key schemes have both been widely used in Australia. Their use varies
according to both purpose and individual preference. It is important to emphasise that both schemes in
effect date from the late 1950s, bearing in mind that the Handbook was essentially an upgrading of the
earlier schemes of Stephens (1953–1962), and were based primarily on the soils of temperate Australia.
Since that time there has been a great increase in knowledge resulting from further soil studies throughout
Australia, particularly in regions which were little explored when the existing schemes were developed.
None of this information had been incorporated into the early Australian soil classification schemes until
the development of the Australian Soil Classification.
It is highly unlikely that any existing international classification will be the most suitable one for
Australia, at least in the immediate future. Soils by their very nature tend to be more site specific than
many other natural phenomena. Hence it is logical to assume that if a local or national scheme has been
continually updated in keeping with increasing soils knowledge, it should be more appropriate for the
region or country concerned than a scheme devised for another country with a very different soil
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population. Such a scheme should also be more appropriate than an international scheme which has not
been based on the total population of soils existing on earth.
Some of the present disadvantages of Soil Taxonomy and the FAO-UNESCO systems have been given,
but their basic weakness is caused by the fact that the data bases used in the construction of both schemes
were inadequate to provide a classification appropriate for Australian soils. In spite of this it must be
emphasised that Australian soil scientists increasingly will have to become familiar with either or both of
the two international systems (Soil Taxonomy and FAO-UNESCO), despite any limitations they may
have for Australian soils. Unless this is done, Australian scientists will find they will be unable to
comprehend fully much of the world’s soil literature, and much of the world will not be able to
understand our local terminology.
Additionally, there is an increasing trend for overseas journals not to accept papers unless the soils are
identified in terms of one of the better known overseas classification systems. This is not to say that
every agronomist or extension officer has to become an expert in the Soil Taxonomy or FAO-UNESCO
systems, but it does mean that Australia will need to have pedologists capable of identifying soils in terms
of one or other of these systems. It also means that additional data may be needed to ensure that full
identification can be made. It is also unlikely that any particular overseas ‘natural’ classification will be
appropriate for Australian soils. It is worth noting however, that several southern hemisphere countries
(Brazil, South Africa and New Zealand) are revising their national soil systems. Isbell (1984a) has
suggested that what is needed if a universally acceptable soil classification system is to be achieved, is a
recognition of the following:
(1)

A data base as representative as possible of the world's soils must be used. This will avoid some of
the present problems caused by systems developed or one part of the world not working equally
well in other parts where the overall soil population is markedly different.

(2)

The classification should preferably not be predetermined as was the case for sections of Soil
Taxonomy. It is understandable, as Smith (1981) has noted, that one of the aims of this system was
to classify the soil series of the United States without requiring more changes in their definitions
than necessary to improve interpretations. The concept of zonality was strongly entrenched in the
United States prior to Soil Taxonomy, and was reflected even at the series level. Hence it is not
surprising that the architects of the new system looked for criteria that would preserve the status
quo. As Smith (1981) has indicated, the use of soil climate permitted this, and so we find
statements such as: ‘The best way to reintroduce the zonality seemed to be to use the soil climate’
(Smith 1981, p.8). The danger in the predetermined approach is that a decision made for one area
may be inappropriate for another. For example, while a general zonality has been shown to occur
in the higher latitudes of the northern hemisphere, there are good reasons why this is not to be
expected (and indeed is not found) in the older soil landscapes of lower latitudes, particularly in the
southern hemisphere.

(3)

Definitions must be clear and unambiguous so that consistent interpretations of diagnostic criteria
and consistent class allocations may be made. In the case of Soil Taxonomy, Cline (1980) has
written that the numbers of taxa and the quantitative precision of definitive criteria require
complicated definition and keys, which demand intense concentration and substantial competence
if they are to be applied precisely. Cline also noted that these demands are major obstacles where
Soil Taxonomy is relatively new or is not used regularly, especially where English is not the
common language of the users.

(4)

In spite of the above criticism, the idea that a good system is simple enough to be clear to any
layman is erroneous. Soil is complex and although the general ideas of the taxonomy should be
explainable in simple terms, the definition of taxa must be complex in some instances (Canada Soil
Survey Committee 1978).

(5)

Attributes used as class differentiae must be known to have relevance for various
purposes, be they of engineering, agronomic or 'scientific' importance. This necessarily involves a
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greater understanding of the degree of covariance between soil properties than is presently
available.
(6)

Given the many obvious problems with the use of transient surface soil properties, it may be best to
accommodate these by the wider use of complementary technical classifications, one example of
which is the fertility capability system of Sanchez et al. (1982).

In the case of the Australian Soil Classification, all of the above criteria apply. The scheme is a general
purpose hierarchical one with five categorical levels—order, suborder, great group, subgroup and family.
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Chapter 3. Soil Chemistry and Fertility
N Menzies
University of Queensland.
Abstract
Traditionally, soil chemists have concerned themselves with how soils act to supply nutrients to plants,
but over the last couple of decades, we have been more concerned with how soils can act as
environmental buffers – capturing, detoxifying and often degrading contaminants. Fortunately, much of
the knowledge gained through the investigation of soils agronomic characteristics is also relevant to their
environmental role. This paper will focus on the chemical characteristics of soils that are routinely
measured; in particular soil pH, EC, charge, and nutrient retention and adsorption. Consideration will
be given to the fundamental characteristic we are trying to measure, and what use can be made of the
knowledge. In a couple of instances we will discuss some of the difficulties in measurement.
Keywords: adsorption, electrical conductivity (EC), ion exchange, measurement methods, pH,
phosphorus

1.0

INTRODUCTION

Traditionally, soil chemists have concerned themselves with how soils act to supply nutrients to plants,
but over the last couple of decades, we have been more concerned with how soils can act as
environmental buffers – capturing, detoxifying and often degrading contaminants. Fortunately, much of
the knowledge gained through the investigation of soils agronomic characteristics is also relevant to their
environmental role. In this paper, our primary focus will be on the chemical characteristics of soils that
are routinely measured. We will consider the fundamental characteristic we are trying to measure, and
what use can be made of the knowledge. In a couple of instances we will discuss some of the difficulties
in measurement.

1.1

Soil pH

To describe how acidic or alkaline a soil is, we use the term pH (even the non-chemists will have been
exposed to this term – you have probably used a pH balanced shampoo, or sucked some tablet to correct
stomach pH). Strictly defined the pH is the negative log of the hydrogen ion (H+), or proton, activity
(activity is comparable to concentration) – so it’s a measure of the amount of H+ in the solution. Being a
negative log relationship, as the pH goes down the H+ activity goes up – so at pH 4 (ie 10-4, or 0.0001 M)
there are ten times as many H+ ions in solution as at pH 5 (10-5 or 0.00001 M). The pH scale runs from 1
to 14, with pH 7 as neutrality. At pH 7 there are the same number of H+ and hydroxyl ions (OH-) in
solution. Acids are chemicals which supply H+, for example hydrochloric acid HCl, while bases or
alkalies are chemicals which supply OH-, for example sodium hydroxide (NaOH).
In soils the pH range is generally limited from 5 to 9 with the extreme cases running out beyond 4 and 10
(as illustrated below). Under some conditions these limits can be exceeded, for example where pyrite
oxidation (acid mine drainage, acid sulfate soils) has produced strongly acidic conditions. We will
consider the effects of soil pH on plant growth, and correction of pH problems, a little later.
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Figure 1.

1.2

A representation of the range of pH conditions encountered in soils. (Brady 1990)

Electrical conductivity – measurement of soil salinity

Salinity can often be recognised in the field from the emergence of wet or boggy areas, patches of
reduced growth, the emergence of salt tolerant plant species, and the presence of salt at the soil surface.
Testing of soil EC can rapidly confirm any suspicions of emerging salinisation, but soil sampling needs to
be done carefully due to salt mobility. This is a simple measurement of the extent to which an electrical
current will flow through a suspension of the soil, the more salt that is present the easier it is for
electricity to flow.
Care must be taken in the interpretation of results. Most laboratories perform a measurement of EC in a
1:5 extract, but the data used to predict if there is likely to be a salinity limitation to plant growth is on the
basis of saturation extracts. The most common resolution to this mismatch of measurement and
calibration is to multiply the 1:5 EC measurement by a factor to convert it to an equivalent saturation
extract value. This presents particular difficulties when soils which contain gypsum are tested. The
sparingly soluble gypsum will continue to dissolve as more water is added. Thus a soil which has little
free salt, and hence no salinity problem, may produce a saturation extract EC of 3.5, and a 1:5 EC of 2.6.
If we then multiply this 1:5 value by 6 (a common conversion factor) we would wrongly assess the soil as
saline.

1.3

Ion Exchange on Soil Colloids

What is ion exchange? This is a rather unexpected characteristic of soil colloids – the surfaces of soil
colloids are charged. Most soil colloids are negatively charged. Because of this negative charge they
attract positively charged ions (cations) in the soil solution to the soil surface. We refer to this retention
of cations at the surface as “cation exchange capacity” (CEC). The term exchange within this name
indicates that the cations can be replaced by (exchanged) for other cations. Thus, calcium ions (Ca2+) can
be replaced by sodium ions (Na+). We will briefly consider how the charge on soil surfaces comes about,
and some of the characteristics of CEC. Some people find this concept easy to accept and rapidly
understand its implications, for others this is perhaps the most difficult of soil science concepts to grasp.
Colloidal mineral and organic material in soil typically develops charges as a result of various
mechanisms. The most important distinction we make between these various methods of charge
development is that whether the charge is constant, or if it will vary with environmental conditions such
as soil pH.
Permanent charge.
• Permanent negative charge results from the replacement of one element in a mineral structure
with another of lower charge, without changing the mineral structure. For example replacement
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of Si4+ with an atom of similar size, but lower charge like Al3+. This charge will not be altered by
soil conditions such as the pH.
Variable charge
• On the edges of metal-hydroxide (eg. Fe-OH, Al-OH) groups, the H+ of the hydroxyl (OH)
groups is only weakly bonded. Thus H+ may be lost from the surface to produce negative charge,
or gained by the surface to produce positive charge. The extent to which H+ is lost or gained
depends on the soil pH. Metal hydroxide groups are found in soils on the edges of layer silicate
minerals, and on the surfaces of metal hydroxide minerals (gibbsite, goethite, etc.). At high pH
(ie low activity of H+ in solution), the surface of metal oxide minerals tend to loose H+ resulting
in the surface having a negative charge (Figure 2). The higher the pH, the greater the negative
charge, so this is referred to as pH dependent charge. At low pH, the surface can have a positive
charge.
• Ionisation of functional groups, such as carboxy and hydroxyl groups, on organic matter can
produce a negative charge. Once again the extent of charge development is a function of the soil
pH, as the pH increases, the surface negative charge increases.
As a result of the charge on the soil surface, ions in solution with the opposite charge are attracted toward
the surface by ionic forces - non-specific adsorption. In soil solution the main cations are calcium Ca2+,
magnesium Mg2+, hydrogen H+ (proton), potassium K+, sodium Na+, ammonium NH4+ and aluminium
Al3+, while the main anions are chloride Cl-, nitrate NO3-, sulfate SO42- and bicarbonate HCO3-. Typically
the overall charge on a soil surface is negative and the distribution of adsorbed ions and ions in solution is
as shown in Figure 3. At equilibrium in typical soil systems, most of the cations present (the sum of
adsorbed and soluble) will be present as adsorbed ions (95% or higher) and there is a rapid and continual
exchange of ions between the adsorbed and solution phases.

Figure 2

1

The development of charge on a metal hydroxide surface. Note that at low pH (left side)
the surface has a net positive charge (AEC) and at high pH (right side) it has a net
negative charge (CEC). (Uehara and Gillman 19801). This ability of an oxide mineral to
develop both positive and negative charge is illustrated by goethite (iron oxide) in Figure
4.

Uehara, G., and G.P. Gillman. 1981 . The Mineralogy, Chemistry, and Physics of Tropical Soils with Variable
Charge Clays . Westview Press , Boulder, Colo. .
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Figure 3

Schematic representation of the charge distribution in the soil solution adjoining a
negatively charged soil surface. (after Uehara and Gillman, (1980); and Wild (1993)).
Note that the negative charge on the soil surface is balanced both by the attraction of
cations (extra positive charges in the diffuse layer) and by the repulsion of anions (fewer
negative charges in the diffuse layer). In the bulk solution the concentration of anions
and cations is equal.

If the equilibrium between adsorbed and solution cations is disturbed (e.g. by the addition of K+ to the
solution from KCl fertiliser) then a new equilibrium will be established with more K+ adsorbed and less
of other positive ions - cation exchange will have occurred. This can be represented as:
- 30 Ca
Colloid - 20 Mg
- 10 Al
-

+ 12 KCl

↔

- 29 Ca
Colloid - 18 Mg
- 10 Al
- 6K

1 CaCl2
+ 2 MgCl2
6 KCl

In the new equilibrium some of the added K will be adsorbed and some will remain in solution - this is a
partial exchange and normal for field soils. For complete exchange it is necessary to remove the
exchange products.
Note that the concentrations of exchangeable cations are expressed in terms of charge units (cmol(c)/kg)
rather than in molar units (mM) (in older literature CEC may be expressed as mmol/100 g or meq/100g,
or less frequently as m. equivalent % or m.e. %; all of these expressions are numerically equal). The
quantity of ions exchanged will depend on their respective charges (e.g. 2 monovalents or single charged
ions like Na+ for 1 divalent or doubly charged ion like Ca2+, etc). This use of a charge based unit
simplifies calculations; in the above diagram normal molar units were used, so the 12 units of KCl were
balanced by the sum of 1 unit of CaCl2 (which contributed 2 units of charge), 2 units of MgCl2 (which
contributed 4 units of charge) and 6 units of KCl (6 units of charge).
The exchange is typically very rapid and reversible as long as bonding is ionic; if covalent bonds occur
(e.g. copper Cu, zinc Zn and phosphate PO4 can form covalent bonds) then adsorption is specific and less
readily reversible (we will deal with this in more detail shortly). Cations vary in their replacing power
(and hence bonding strength) being affected by their charge (single charged ions M+ are held less strongly
than doubly charged ions M2+ and these less strongly than triple charged ions M3+), and, if carrying the
same charge, their hydrated size (What’s this about hydrated size? Cations in aqueous solution are not
present as simple cations, but rather have a sheath of water molecules around them. For example, an
aluminium ion is not simply Al3+, but rather the Al3+ core surrounded by six water molecules. So the size
of the hydrated ion is much greater than just the aluminium atom alone). Other influences include the
nature of the exchange material, the soil/water ratio and the ions complementary to the one of interest.
The overall effect of these different effects is that the distribution of ions between the solution and
exchange sites on the soil surface varies between cations and is slightly different for each different soil.
We will consider some practical implications of this shortly.
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Significance to soil fertility Ion retention and exchange is vital to plants. Essential nutrient cations
such as Ca2+, Mg2+ and K+, released by weathering or added as fertilizer, will be held on the exchange
complex of the mineral and organic colloids against the leaching action of rainwater. While retained by
the soil colloids, these ions are highly available for plant uptake.
Cation exchange capacity (CEC)
The potential for cation exchange (determined by net negative charge development) is measured as the
CEC i.e. the quantity of ions held at a particular pH (often 7.0). This may be simply done by leaching the
soil with a common ion such as NH4+ and then measuring the NH4+ retained in the soil. Note that a mole
of positive charge is provided by 1 mole of any monovalent cation but ½ a mole of a divalent, etc. (a note
for non-chemists; a mole is a unit of measurement used in chemistry, it is a fixed number of molecules)
Cation exchange capacity values for colloidal exchange materials vary widely from close to zero for
sesquioxidic material to high values for organic materials (Table 1, from Sanchez, 19761 ). In acidic
soils, CEC values may be much lower at the natural soil pH due to the effect of pH on charge
development in organic matter and aluminium and iron oxide surfaces (e.g. edges of kaolinite and oxide
minerals. As the pH decreases, the amount of pH dependant charge developed decreases, ultimately
reducing the CEC of the soil.
Table 1
Material

Montmorillonite
Vermiculite
Illite
Halloysite
Kaolinite
Gibbsite
Goethite
Allophanic colloid
Peat

Charge characteristics of some clay minerals separated from soils of Kenya (cmol/kg
clay).
Cation Exchange Capacity
Permanent
Variable
112
85
11
6
1
0
0
10
38

6
0
8
12
3
5
4
41
98

Total
118
85
19
18
4
5
4
51
136

Anion
Exchange
Capacity
1
0
3
15
2
5
4
17
6

The CEC may vary with depth in the soil profile, with changes relating to trends in organic matter
(decreasing with depth) and also to changes in clay content (See table 2). For example the Chromosol
(Tully) soil in Table 2 has a similar amount of clay throughout the soil profile and a similar pH at all
depths, but the organic matter content of the soil decreases from 2.6% in the surface to 1% in the 20-30
cm depth, and the cation exchange capacity decreases as a result of this change in organic matter content.
The exchangeable cations in soils For the basic cations the relative abundance in surface soils is Ca2+ >
Mg2+ >> K+. Although usually low, Na+ is significant in some soils (sodic soils, for example the Sodosol
in Table 2). With depth in the profile Ca2+ usually decreases, Mg2+ and Na+ increase and K+ shows no
particular trend (Table 2 and Figure 4). We generally regard Ca2+ as a desirable cation (promoting
aggregation) whereas Na+ has undesirable effects (causing dispersion, low water conductivity, etc).

1

Sanchez, P. 1976. Properties and Management of Soils in the Tropics. John Wiley and Sons, New York.

32

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Table 2

The pH, clay content, effective cation exchange capacity (ECEC), and exchangeable
cations (cmol/kg) for a range of Australian soils.
Depth

pHa

Clay

ECEC

cm
0-10
20-30
69-90
120-150

5.1
5.2
5.4
5.2

%
26
30
36
36

6.13
2.94
2.52
1.58

1.21
<0.02
<0.02
<0.02

0-10
10-30
30-60
60-90

6.6
6.3
6.4
6.3

9
15
32
24

3.0
1.5
2.8
2.9

1.5
0.8
1.6
1.5

0-10
20-30
50-60
80-90
110-120

6.5
6.8
7.6
8.0
8.5

52
80
87
79
63

32
31
33
35
28

Ferrosol
(Tully)

0-10
10-20
20-30
60-90

5.2
5.3
5.6
5.1

49
48
53
50

Rudosol
(Stanthorpe)

0-10
20-30
50-60
80-90

6.9
6.6
5.8
5.8

Sodosol
(Burdekin)

0-10
10-30
30-60
60-90
90-120

Vertosol
(Darling Downs)

Soil

Chromosol
(Tully)

Chromosol
(Burdekin)

Ferrosol
(Toowoomba)

Organosol
(Inisfail)

a

Ca

Mg

K

Na

Al

0.15
0.07
0.06
0.02

0.05
0.04
0.03
0.01

4.2
2.8
2.4
1.5

1.2
0.5
0.9
1.1

0.16
0.14
0.20
0.16

0.1
0.1
0.1
0.1

18
18
19
21
16

11
12
13
13
11

1.60
0.39
0.28
0.24
-

0.2
0.4
0.9
1.1
1.2

<0.3
<0.3
<0.3
<0.3

<0.02
<0.02
<0.02
<0.02

<0.01
<0.01
<0.01
<0.01

0.05
<0.01
0.04
0.03

0.03
0.01
0.03
0.04

2
4
4
8

3
2
2
3

2.9
1.5
1.3
2.0

<0.1
0.1
0.6
1.3

0.34
0.22
0.11
0.14

0.03
0.03
0.05
0.12

6.1
7.0
8.1
8.5
8.8

22
43
40
30
28

6
16
19
16
16

2.9
8.2
8.2
6.0
5.7

2.8
7.1
7.4
6.3
6.2

0.24
0.07
0.08
0.08
0.05

0.1
1.0
3.1
3.9
4.3

0-10
20-30
50-60
89-90
110-120
140-150

8.1
8.8
8.6
9.1
9.1
9.0

72
80
71
60
61
62

47
49
47
44
43
45

36
40
37
34
36
36

9.4
8.1
8.5
8.6
6.9
7.7

1.1
0.3
0.2
0.1
0.4

0.5
0.8
0.9
0.8
0.4
0.4

0-10
10-20
20-30
30-60

4.5
4.8
5.0
5.3

52
47
42
-

13
11
10
10

1.7
1.2
1.1
0.9

3.8
3.5
3.2
3.6

0.36
0.27
0.25
0.27

0.70
0.76
0.80
0.70

cmol/kg
0.52
<0.01
<0.01
<0.01

0.4
0.3
0.4
0.2

6.3
5.0
4.9
4.6

1:5 in water;
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Figure 4.

The distribution of exchangeable cations in a range of 60 northern Australian soils (from
Menzies et al. 19941). The box indicates that 50% of the values fall in this range, with
the median value represented by the line within the box.

The preference for Ca2+, Mg2+ and Al3+ on the exchange also affects the soil solution distribution of
cations, resulting in much higher concentrations of Na+ and K+, than divalent and trivalent cations in
solution.
Negative charges not satisfied by the basic cations will be neutralised by H+ or Al3+. Below a pH of about
5.5, the acidity is sufficiently great that soil minerals become unstable and begin to dissolve (i.e. the H+
reacts with the minerals dissolving them), this mineral dissolution releases Al ions that then become
significant as exchangeable cations. The simplest example of the dissolution of clay minerals is presented
by the dissolution of gibbsite (Al(OH)3).
Al(OH)3(s) + 3H+ ⇌ Al3+ + 3H2O
The Al released by the dissolution occupies exchange sites. Thus, the exchange of acid soils is dominated
by Al, rather than by the H+ which caused the system to be acid (see discussion below). Aluminium can
be the dominant ion on the exchange, especially in subsoils (see Figure 4). Both acidity in general and Al
ions in particular can have detrimental effects on plant growth.
Acidification of soils is a natural process – for example rain is not pH neutral, but is slightly acidic. In
falling through the atmosphere, carbon dioxide (CO2) dissolves into the rain lowering its pH to about
5.65. Thus rainfall represents an input of acid to the soil system. For this reason, soils of humid regions
are typically slightly acidic. Any basic minerals like calcite (CaCO3) which may have been present in the
parent rocks will have been dissolved by the continual input of H+ ions in rainfall. This continual input of
H+ causes the dissolution of soil minerals and release of aluminium as discussed. The aluminium
gradually displaces basic cations from the exchange site (Ca(HCO3)2 KHCO3 etc.) and they are lost from
the soil by leaching.
How is cation exchange measured – and does it really matter.
Cation exchange capacity is measured on soil samples in a number of different ways, and unfortunately
they do not always give the same answer. Indeed, sometimes the answer can be quite misleading.
1

Menzies, N., L. Bell, and D. Edwards. 1994. Exchange and solution phase chemistry of acid, highly weathered soils.

I. Characteristics of soils and the effects of lime and gypsum amendments. Aust. J. Soil Res. 32:251-267.
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We do not need to go into great detail about how CEC is measured in soil, but do need to consider the
process closely enough to be able to understand why some methods give the “wrong” answer under some
circumstances. The most common approach used to determine the CEC is to saturate all of the exchange
sites with a single type of cation (ammonium NH4+ is commonly used). To ensure that all sites are
saturated, a concentrated solution of the cation is used (most commonly a 1 M solution). This saturation
process is often carried out at a fixed pH through the use of a buffered solution (for example ammonium
acetate at pH 7). Any excess of the saturating solution is washed out, then another concentrated solution
of a different cation (for example potassium K+) is used to displace the saturating cation (the ammonium).
This all sounds fine, but remember that some of the charge on the soil is “variable charge” present on
oxide minerals and organic matter, and that the amount of charge developed on these materials depends
on the soils pH. So if we take a soil that has a pH in the field of 5, then raize the pH to 7 to measure the
CEC, then our answer will be too high. (Raizing the solution concentration from the low condition of soil
solution to 1 M also causes the charge to increase).
The effect of the method of measurement is shown in Table 3. The Vertosol soil primarily consists of
minerals which have a permanent charge, so the way in which the measurement of charge is made has
little effect on the answer (all methods give the correct answer). In contrast, the Dermosol and Ferrosol
soils contain a substantial amount of variable charge mineral, so the way in which the CEC is measured
has a substantial effect. For the Ferrosol, measurement at the field pH of 5.4 (Method 1) produced a CEC
of 4.8 cmol/kg, but when the measurement was made at pH 7 (Method 2) the CEC rose to 11.6. Method
3, where the measurement pH was 8.5 produced a value of 24.7 cmol/kg).
Which is correct ? The easiest way to answer that question is to compare the measured CEC with the
amount of cation that was being held under field conditions (the effective cation exchange capacity ECEC
is the sum of the cations extracted from the soil). This comparison clearly shows that the measurement at
field pH (Method 1) is most meaningful.
What is the take-away message? It does matter how CEC is measured, with some methods capable of
overestimating the CEC. In most instances you will not need to consider the CEC directly, and if you do
the ECEC is probably to most useful (and unambiguous) approach available. If you need to assess the
CEC directly, then be careful to consider if the method used is giving the correct answer.

Table 3

The cation exchange capacity (cmol/kg) of three soils when determined by a number of
standard laboratory methods (from Gillman 1982)1.
Soil Type

pH

Method 1a

Method 2b

Method 3c

ECEC

Vertosol
Sodosol
Dermosol
Ferrosol

6.9
5.7
4.7
5.4

34.8
7.4
3.0
4.8

39.8
10.1
6.4
11.6

37.8
11.7
14.6
24.7

36.4
6.0
2.9
5.5

a Method 1. Measurement made at soil pH in a dilute solution
b Method 2. Measurement made at pH 7 in a 1 M solution of NH4Cl
c Method 3. Measurement made at pH 8.5 in a 1 M solution of NH4Cl
Anion exchange capacity (AEC)
Soil colloids typically have some positive charge (anion exchange capacity, AEC) but usually it is far
exceeded by the negative charge developed either on soil organic matter or the permanent negative charge
on silicate clays. When the soils organic matter content, and silicate clay content is low, and the content
of sesquioxides high, positive charge development may become significant. Thus the soil would have a
1

Gillman GP Skjemstad JO and Bruce RC (1982) A comparison of methods used in Queensland for determining
cation exchange properties. CSIRO Division of soils technical paper No.44
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measurable AEC, (although overall charge may still be negative). These conditions are encountered in
the subsoil of some soils in high rainfall environments, the most common examples are the red soils of
coastal environments (Ferrosol soils). These soils have a mineralogy dominated by kaolinite and oxide
minerals (the red colour is due to the iron oxide mineral haematite). In Table 1.4.5, the effect of
mineralogy and of pH is demonstrated. Note that as the pH decreases, in the kaolinite/axide soil, AEC
increases and more Cl and SO4 ions are held by the soil. In contrast, the montmorillonite soil (a 2:1 layer
silicate system) has predominantly permanent negative charge, with little capacity to develop positive
charge.
Ions held on anion exchange sites include NO3-, Cl- and SO42-. These ions may exchange for each other
in a way quite analogous to that discussed above for cations (non-specific adsorption). As with some
cations, some anions, especially phosphate (present in soils as HPO42- and H2PO4- ) and to some extent
sulfate (SO42-) may be bound covalently (specific adsorption) and are released less readily into the soil
solution. This capacity of phosphate (PO4) to for a covalent bond (Figure 5), and hence not need
positively charged sites in order to be retained is demonstrated in Table 3; phosphate is retained by both
soils. It is important that this retention is not confused with retention by anion exchange. Phosphate is
held to the soil surface by the formation of a strong chemical bond (covalent bond) (c.f. the relative weak
retention of chloride Cl- or nitrate NO3- by attraction of a negatively charged ion to a positively charged
surface)
Phosphate adsorption does not require the colloid to be +ve charged and so is much higher than for SO42and Cl-. In Table 4 note that phosphate can be retained at all soil pH values, though retention tends to
increase as the pH falls.
The retention of anions by two soil mineralogy types at a range of pH values.

Table 4

pH
7.25
6.5
5.5
4.5

Cl
0.0
0.7
3
5

Figure 5

1.4

Soil Mineralogy Type
Kaolinite/oxides
SO4
PO4
0.0
30
2.5
43
6
56
12
75

Montmorillonite
Cl
PO4
--0.0
32
0.0
37
0.0
42

A schematic representation of the phosphate ion forming a covalent bond to an
aluminium atom present in a soil mineral. Note that this retention of phosphate does not
require the surface to be positively charged (i.e. it is not the retention of phosphate on
anion exchange sites).

Adsorption on soil surfaces

The formation of a covalent bond between the soil surface and ions such as phosphate, results in a much
stronger retention of the ion that is seen in the exchange processes discussed above. This high affinity
retention is generally referred to as specific adsorption. We will concentrate on phosphate here, but other
ions which are specifically adsorbed include heavy metals such as Cu, Pb, and Ni, and various organic
contaminants.
Specifically adsorbed ions form covalent bonds to mineral surfaces (As shown for phosphate in Figure 5).
For phosphate this bonding involves the sharing of one (Figure 5) or two O (Figure 6) atoms between a
hydroxyl group and a phosphate group. This bonding is distinct from ion exchange reactions (such as
those involving cation exchange capacity e.g. Ca2+ retention), in which the charge attraction between ions
and the exchange surface is important for adsorption to occur. Phosphorus adsorption does not require
positively charged surfaces to proceed. Hence leaching losses of P are rare in all but the sandiest soils.
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Figure 6 Representation of the chemical bonds formed when phosphate is
specifically adsorbed to an oxide surface in soils. In this diagram, M
represents metal cations such as aluminium Al, iron Fe or manganese Mn, as
it is the oxides of these metals which are the most important surfaces in soils
for P adsorption. Phosphate adsorption is considered to be through the
formation of a single bond initially, with the dual bonding as shown here
developing through time.
The most important compounds in soils with which P reacts are the hydrous
oxides of Fe and Al. The amount of P adsorbed by these compounds is
related to their surface area. Hence, in order of relative adsorbing capacity, P
will react with amorphous short-range order alumino-silicates (particularly allophane), hydrous oxides of
Fe and Al (ferrihydrite > goethite (FeOOH) > gibbsite (Al (OH)3) > haematite), the edge layers of phyllosilicate clays (kaolinite, montmorillonite), organic matter and soil carbonates.
The initial reaction of P with soil is rapid, however, over
time a second ‘slow’ reaction takes place (occlusion).
This results in the movement of P from surface
adsorption sites to internal sites in the soil matrix (Figure
7). Over time, P adsorbed in this way can become
covered by newly formed oxides of Fe and Al, and in
this way become occluded. Occluded P is not
considered to be available in the short to medium term
for biological uptake, and can constitute a significant
proportion of total soil P.
Figure 7 Mechanisms for the occlusion of soil phosphate
(McLaren and Cameron, 1996).
These slow reactions are of particular importance where
we are interested in the soil as a means of cleaning P
from water; for example, where septic systems are used
for sewage disposal. The slow reactions result in the soil
being able to retain a large amount of P before there is a
risk of P being lost from the site by leaching. It should
be noted that because these reactions are slow, they are very difficult to characterize in a laboratory test.
Hence it is difficult to predict what loading rate may be acceptable.
Tests for Phosphorus Availability
Soil analysis is also used extensively to predict crop fertilizer P requirements, with a wide range of
procedures developed for different soils and regions. Most of these are extraction methods, an empirical
approach where the P extracted can be shown to relate to the labile (and hence plant available) inorganic
P. Many extractants have been used including H2O, CaCl2, dilute acids and alkalis, buffered salts, and
fluoride solutions. Extraction using anion exchange resins is also rapidly gaining ground. No method is
universally accepted as providing an accurate assessment of plant available P, and different methods are
favoured in different states (and countries), and in different industries.
It is important to note that some measures of P concentrations in soil can give a misleading impression of
the amount of P available for plant uptake. For example, the plant available P concentration in a gold
mine overburden was measured using a dilute sulfuric acid extraction (BSES) and found to be >200
mg/kg. Critical values of 10 – 30 mg/kg are reported for grass growth using this method, thus the
interpretation of this result would be that the overburden contains abundant reserves of P. However, P
measured using another technique (Colwell) found P concentrations to be only 3 mg/kg, against critical
values of 10 to 30 mg/kg, indicating that these soils were P deficient. In fact, a plant growth study
showed that the overburden was strongly P deficient. The reason for the difference between the two
techniques was that the soil being tested was alkaline and contained a substantial amount of calcium
phosphate mineral (apatite); this P was not readily available for plant growth. The BSES test (which
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should only be used on acidic soils) uses sulfuric acid, which dissolved the calcium phosphates present in
the soil and released them into solution. This example illustrates the importance of considering the
conditions under which a type of soil test was designed to be used when interpreting soil test results.
The potential for soil to adsorb P is using a P buffering index (single point determination), where the
amount of P retained from a test solution is measured, or through the development of a P adsorption curve
(multiple point determination). Of these the P adsorption curve provides much more information, but
being a multiple point determination, it is more expensive to perform.
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Chapter 4. Soil Fertility – Productivity and Sustainability
ME Probert1 and WM Strong2
1
CSIRO Sustainable Ecosystems, 120 Meiers Road, Indooroopilly Qld 4168
2
DPI Farming Systems Institute, PO Box 2282, Toowoomba Qld 4350
Abstract
‘Fertility’ of soil is discussed within the context of being a suitable medium for plant growth.
Thus, considerations of the adequacy of nutrient supplies within the climatic and other
constraints of the production system, particularly water supply, are discussed. Soil chemical
and biological processes have different effects on the plant bio-availability of the various
essential nutrients. Managing the supply of nutrients to agricultural systems is a key factor in
maintaining the productivity and sustainability of the systems. Much of the material presented
has been sourced from two recently published monographs (Clarke and Wylie 1997 and Peverill
et al. 1999).
Key words: Productivity, Sustainability, Soil fertility

1. INTRODUCTION
To describe land as ‘fertile’ requires consideration of land features as well as specific soil properties that
affect its physical, chemical and biological status. A shallow soil may not be a particularly good choice
for dryland cropping in a semi-arid climate, nor a soil with poor internal drainage for irrigation.
Furthermore, knowledge of intended land use is required to declare a soil as being ‘fertile’. For example,
a fertile soil for dryland cropping could contrast with a fertile forest soil or a fertile soil for native pasture.
Quality of produce sought frequently creates yet another requirement of soil fertility.
For rain-fed cropping in Australia’s unreliable rainfall regions, there is always the risk that production
targets will not be reached. Expectations of variable production outcomes affect the strategies adopted by
producers to supplement declining soil fertility and a variety of options other than applying fertilisers may
be used.
With the above qualifications in mind, the following paper explores the soil properties and processes that
impact on plant productivity and thus on the sustainability of soil-plant systems. Plant production and
sustainability issues such as soil organic matter decline, nutrient depletion, erosion, salinity, acidification,
presence of biotic factors, and sources of applied nutrient, that impact upon the soil’s chemical and
biological status are discussed.

2. DOMINANT PROCESSES RESPONSIBLE FOR SOIL NUTRIENT CYCLES
Nutrients in soil exist in several different forms, some of which are more readily available for uptake by
plants than others. A conceptual diagram of nutrient pools1 in soil is given in Figure 1. The soil solution
is the critical pool through which passes all the elements taken up by plants. Because the amounts of
most nutrients held within the soil solution are small, to sustain plant growth the soil solution must be
replenished with nutrient from the solid phase as nutrient draw-down by plants occurs.
Replenishment of the soil solution phase can be by many processes; desorption (of cations and/or anions),
dissolution of partially soluble minerals or precipitates, oxidation and/or reduction of metals present in
more than one oxidation state, enzyme hydrolysis, and microbial mineralisation reactions.

1

The pool of nutrients that is accessible by plants has been termed the ‘labile pool’.
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Figure 1:

Conceptual diagram of major nutrient pools and pathways in soil (McLaughlin et al. 1999).

3. SUPPLY PROCESSES AFFECTING PHOSPHORUS, NITROGEN AND OTHER
MAJOR SOIL NUTRIENTS
Phosphorus in soil solution is replenished through several processes: desorption of phosphorus held on
soil surfaces, from dissolution of reaction products between soil and fertiliser, and from mineralisation of
labile organic phosphorus.
To describe the relationship between the solid and solution phases for those elements (P and K) the
supply of which is impacted upon by both sources of nutrient, the concept of a ‘quantity’ factor and an
‘intensity’ factor was introduced. The amount of nutrient in solution is termed the ‘intensity’ (I). The
amount of solid phase that is capable of readily entering the solution is the ‘quantity’ (Q). Ability of a
soil to resist or ‘buffer’ change in solution concentration is termed the ‘buffer power’.
Thus, to adequately describe the nutrient supplies of nutrients like P and K usually measures of both I and
Q will be required to provide measures of immediately available nutrient (I) and potentially available
nutrient (Q).
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Description of phosphorus cycle in soils (Moody and Bolland 1997).

In contrast to the above (mineral phase) supply processes that affect nutrients like P, K, Ca, Mg, and
others, the supply of nitrogen is dominated by the organic phase in the soil. This then would seem a
much simpler nutrient supply process to describe. Alas, not so. The many and varied microbial
transformations of nitrogen in soil coupled with the dynamic nature of these processes makes for a
similarly complex description of soil nitrogen supply.
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The nitrogen cycle in soils (Strong and Mason 1997).
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4. PROCESSES DOMINATING SUPPLIES OF ESSENTIAL PLANT NUTRIENTS
Processes that affect supplies of N and P, mentioned in the previous section, also affect the supplies of
other essential plant nutrients to varying degrees. Processes that dominate supplies of most of the
essential plant nutrients are listed in Table 1.
Table 1:
Nutrient
element

Dominant sources of labile supplies of nutrients and factors affecting plant availability.
Dominant
labile source

Nitrogen

SOM

Phosphorus

Adsorbed P

Potassium

Exchangeable
and structural

Sulfur

SOM and
secondary
minerals

Calcium

Exchangeable

Magnesium

Exchangeable

Zinc

Ion complexes
and chelates

Copper
Manganese

42

Primary factors dominating nutrient availability

SOM pool size – soil type, period of cultivation, extent of nutrient depletion.
Previous crop, type and time – extent of symbiotic fixation, cereal residues
for N tie-up, extent of mineralisation of SOM.
Soil water status affecting oxidation-reduction affecting loss to atmosphere.
Fertiliser addition – quantitative crop needs usually not met by SOM.
Time and/or temperature increases ‘slow fixation’, chemical reversion.
Soil P status affected by soil’s parent materials.
P sorption properties of the soil – affected by soil minerals and chemistry
(pH).
Crop P demand – crop type and management will affect.
VAM status – variably important depending on crop dependence on VAM.
Fertiliser addition – crop needs usually met by applications including manure.
K status of soil’s parent minerals, particularly illite content of clays.
Produce type – greater depletion of K in whole plant products and/or
removal.
Humid climate will increase weathering and dissolution and leaching.
Soil textural type – sands usually lower status and allow substantial leaching.
VAM status – variably important depending on crop dependence on VAM.
Presence of secondary minerals, like gypsum, if present in the profile.
Mineralisation from SOM, from crop residues, pastures, animal excreta.
Atmospheric deposition from sea salt and/or industrial pollution.
Humid climate will increase weathering and dissolution and leaching.
Soil textural type – sands usually lower status and allow substantial leaching.
Clay minerals and cation-exchange-capacity are prime controllers of supply.
Period of cropping may lead to soil acidification and low calcium.
Secondary minerals, like lime, may replenish exchangeable.
Clay minerals and cation-exchange-capacity are prime controllers of supply.
Magnesium content of soil’s parent materials.
Soil pH – Zn is deficient in high pH soils due to low Zn in soil solution.
SOM may also be important in high pH soils. Higher SOM vertisols in
Australia are non-responsive to applied Zn; Indian vertisols are very
responsive.
Soil pH, SOM content, clay content, presence of iron and aluminium oxides.
Water supply (soil water and rainfall) affects availability in topsoil.
Microbial activity affected by soil water content and temperature.
Soil pH and reducibility of manganese oxides.
Cultivar variation in tolerance to deficiency and toxicity.
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Iron

Molybdenum

Boron

Cobalt

Selenium

5.

Microbial activity affected by soil water content and temperature.
Minimum availability at high pH, redox status affected by waterlogging,
chelation.
Deficiency intensifies under poor aeration, low availability in calcareous soils
due to bicarbonate.
Plant roots may modify rhizosphere pH increasing availability.
Reactions of molybdenum anion (MoO4) similar to those of phosphate.
Fixation reactions in acidic soil. Organically bound Mo protected from
fixation.
Inputs in rainfall from seawater. Easily leached in sands and high rainfall.
Most fertilisers and amendments contain trace amounts.
Deficiency and toxicity intensify in dry conditions.
High manganese oxide contents bind Co causing low availability.
Calcareous sands and limed soils associated with low Co uptake by pastures.
Dilution effects of superphosphate use also reduces Co uptake.
Lowest availability in acid waterlogged soils. SOM source and sink for Se –
volatile Se compounds may be produced.
Dilution effects of superphosphate and high production reduces Se uptake.

HOW SOIL FERTILITY IMPACTS ON PRODUCTIVITY AND SUSTAINABILITY

Though there is a tendency to talk of soils being of high or low fertility, it is important to realise that
plants do not respond to some vague concept of soil fertility, which encompasses the spectrum of
conditions that affect plant growth.
Way back in the 1840s it was established that plant growth is controlled by the factor that is the most
limiting, a principle that became known as Liebig’s ‘Law of the Minimum’. What this means in practice
is that in order to improve the growth of a plant (to increase productivity) it is essential to establish what
the factor is that is limiting plant growth. This is most easily grasped in terms of response to inputs of
nutrients. For example, where say phosphorus is restricting plant growth, there will be no benefit in
increasing the supply of nitrogen. However the same principle also applies to other aspects of plant
growth. Assume some condition in the soil (such as a plough pan) is impeding root exploration so that
the crop cannot exploit moisture present in the subsoil—until the condition is rectified, the crop will not
respond to larger inputs of nutrients.
‘Sustainability’ is another concept, like soil fertility, that is widely used but rather difficult to define.
Obviously the essence of what is meant by sustainable agriculture is that it can continue to perform into
the future, even indefinitely. This is in total contrast with a mining operation, where the extraction of
some product must diminish the extent of the reserves so that the mine must have a finite lifetime.
A difficulty in coming to a useful definition of sustainability is that it needs to be applicable across a
range of scales. At the scale of an individual farm, the prime concern for the future is likely to involve
economic survival and issues of whether past and present activities have impaired the soil (soil health).
The other end of the scale range is to consider sustainability in a global context. Here the issues include
the need to continue to support an expanding world population from a finite land area without exhausting
the world’s supply of non-renewable sources, polluting the environment with harmful wastes, or
contributing to greenhouse gas emissions. The important dimensions of sustainable agriculture are that
farming practices and systems should maintain or enhance (1) the economic viability of agricultural
production, (2) the natural resource base, and (3) other ecosystems which are influenced by agricultural
activities (after Standing Committee on Agriculture 1991). A further dimension that is often included is
the inter-generational concern—that decisions made today must not limit the options for future
generations.
Agriculture involves the clearing of natural ecosystems to be replaced by crops and pastures. This
inevitably sets in train a series of processes that, if not controlled, degrade the resource base on which
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agriculture depends. These processes include the removal of nutrients in harvested produce, reduced
inputs of carbon to the soil via residues and roots leading to decreased soil organic matter content,
accelerated soil erosion, changes to the soil hydrology usually resulting in increased movement of water
through the soil profile, the build up of pests, diseases and weeds. These degradative processes are the
inescapable consequences of cultivation for crop production. Coping with these problems at acceptable
cost is at the core of farming practice and whether farming practices are sustainable.
5.1 Soil organic matter decline
The amount of organic matter in soil (SOM) is determined by the inputs of carbon (from residues and
roots) and the rate at which soil organic matter decomposes. Replacing natural vegetation with
agricultural crops results in lower inputs because perennial vegetation is often replaced by annuals which
only grow for part of the year, and more importantly because a portion of the carbon in vegetation is
removed as produce. Thus inputs can be greatly modified. Decomposition rates are dependent on soil
temperature and moisture. It is frequently stated that cultivation accelerates the breakdown of SOM
(eg. Rasmussen and Collins 1991), the effect being ascribed to disruption of soil structure, increase in
surface area and/or promoting microbial activity. However experimentally it is difficult to separate the
effects of tillage from other residue management effects.
In the sub-tropical cereal belt the decline in SOM under cropping has been well documented by Dalal and
Mayer (1986). Adoption of conservation tillage practices which result in retention of crop residues (and
reduced tillage) will slow the rate at which SOM declines. However to reverse the trend it is necessary to
change the farming system to include a pasture phase in the rotation (Dalal et al. 1995).
SOM has several desirable effects on soil. It is perhaps the most important ‘binding agent’ that holds soil
particles together into larger aggregates. Thus loss of SOM commonly results in poorer soil structure, a
greater tendency for a soil to form surface crusts, and reduced infiltration and water holding capacity.
The chemical make-up of SOM is not fully understood, but it contains N, P and S as well as carbon
(approximately 100 C: 10 N: 1 P: 1 S). Thus it is either a source or sink for these nutrients depending on
whether the SOM content is decreasing or increasing. In our farming systems, it is the N that has been
exploited. Cropping of soils with high SOM (and thus high N mineralisation potential) enabled high
protein cereal crops to be grown. But as the SOM decreased through time the ability to supply N has
diminished and crops become N limited unless there are other inputs. The inputs of crop residues and
SOM are the substrates that are utilised by soil organisms. It is generally found that there is a wider
diversity of soil organisms in soils with high SOM content and where crop residues are retained as a
surface mulch.
Soil sustainability indicators are assuming increasing importance. Of the soil properties that are
measurable, soil carbon is one of the most important but as an indicator of sustainability it needs careful
interpretation. However, any system where SOM is continuing to decline cannot be considered to be
sustainable. Sooner or later there will be a need to increase N supply to crops in order to maintain yield
(so the production system will be less economically viable) and also there will be a deterioration in soil
structure that may impinge on other aspects of the farming system.
5.2 Nutrient depletion
Continuous cropping with removal of products without any replacement of the nutrients they contain is
about the most exploitive system of farming that can be envisaged. The similarities to a mining venture
are quite obvious, and hence it is often referred to as ‘nutrient mining’. Dalal and Probert (1997) have
discussed what has happened in the sub-tropical cereal zone. Because the nutrient supplying potential of
the soil is now much below what it was when the land was first opened for agriculture, the cropping
systems are not as productive as they used to be.
The soil’s capacity to supply N is dependent on the SOM content and therefore declines as SOM declines
(see above). The other nutrients are not so exclusively linked to SOM but export in produce can easily
outstrip the rate at which they are released into plant available form by weathering of primary minerals or
are added to the soil through atmospheric accessions. As long as outputs exceed inputs for any nutrient,
there is a problem waiting to happen—the questions that need answers are which nutrient will be next to
become limiting and how soon will it happen.
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The nutrient balance for the various nutrients is strongly dependent on the cropping system and how it is
managed. For cereal crops, much of the K, Ca and Mg is in the straw so they are less exploitive for these
nutrients when residues are retained. On the other hand, crops where a large proportion of the total
biomass is removed (eg. forage crops, sugarcane) can have very large negative balances for these
nutrients unless outputs are replenished through use of fertilisers.
5.3 Erosion
The loss of surface soil has several undesirable effects, in terms of both the soil that is eroding and offsite where sedimentation occurs.
Generally SOM and nutrients are concentrated in the near surface layers of soil. Thus removal of these
layers contributes to the decline in SOM and negative nutrient balances (as discussed above). Where soil
depth is relatively shallow, erosion reduces possible rooting depth and the plant available water content of
the soil. In climatically variable environments, the loss of soil depth makes cropping progressively more
risky as the soil holds less water to keep the crop free of water stress between rainfall events.
A range of factors affect erosion rates. Some can be controlled by management; others (such as rainfall
and rainfall intensity, slope and soil erodibility) cannot. For cultivated agriculture, cover reduces soil
erosion more than any other factor in tillage management (Freebairn et al. 1993). Thus maintaining
cover, especially through retention of crop residues, has a good effect in terms of both erosion control and
slowing the decline in SOM. The other erosion control practice is the use of earthworks to manipulate
slope length.
5.4 Salinity
The main impact of salinity on crop growth is through the osmotic pressure of the soil solution, thus
affecting the soil as a suitable place for roots to grow. High salt concentrations in the subsoil effectively
limit the rooting depth of plants.
Salts are a natural part of all landscapes. They are released by the weathering of rocks and sediments and
are deposited in rainfall. Being soluble, salts move with water and thus the hydrology of landscapes and
soils determines the distribution of salts. Over long periods of time with stable climate and land use,
catchments approach a hydrological steady state and a salt mass balance is established. Because of the
way water is used by vegetation or evaporated, a characteristic pattern of salt distribution develops in the
soil profile above the watertable.
Changes in the distribution of salt occur when inputs or outputs of water change. The major changes are
due to irrigation and to altered land use. Landclearing and introduction of cropping usually change the
hydrology by increasing the recharge below the rooting zone. This mobilises salt in the profile. The
increased recharge will cause the watertable to rise in some part of the catchment bringing salt with it.
As the salinity increases in a soil it will progressively reduce the effective rooting depth of crops and/or
the range of crops that can be grown as the choice is restricted to those that are less sensitive to the high
salt concentrations.
5.5 Acidification
Soil acidification is another form of land degradation that threatens the sustainable use of agricultural
land. Many soils are acid in their natural environment; such soils are in a stable state with their plant
communities. Agricultural practices disturb the natural C and N cycles and alter the hydrology and can
have acidifying effects on soils. The basic phenomenon is that the inputs (especially of N) and removals
(of products and via drainage) create an imbalance in the proton balance in soil. Perhaps the best known
example is the acidification that has occurred in the wheat–subclover–superphosphate–sheep system in
southern and western Australia. Somewhat simplistically, the underlying processes that cause the
acidification is that some of the N that is fixed by the legume ends up being leached as nitrate from the
near surface layer to the subsoil and beyond the rooting zone. Charge neutrality requires that the
negatively charged nitrate ions be balanced by basic cations (Ca or Mg) and the soil’s proton balance is
upset. Removal of produce and accumulation of SOM are other causes of perturbation to the proton
balance.
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The consequences of soil acidification are that it alters the bio-availability of elements. Only in rare
situations is low pH itself a constraint to plant growth. More commonly toxicities of aluminium and/or
manganese become limitations to plant growth as decreases in soil pH increase the concentrations of these
elements in the soil solution. Concurrently the bio-availability of Ca, Mg, P and Mo are reduced. Under
acid soil conditions there is also a reduction in microbiological activity (for example nitrification is
inhibited in acid soils) and increased incidence of fungal disease. Plants vary in their sensitivity to
nutrient deficiency or excess, so one of the major impacts of soil acidification is a reduction in the range
of crops that can be grown.
Amelioration of acid soil infertility can be achieved through inputs of liming materials. However the
extensive, low input nature of most Australian agricultural industries makes the economics of lime use
unattractive. Also where acidification has occurred in the subsurface soil it is difficult to correct with
surface application of lime. The current focus is to control the effects of soil acidification through careful
selection of crop cultivars and rotations, efficient use of selected fertilisers and judicious use of lime using
techniques such as pelleting or banding lime with seed.
5.6 Soil biotic factors
Plant health plays an important role in the sustainability of agricultural systems. Frequently actual yields
obtained by farmers are substantially below the potential for the crops, which is determined by full and
efficient use of the available water. Reasons for failure to utilise water can be due to nutritional effects,
fungal and nematode diseases, insects, competition with weeds, or low levels of vesicular arbuscular
mycorrhizae (VAM) in the soil. Whilst damage by foliar diseases and pests is readily apparent, that of
soil-borne diseases and soil-inhabiting insects may not be as obvious. Many plant health factors,
especially those that affect root development or function, influence the ability of the plant to obtain
nutrients and water from soil.
Cultivation and cropping drastically change the composition of the soil’s microflora, microfauna and
macrofauna. These changes result from a reduction in ecological diversity due to replacement of mixed
vegetation with crop monocultures and exposure and disturbance of the soil. Some soil-borne diseases
and pests increase through time. Changes in cultivation methods also leads to changes in soil biology.
Diseases caused by fungi that survive in stubble increase under conservation tillage practices. In contrast,
earthworms, termites and other litter invertebrates are absent or rare in cultivated soils, especially where
stubble is burnt.
To give a few examples…
Crown rot of winter cereals is caused the fungus Fusarium graminearum and is found throughout the
winter cereal growing regions. Hyphae in the stubble of winter cereals or infected grasses are the means
by which it survives from one wheat crop to the next. Reduced tillage and retention of residues (as now
widely practiced to reduce soil erosion) can be expected to increase the incidence of crown rot. The rate
at which diseases such as crown rot increase with successive crops is important for sustainable winter
cereal production. Options for control are the use of partially resistant cultivars and choice of crop
rotation.
Root-lesion nematode, where it occurs, is a serious constraint to wheat production. Root systems that
are attacked have poorer branching and less root-hair development; the tops of affected plants are stunted
with poorer tillering. Thus nematodes impair the performance of the root system in terms of its ability to
utilise water and nutrients. Management of the problem through crop rotation and use of tolerant and
resistant varieties is essential for farming on infected soils.
Phytophthora root rots affect crops such as lucerne, soybean and chickpea. The problems are most
severe in heavy clay soils where there are prolonged periods of high soil moisture and when the crop has
been preceded by another susceptible crop. Crop rotations that avoid successive legume crops would
seem the most appropriate management on clay soils.
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Vesicular arbuscular mycorrhizae are a group of fungi that have positive effects on crop growth. They
colonise the roots of nearly all crop and pasture plant species as well as shrubs and trees (rapeseed is a
notable non-host). Hyphae extend from the colonised roots into the soil and are able to take up nutrients
(especially poorly mobile ones like phosphorus and zinc) that would be beyond the reach of root hairs. In
the absence of VAM, plants require much higher inputs of P and Zn fertilisers in order to rectify
deficiencies of these nutrients.
VAM are an important part of many low-input agricultural systems, and there is increasing recognition of
their role in systems that in the past have depended on high inputs of nutrients. VAM fungi decline
during fallows.
5.7 Sources of nutrients
The functioning of any ecosystem depends on a continuing supply of nutrients. Natural systems are more
or less closed systems in terms of nutrient cycling. Not so agricultural systems where removal of produce
as well as other loss processes requires inputs of nutrients if the system is to be sustainable. The external
sources of nutrients vary in terms of costs, availability, and ease of use.
Applying manufactured fertilisers is the easiest but most costly option. Manufactured fertilisers continue
to arouse community concerns about contamination of the environment or food products. A conflict is
seen by some between the need to supply food economically by the use of such fertilisers, and the need to
protect the environment. Environmental concerns relate largely to excessive use of nitrogen and
phosphorus fertilisers, which may lead to contamination of surface and ground water supplies. In
addition there are global concerns over increased emissions of N2 O from N fertilised land as well as
CO2 released during fertiliser manufacture.
What is considered to be a fertiliser is to some extent debatable. Several natural products are used as
sources of nutrients, eg rock phosphate, elemental sulfur, lime and dolomite, gypsum. Ground rock
phosphate and other unprocessed products are often promoted as an alternative to P fertilisers, because
they are natural rather than manufactured and supposedly have less detrimental effects on the
environment. Rock phosphates are soluble only in acid soils (pH <6 in water), and only a very small
proportion of northern cropping soils is in that pH range. However, it can be an effective phosphate
source on suitable soils.
Several alternatives to fertilisers are used in some systems to reduce the use of manufactured fertilisers
and conserve global energy supplies. The obvious alternative to applying N fertilisers to cereal crops is to
grow grain legume crops or pastures leys in rotation. Once the nitrogen fixed biologically has been
utilised by the plant, it then becomes part of the plant-soil cycle and can subsequently be used by other
non-fixing crops. Returns from these systems do change dramatically as yields, prices and costs change,
so that their attractiveness compared with the fertilised system changes also.
Many agricultural systems depend on manures and composts for input of nutrients, which tend to vary
greatly in nutrient content depending on how they have been managed. Animal manures are usually rich
in P, K, S and other nutrients, but not N. Also, the organic matter content may benefit the physical
condition of some soils. Due to the large variation in elemental composition precise nutrient management
using manures is difficult. Other difficulties associated with their use include potential for pollution of
streams and water storages, supply in relation to regional demand and logistics of accessing and
distributing manure. Ensuring that crops receive balanced nutrition is one of the challenges of using
manures. Frequently this means complementary use of organic sources and fertilisers.
The nutrients contained in organic sources are not as readily available to crops as the same amount
applied as an inorganic source. Plants take up nitrogen from soil as ions of nitrate or ammonium.
Whereas all of the N in an inorganic fertiliser can readily go into solution, plant available N is only
released from an organic source after it has undergone mineralisation. Part of the carbon in the organic
source becomes synthesised into SOM creating an immobilisation demand for N. Only materials with a
C:N ratio less than around 25 release part of their N directly as mineral N and therefore can contribute as
a short-term source of N.
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Many other ‘waste’ products contain nutrients. In a few instances these are recycled, such as the use of
sewage effluent for irrigation. However there are other factors that come into consideration besides the
amount of nutrients. These include other undesirable contents like pathogens, salt, and toxic elements
(eg. lead, cadmium, mercury).
Microbial inoculants, containing live or latent cells of efficient strains of N-fixing, phosphate-solubilising
or cellulotytic micro-organisms are available. Such preparations are usually applied to seed or soil or
composts to accelerate certain microbial processes and / or to increase nutrient bio-availability. Similarly,
other soil additives including soil activators, fermentation formulations and crushed rock are frequently
promoted. Promotional materials for these products usually lack results of rigorous testing.
One of the greatest sustainability challenges facing agriculture is how to manage the nutrient balance. To
achieve this it is axiomatic that we should do better at recycling nutrients. It makes poor sense to import
nutrients to put on cropping land, transport the produce to the cities, and then dispose of their nutrient
contents to landfill or the ocean. The difficulties are the dilute nutrient concentrations in the wastes and
the costs of recovery and/or recycling.
5.8 Organic farming
This is not the place to argue the pros and cons of organic farming. In the context of soil fertility it must
be recognised that organic farming systems, like other systems, require a continuing source of nutrients.
The productivity of a farming system is determined (at least partly) by the nutritional status of the crops.
Does it follow that a low input system is more sustainable than a high input system? Probably not, indeed
it can be argued that the opposite is the case. And then there is the level of production. An organic
farming system on a soil that has reasonable nutrient reserves and an acceptable productivity can look
very attractive. But would the same management practices work on a soil that has low fertility and where
there is a need to increase production?
5.9 Agroforestry and other production systems
Criticisms can be levelled at intensive farming systems that the widespread use of monocultures leads to
loss of biodiversity, increased incidence of disease and pests, and they are leaky in terms of water and
nutrients. More complex mixtures of a range of plant types often avoid these problems, but such systems
are impractical to implement on a broadacre scale.
The notion that growing crops in combination (inter-cropping) can increase productivity depends on there
being some under-utilised resource that can be captured by another species. For most resources there is
more likely to be competition—for light, water and nutrients. Some situations have been identified
(predominantly in low input systems) where introduction of trees can increase overall productivity. The
most obvious is where the tree can capture the excess water that would otherwise escape beneath the
rooting zone of the shallower rooting crops. Sometimes there are nutrients present in subsoils that can be
captured by deeper rooting species and recycled back to the surface layer via leaf drop.
There are reasons other than production that can lead to considering the merits of introducing trees into
farming systems. Topical at present is the huge question of how the encroachment of dryland salinity can
be slowed or turned around. The cause is without question the greater recharge under cropping systems
than under the original native vegetation. It is known that trees can increase water use and so reduce
drainage. So perhaps an agroforestry system involving trees is the answer. But how many trees, and in
what sort of arrangement? As spaced trees, in rows along fencelines, in broad bands covering 10, 20 or
50% of the land area? And once the trees are established, how will they compete with the crops grown
between them, and will they be compatible with farming machinery?
For the moment agroforestry might well be a ‘good thing’, but for most situations we don’t yet know how
to do it.

6.
48

CONCLUSION

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Sustaining the soil resource is probably the greatest challenge to future management of most plant
production systems. Central to the management of many plant production systems is the desire to
maintain soil fertility at an appropriate level to sustain desired production with minimum adverse impact
upon the environment. Thus, knowledge of processes and their dynamics that affect continued supplies
of nutrients, as well as responses to management practice and other production constraints, is essential to
understand changes in soil condition and how soil degradation can be avoided. Much research has been
applied to filling these knowledge gaps, but many knowledge gaps still require further research if we are
to accurately manage supplies of plant-available nutrients that will sustain the soil resource while
maintaining production.
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Chapter 5. Soil Nutrients and Diagnosing Nutrient Disorders in Plants
CW Dowling
Nutrient Management Solutions, Brisbane

Abstract
In the last decade the environment of narrow profit margins for many agricultural products with an
increased focus on sustainability and natural resource management have revived interest in the use of soil
and plant analysis as management tools. The key to success in the use of these tools is vigilance and
attention to detail in all parts of the sampling, analysis, interpretation and recommendation process. This
is further enhanced through the ability of the interpreter to integrate a wide range of useful information
from other sources with analytical results.
Key words: Analysis, Fertiliser, Interpretation, Nutrient, Sampling

1.

INTRODUCTION

Australian farmers modified soil fertility, particularly phosphorus (P) in cropping and pasture programs
relatively early in the development of agricultural production systems (Donald 1965). Many soils in
Australia, with the exception of the black vertosols and some grey vertosols are low in cations, P and
organic matter, with nitrogen (N) fertility being dependent on the original native vegetation and soil type
(Cook and Scott 1987, Dalal and Mayer 1986).
The low fertility status of many Australian soils makes it necessary to use fertilisers and soil amendments
to encourage healthy plant growth. The most appropriate means of determining the soils’ chemical
fertility status is by combining results of soil analysis, plant tissue analysis and visual assessment of plant
growth (in the presence of adequate water).
Once soil and plant analysis and crop performance data is gathered, together with knowledge of the
district and the crops or pastures to be grown, a skilled interpreter can advise on an appropriate fertiliser
and soil amendment program.
During the course of growth, plants take up nutrients from the soil. Generally, the higher the yield, the
greater the amount of nutrients required. The soil cannot always meet the demand placed on it for
nutrients. Some soils are naturally low in one or more nutrients and in their ‘native state’ cannot meet
plant demand. Others become depleted over time, as nutrients are removed in farm produce, or are lost in
other ways (Dalal and Probert 1997). In these situations, nutrient addition is necessary to maintain or
restore soil fertility and to ensure that soil productivity is no more limiting than other environmental and
management constraints.
It must also be remembered that the soil functions as a chemical, biological and physical medium in its
relationship with plants and that these three factors may also interact with one another to influence plant
growth. These indirect interactions must also be considered when deciding on the adequacy of soil
chemistry to meet productivity targets. In addition to chemical deterioration of the soil, physical (Bridge
1997) and biological (Wildermuth et al. 1997) deterioration have gained prominence in recent reviews of
soil fertility.
In the last decade the concept of sustainability and environmental impact of soil nutrient management in
the community and in scientific debate has significantly increased in prominence (Clarke 1997). The
challenge is now for soil scientists and agronomists is to fully consider and integrate the short-term
productivity requirements with longer-term goals that maintain flexibility to grow a range of plant species
economically, with minimal off-site impact and in line with broader community expectations.
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2.

DIAGNOSING NUTRIENT DISORDERS USING SOIL ANALYSIS

Interest in the use of soil tests evolved over the past 150 years (McLaughlin et al. 1999) with the growing
need for fertilisers that were found necessary to meet the demand for food and fibre from an increasing
world population.
Of the total content of an element in soil, only a fraction is available for uptake by growing plants (Barber
1995). The amount available depends on many factors: the element and its chemistry; the total element
content; the soil type; moisture content; pH; ion exchange capacity; organic matter content and seasonal
temperatures. The levels of available nutrients below which responses to added nutrient are expected
vary for different soils, environments and plants.
Nutrients at equilibrium in the soil solution (water-soluble) are readily available for uptake by plants.
Those that are easily exchanged from the surfaces of clay minerals or organic matter are less readily
available for uptake. However, these are in equilibrium, so that as plants remove a nutrient from the soil
solution, the equilibrium is restored by the release of some of the exchangeable nutrient from clay or
organic matter surfaces (McLaughlin et al. 1999).
Some nutrients are held more firmly by (or inside) the clay minerals and are therefore only very slowly
available. As the complex clay minerals break down during the weathering processes, these slowly
available forms become more readily available.
Organic matter contains the majority of the soils’ nitrogen (N) and sulfur (S), which become available
when the organic matter decomposes through the activity of various soil organisms (Baldock and Nelson
2000). Soil moisture and temperature are the most significant factors that affect the rate of
decomposition.
Measures of the total nutrient content of soils are generally less well correlated with plant response, as
indicated for cotton in Table 1. Numerous analytical methods have been developed to estimate the
amount of plant available nutrient in the soil. These tests, in combination with other tests that measure
factors influencing nutrient availability and plant uptake (eg. pH and soil texture) are used to provide an
assessment of the soil’s fertility at the time of sampling.
Table 1:

Estimation of the critical soil P limits for cotton and the associated 95% confidence limits for
various soil P extractants.

Soil test
Colwell P
Fe-P (0.1 M NaOH-P)
Al-P (0.5 M NH4F-P)
Bray-1 P
Total P
Inorganic P
Ca-P (1M H2SO4-P)
Lactate P
Organic P

r2

Statistical
significance

0.92
0.68
0.65
0.64
0.62
0.56
0.37
0.20
0.12

***
***
***
***
***
***
**
*
ns

Pcritical
95% confidence limits
(mg P kg-1)
(mg P kg-1)
6.1
27
5
2.3
191
55
4
3.6
70

5.9–6.3
24–32
2.3–7.7
1.8–2.8
161–231
43–74
3.5–4
1.6–11.9
n/a

(*, **, *** indicate the level of significance at P< 0.05, 0.01 and 0.001 respectively).
(C Dorahy pers. comm.).
There are four key aspects to successful soil testing. These are sampling, analysis, interpretation of
results and development of a recommendation. All are important. If any of these steps are not properly
considered, the benefits that can accrue from soil testing may be greatly reduced.
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2.1 Soil sampling
The key to successful soil sample collection is knowing how the analysis data is to be interpreted, and
sampling accordingly.
There are three main purposes for soil sampling:
Prediction – to predict a rate of nutrient or soil amendment for target productivity.
Diagnostic – to describe soil nutrient hypo/hyper-availability causing poor crop performance.
Monitoring – to monitor soil chemical effects of a nutrient addition or amendment program.
Prediction
Typically, soil collection strategies have been designed to enable agronomists to determine an appropriate
change to soil nutrient availability by addition of fertiliser and amendments on a paddock-by-paddock
basis. This is achieved by ensuring that the sample taken is representative of the area of concern. Taking
a sufficiently large number of cores or sub-samples gives a higher probability that the mean of the
homogenised sample is within a prescribed confidence interval and standard error is minimised (Rayment
1985, Brown 1999). Atypical areas within a field should be avoided or sampled separately.
The cores must be taken to the correct depth, which is dependent on the research and interpretation data
available. Tables 2 and 3 show some typical sampling depths for a range of crops used by commercial
laboratories (Incitec Fertilisers 1997, Dalgleish and Foale 1998, Brown 1999).
The sampling equipment (ie. sampling tubes, corers or augers, buckets and plastic sample bags) must be
kept clean.
The samples should be taken at least 3 months after the last liming application and 2 months after the last
fertiliser application to allow the soil to come to equilibrium from a broadcast application or for soil
bands to dissipate. In controlled traffic/zero till areas, different sampling protocols are required for low
mobility nutrients such as P, Zn and K due the potential for development of horizontally stratified
nutrient-rich zones in the soil.
Table 2:

Recommended surface soil sampling depths.

Crop
Pasture
Cereal, Oilseed and Grain Legumes
Cotton
Vegetables
Sugarcane
Tree Crops (Establishing)
Tree Crops (Bearing)

Queensland
0–10 cm
0–10 cm
0–15 cm
0–15 cm
0–25 cm
0–30 cm
0–15 cm

New South
Wales
0–7.5 cm
0–15 cm
0–30 cm
0–5 cm
0–25 cm
0–30 cm
0–15 cm

Victoria /
South Australia

0–10 cm
0–10 cm
n/a
0–15 cm
n/a
0–30 cm
0–15 cm

Once collected, the sample(s) should be kept cool and despatched to the laboratory as soon as possible to
minimise uncontrolled changes in extractable/exchangeable nutrient content. If it is necessary to store the
sample, this can be done for short periods of time in a refrigerator or freezer. Samples can be air-dried if
they are to be stored or to be in transit for an extended period of time.

52

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Table 3:

Recommended sub-surface soil sampling depths.

Crop

Queensland

New South
Wales

Pasture
Cereal Oilseed and Grain Legumes
Cotton
Horticultural Rowcrops
Tree Crops (Establishing)
Tree Crops (Bearing)

n/a
10–60 or 90 cm
10–60 or 90 cm
15–60 cm
30–90 cm
15–90 cm

n/a
15–60 cm
n/a
15–60 cm
30–90 cm
15–90 cm

Victoria /
South Australia

10–30 cm
10–60 cm
n/a
15–60 cm
30–90 cm
15–90 cm

Diagnostic (Trouble-shooting)
Soil samples are frequently taken from areas of fields to help determine the cause of the limitation where
crop growth, vigour or yield is less than the rest of the field or in comparable fields.
The sampling regime for trouble-shooting is directed and should include soil from adjacent areas of
normal and poor growth. Sampling of different fields should be avoided unless all aspects of
management, cropping history, topography and soil types are very similar. Sample number and sampling
depth is of less importance than for fertiliser rate prediction but consistency of method between areas
should be maintained. Development of a sampling protocol (depths, location, sub-samples etc.) for
trouble-shooting should take into account hypotheses about the cause of poor performance.
Frequently the results of soil analysis from a trouble-shooting exercise can appear to conflict with field
observations if it is not interpreted in the light of other available information. Information that is vital to
ensure soil analysis is part of the solution not a further complication should include detailed plant
symptoms, plant nutrient analysis, dry matter estimate, water analysis and management history.
Monitoring
Wider availability of accurate geo-referencing instruments (GPS) has brought about a significant increase
in using soil analysis to measure temporal changes in soil nutrient content. Geo-referencing is now being
adopted on a whole field and within field comparisons (precision farming). Where variability within a
field is to be exploited, soil-monitoring points in the field can be assessed against a range of production
input and output measurements.
If fields are to be treated uniformly, accurately geo-referenced soil collection points can substantially
reduce spatial variability compared to random collection, thereby increasing sensitivity in detecting
temporal change.
2.2 Analysis
When choosing a laboratory to analyse soil, it is necessary to ensure that the analytical methods used are
appropriate, that is they are methods that estimate the plant available nutrient status of the soil and can be
interpreted from a local field calibration. Different laboratory tests have been found to be more reliable
for different crops and soil types. The preferred extraction method for a given nutrient may vary between
regions and states, depending on what research data is available. The standard reference methods for
Australasian laboratories is Australian Laboratory Handbook of Soil and Water Chemical Methods by
Rayment and Higginson (1992).
When a soil is to be analysed for the first time, it is suggested that a full suite of analyses be conducted.
This allows the interpreter to be fully aware of any potential problems, such as extremely low or
extremely high values that may interact to affect crop or pasture performance. Subsequently, it may only
be necessary to test at a higher frequency for those factors and nutrients of most concern. Most soil
testing laboratories have set suites of analyses for various situations. Some analyses (such as pH,
electrical conductivity and phosphorus) are almost always performed. Other analyses, like nitratenitrogen, sulfate-sulfur, potassium, calcium, magnesium and sodium, are often analysed; whereas the
micronutrients, copper, zinc, manganese, iron and boron are less often analysed.
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2.3
Interpretation of results and development of recommendations
In Australia the traditional sufficiency level (SL) method of interpretation has dominated, having widely
accepted and scientifically established critical levels (Conyers 1999). The alternate base cation saturation
ratio (BCSR) interpretation method is less frequently used, being viewed sceptically by most soil
scientists due to a lack of local scientific validation from field calibration (Merry 1998).
Once the results of the chemical analysis of the soil are available, a competent interpreter should be able
to interpret the results and provide an appropriate soil amendment and fertiliser program. Ideally, this is
best done locally by a person with knowledge of the district and the crops and pastures to be grown, as
there are many local factors that must be considered.
The practical matters that must be considered in determining fertiliser programs are many and varied and
include:
Efficiency of utilisation
Crop requirements
Labour
Application equipment

Product

Convenience

Soil properties
Site conditions

Irrigation
Expected returns

Finance

Rainfall, leaching, denitrification, volatilisation, fixation, fertiliser
placement, timing/frequency.
Expected yield, single or multiple nutrients, rates of application, forms of
nutrients, timing, special considerations.
Availability, skill and training of operator safety.
Availability (owned, hired, contract applied), type of equipment (air
seeder, drill, spinner, etc.), capability of fertiliser placement, with seed,
banded near seed, in inter-row, or broadcast; capacity of box(es); ability to
handle different products or a number of separate products, row spacing,
calibration, capacity to adjust to required rates of application, opportunity
for fertigation, opportunity for foliar application.
Local availability, bulk, bulk bag, 40 or 50 kg bags, pricing (applied
nutrient costs), handling characteristics (particle size, hygroscopicity,
solubility), chemical attributes, compatibility with other products.
Timing – relative to crop requirements, single vs split applications, blends
vs straights, surface applied vs soil incorporated, broadcast vs band,
opportunity for fertigation, foliar sprays.
Structure, tilth, texture, pH, organic matter, cation exchange capacity.
Stored moisture (level, status), planting moisture, time of planting, surface
trash (in cereals and sugarcane), weeds (presence of, adequacy of control),
disease, insects, and other pests.
Availability, water quality, type of irrigation system, frequency,
opportunity for fertigation.
Seasonal outlook, expected yield, prices received for produce, input costs
(including fertiliser), application costs, responses to applied nutrients,
duration of effect of product, especially soil amendments and trace
elements.
Availability, terms and interest rates, information re alternative nutrient
use methods/strategies (costs and returns).

The recommendation itself should cover the following factors, as listed under the acronym CRAFT:
• Choice of product
• Rates of application
• Application method and placement
• Frequency of application
• Timing of application
Interpretation and recommendations frequently consist of a product and application rate and have lacked
reference to application method, placement, frequency and timing. Recommendations of this type both
lack professionalism and risk litigation, failing to recognise the close relationship between performance
and these important associated factors.
Choice of product
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There are a large number of compounds suitable for use as fertiliser materials (Table 4). Selection of
those most suitable for a purpose is usually determined by factors such as geographic availability, suitable
physical form for application, cost, handling logistics and nutrient combination. In some cases, such as
where application is in water, solubility and chemical compatibility are also important.
Components for multiple nutrient products, commonly referred to as blends, should be selected carefully
to ensure the end product is fit for purpose. Chemical compatibility of the individual components and
granule size matching are the most important factors in producing stable and effective blends.
Rate of application
Suitable rates of nutrient application can be established from soil test standards developed from field
calibration studies, nutrient budgets, based on expected or historical nutrient removal, or from computer
models.
Field calibrations have been developed for a range of pasture and crops species with the emphasis on N,
P, K, S and to a lesser extent Zn, Cu, Mn and B (Peverill and Sparrow 1999).
Nutrient budgets based on matching crop demand with nutrient supply indicated by soil analysis has been
most popular in prediction of pre-sowing N requirement for cereal crops (Lawrence et al. 1996). The key
factors of this approach are the ability to establish a credible yield target and nitrogen transfer efficiency
(NTE) for the crop to be grown. NTE is the ratio between grain N and available N from soil sources.
An understanding of the amount of fertiliser required to maintain soil fertility at an optimum
concentration for particular nutrients can be a useful nutrient addition strategy. This approach is most
useful in highly fertile soils that are in decline or in soils that have been fertilised for a long period of time
and are approaching the ‘non-responsive’ concentration zone. The nutrient removal approach requires
information on the typical nutrient contents of a range of crop and animal products, amount of produce
removed and other loss factors for the farming system (Helyar and Price 1999).
Computer models such as DECIDE and APSIM have become more accessible for use to predict nutrient
requirement (Bowden and Bennett 1974, Hayman and Turpin 1998) because of the wider availability of
powerful desktop computers. The use of complex models for commercial prediction of nutrient
requirement has been limited due to the large amount of time required to gather accurate site parameters
to initialise the model parameters. However, for more complex issues involving multiple crops and/or
pasture, long-term nutrient application models have been useful in providing guidelines for fine-tuning
fertiliser practices.
Table 4:

Compounds commonly used for fertiliser.

Nutrient

Chemical compounds

Nitrogen

Urea, ammonium nitrate, sulfate of ammonia, anhydrous
ammonia
Mono-ammonium phosphate, di-ammonium phosphate,
superphosphate, triple superphosphate, tricalcium phosphate
Muriate of potash, sulfate of potash
Gypsum, elemental sulfur, sulfate of ammonia
Lime, gypsum, calcium nitrate
Magnesium sulfate, dolomite, granular magnesium oxide
Zinc sulfate, zinc oxide, zinc oxysulfate, zinc chelate
Copper sulfate, copper oxysulfate, copper chelate
Iron sulfate, iron chelate
Manganese sulfate
Sodium octaborate, borax
Sodium molybdate, molybdenum trioxide

Phosphorus
Potassium
Sulfur
Calcium
Magnesium
Zinc
Copper
Iron
Manganese
Boron
Molybdenum

Application method and placement
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Application method and placement are primarily determined by fertiliser product characteristics,
equipment, soil chemistry and plant species. The object of integrating application method and placement
into a recommendation is to ensure optimum effectiveness of the applied nutrient while minimising
potential damaging effects of highly concentrated nutrients. Some of the options for application are
banded, broadcast and nested which can be applied onto the soil surface, below the soil surface (subsurface) or onto the crop foliage (foliar).
Frequency of application
Ideally, fertiliser materials should be applied to ensure the concentration in the soil is able to meet the
demand of the crop. This is achieved by either applying a single dose at a rate high enough to meet peak
crop demand at some later time or with the knowledge of nutrient uptake patterns, to apply multiple
smaller doses to match the pattern of uptake. Constraints such as low rainfall reliability during critical
growth stages, low nutrient mobility (P, K) and crop canopy structure commonly restricts the number of
applications that can be applied.
Timing of application
Application timing is intimately related to placement and frequency. In an ideal nutrient management
system nutrient would be applied as the crop required it thereby optimising efficiency and reducing
potential environmental exposure. However, due to interactions between soil, climate and crop
constraints, timing is frequently compromised. Application timings are pre-sowing, at-sowing, postsowing, annual/extended time cycle, continuous.
Pre-sowing is commonly used for nutrients that are of low risk of soil chemical fixation (such as N and S)
for low mobility residual nutrients (eg. Zn) and for soil amendments (such as lime and gypsum).
Phosphorus is most frequently applied at sowing, but where the P fertiliser can be applied away from the
seed/transplant furrow other nutrients may also be applied (providing separation from the seed/plant is
adequate, since the possibility of nutrient toxicity and osmotic disruption restrict fertilisers being applied
too close to germinating or growing plant). Post-sowing soil application is commonly restricted to N and
S in annual broadacre crops, but in annual irrigated and perennial crops and pastures most nutrients can
be applied post-sowing or annually. Continuous application is mostly limited to solution culture, drip and
trickle irrigated cropping.

3.

PLANT ANALYSIS

The use of plant analysis as a diagnostic tool dates back to studies of plant ash content in the early 1800s.
Chemists working on the composition of plant ash recognised that relationships existed between yield and
nutrient concentration (Smith and Loneragan 1997). Advances in the capabilities of modern instruments
have widened the scope for plant analysis, made more sensitive analytical techniques available and
simplified procedures.
3.1 Principles
Plant tissue analysis is based on the premise that the amount of nutrient in a plant is related to the nutrient
availability from the soil. Growing plants act as an integrator of all growth factors, therefore careful
visual inspection and analysis of plant nutrient content can help in identifying a particular nutrient stress.
If a plant is lacking a single nutrient, characteristic symptoms may appear. However multiple nutrient
stress may not produce clear symptoms either visually or in plant nutrient analysis.
A deficiency of a nutrient does not directly produce symptoms. Rather, the normal plant processes are
thrown out of balance with an accumulation of certain organic compounds and shortage of others. This
leads to the abnormal conditions recognised as a symptom (Havlin et al. 1999). This may also have
significant effects on root growth.
Tissue tests broadly fall into two categories: those conducted on fresh tissue (tissue or sap) in or nearby
the field, and those analysed in a central laboratory. Tests conducted in the field are generally semiquantitative, use a narrow range of nutrients and broadly categorise crops into very low, low, medium,
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high or toxic nutrient content. To improve the reliability of ‘rapid’ analysis, testing 5–6 times during a
season is recommended.
Samples sent to a laboratory are generally analysed for total nutrient content of the above-ground plant or
a specific plant part. With total analysis, most essential and non-essential elements can be determined.
Plant tissue analysis aims to either detect deficiency at the time of sampling (diagnosis) or predict the
occurrence at a later stage (prognosis) (Bell 2000). In both cases, sampling is the key to interpretability
and reliability.
3.2 Sampling
Uniform sample
For analysis to be meaningful, the bulk sample should be taken from a uniform block of plants.
Uniformity can be judged by eye, but plants need to be of the same physiological age, vigour, variety and
rootstock. The soil type on which they are grown must also be uniform. When sampling within this
uniform patch, odd plants that are obviously unhealthy or different should be avoided, as well as plants
along roadways, headlands and old fence lines. Avoid sampling diseased plants by inspecting leaves,
stems and root systems.
When using plant analysis as a monitoring tool, only healthy plants should be sampled. When troubleshooting, one should still attempt to sample a uniform area representative of the poor growth area, despite
the unhealthy appearance of the plants.
When trouble-shooting, sample plants from separate areas
When patches of healthy and unhealthy plants appear in the same general area, these should NOT be
combined, but treated as separate sections, sampled separately and submitted for analysis as two distinct
samples. This applies also where soil type and physical or chemical properties change or it is known that
past management differs with respect to fertiliser practice, liming, fowl manure application or the growth
of green manure or other crops or plants. When sampling two areas exhibiting obvious growth
differences, it is advisable to record the age of the crops or the stage of physiological maturity of the
respective areas. An assessment of the dry matter production at that stage is also highly beneficial.
Clean samples required
Samples must reach the laboratory in a good, clean condition. Where possible collect samples free of soil,
dust, fertiliser or agricultural chemical contamination. Since some crop protection sprays contain plant
nutrients (eg. copper, manganese and zinc), recent applications may mask a nutrient deficiency without
necessarily correcting it. Some decomposition of wet/moist samples is likely to occur in transit.
Decomposition changes the chemical components in plants and leads to losses of some nutrients. To
avoid such losses, ensure that succulent samples (those with high water content) are sun- or air-dried in a
dust and fertiliser free environment (avoid areas under zinc-treated iron or aluminium sheets) before
despatch, or alternatively cool (but do not freeze) and forward to the laboratory in an insulated package.
Under hot and humid conditions when perspiration may occur, use plastic or rubber gloves for sampling
to avoid contamination of the sample. Particular care should be taken if one of the suspected problems is
sodium. Perspiration contains a high concentration of sodium.
Time of day
Time of day when sampling is done can be important. For critical work, samples should be taken
between 6.00 a.m. and 10.00 a.m. (when soil moisture and leaf turgor are satisfactory).
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Climatic conditions at sampling
Do not sample when climatic conditions are severe (eg. drought, flood, extreme cold or heat-wave
conditions).
Sufficient quantity of material
Ensure that the minimum recommended amount of material is sampled. Most laboratories will require
about 30 g of dried material (ie. 300 g of material with 10% dry matter) to analyse a full range of
nutrients. Reuter and Robinson (1997) give details of general sampling procedures including plant part
and time of year. It is essential that the field information be recorded with as much detail as possible, as it
is essential for the interpretation of results. The crop name or variety, age or stage of growth at sampling,
plant part sampled and fertiliser history is particularly important to record.
3.3 Analysis
On arrival at a laboratory, samples are dried in an oven at 70ºC for about 48 hours. The dried samples are
then ground in a small mill, collected and stored ready for analysis. All the analytical methods are
recognised and well documented. They have been chosen because their usefulness, safety and robustness
have been demonstrated in Australia and overseas. In plant analysis, the main interest is in the
concentration of the element in the plant part sampled. Hence, the main methods of analysis involve total
destruction of the organic material, either by dry ashing (in a furnace) or wet ashing (in a strong acid).
The skills of the analysts will largely determine the confidence that one places on the analytical results.
The reliable laboratories impose a strict standardisation procedure so as to lessen the chance of errors.
Confidence in test results can be gained from the involvement of Australasian laboratories in National
Association of Testing Authorities (NATA) or equivalent quality assurance accreditation and
participation in the Australian Soil and Plant Analysis Council (ASPAC) proficiency program.
3.4 Interpretation
Plants that are severely deficient in an essential element exhibit a visual deficiency symptom (Figure 1).
Plants that are moderately deficient may not exhibit any visual symptom, although yield potential is
reduced. When nutrient toxicity occurs, plant growth and yield potential decrease, increasing the nutrient
content in the plant.
The categories used to define the concentration of the nutrients or elements in plants are usually defined as:
Deficient

Low
Optimum (or normal)
High

Excessive or Toxic (very high)

Visual symptoms are usually present and the concentration is too low
for optimum growth.
Normally no visual symptoms, but concentration is below normal and
may be insufficient for optimum yield or performance.
No visual symptoms, concentration is normal and should be adequate
for optimum performance.
No visual symptoms, concentration is above average for normal
growth (optimum) and may be sufficient to induce a deficient or low
level in another nutrient.
Toxicity symptoms may or may not be present, concentration is too
high for optimum performance (not necessarily growth reduction, but
reduced quality or excessive vigour). Corrective measures should be
considered.

The critical nutrient concentration (CNC) is commonly used in diagnosing nutritional problems. It is
usually the point in the plant tissue nutrient curve where the concentration changes from deficient to
adequate. As a result of variability within cultivars, across climates and so forth, it is more realistic to use
a critical nutrient range (CNR) which makes allowance for the effect of variation on transition between
deficiency and adequacy. Reuter and Robinson (1997) give details of CNC and CNR for a broad range of
sampling times and plant parts, for a wide range of crops, trees and pasture species.
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‘Diagnosis’ is the first step in interpreting results. This often requires an answer to the question, ‘Does
plant, crop, pasture or orchard have a nutritional disorder, and if so, what is it?’ Important aspects of
diagnosis, in addition to plant analysis, are the recording of yields or performance, visual and other
symptoms of leaves, stems, fruit or produce in relation to expected or previous performance. Visual
symptoms can be reliable for recognising a single nutrient disorder where other nutrients are adequately
supplied. Some symptoms are quite similar for several disorders and wide experience is necessary to
enable symptoms to be used solely. Plant symptoms revealing multiple deficiencies are most unreliable.
In the interpretation of plant analysis results, it is necessary to consider field information given by the
grower, location of the site and its climatic characteristics, the crop species and plant part sampled, time
since last fertiliser application and use of crop protection chemicals on the plant. Knowledge of
environmental effects (particularly the root environment) such as temperature, soil moisture status
(drought or waterlogging), diseases, soil compaction and use of herbicides or other pesticides should be
useful in the assessment of nutrient supply. The results of each element should not be considered in
isolation. It is necessary to consider the levels of the elements relative to one another, as this is important
in assessing interactions.

Figure 1:

Relationship between nutrient content in the plant and crop yield.

Nutrient ratios
Where a physiological basis for a nutrient ratio can be established, a ratio can be used to help interpret
plant analyses. N/S ratios have the nitrogen and sulfur contents of protein as their basis. This has proved
valuable in the interpretation of sulfur analyses in plants and cereal grains. Others in use are N/K, K/Mg,
Ca/Mg, K/Ca, P/Zn and S/Mo in crops where clear relationships have been scientifically established.
3.5 Recommendation
As plant growth, soils and climate are dynamic systems, it is advisable to bear in mind that the results
were applicable at the time of sampling, that is to the situation of the plant at that time. If a nutritional
disorder is diagnosed, the next step is to find out what caused it. Use can be made of the field
information, particularly the fertiliser program and soil testing, to determine the status of the nutrient
supply. It is difficult to recognise multiple deficiencies. This situation requires addition of one nutrient
followed by re-analysis to check on the second nutrient. The addition of one nutrient will often lead to
improved uptake of another due to improved plant vigour, which overcomes plant health problems.
Unlike soil analysis, there are few direct relationships between CNR and suggested fertiliser rate. In
order to provide a suggested nutrient management program from plant tissue analysis it is essential to
have information about the nutrient management program that has produced the plant tissue concentration
measured and details of standard programmes established from research. Fertiliser application rates are
fine-tuned according to the relationship between the tissue concentration, the fertiliser applied and the
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standard recommendation. As with soil analysis, once the nutrient program has been established CRAFT
should be applied.
References
Baldock JA and Nelson PN (2000). Soil Organic Matter. In: Handbook of Soil Science. (Ed. ME
Sumner). CRC Press, New York. pp.B25–B84.
Barber SA (1995). Soil Nutrient Bioavailabilty – A Mechanistic Approach. 2nd ed., John Wiley and Sons,
New York. pp.2–48.
Bell RW (2000). Temporary nutrient deficiency – a difficult case for diagnosis and prognosis by plant
analysis. Communications in Soil Science and Plant Analysis 31(11–14), 1435.
Bowden JW and Bennett D (1974). The ‘Decide’ model for predicting superphosphate requirements. In:
Proceedings of Phosphorus in Agriculture Symposium. Australian Institute of Agricultural
Science, Victorian Branch. pp.6.1–6.36.
Bridge (1997). Soil physical deterioration. In: Sustainable Crop Production in the Sub-tropics – an
Australian perspective. (Eds AL Clarke and PB Wylie). Department of Primary Industries,
Queensland. Information Series QI97035. pp.64–78.
Brown AJ (1999). Soil sampling and sample handling for chemical analysis. In: Soil Analysis – an
Interpretation Manual. (Eds KI Peverill, LI Sparrow and DJ Reuter). CSIRO Publishing,
Collingwood. pp.35–53.
Clarke (1997). Scope, purpose and definitions. In: Sustainable Crop Production in the Sub-tropics – an
Australian perspective. (Eds AL Clarke and PB Wylie). Department of Primary Industries,
Queensland. Information Series QI97035. pp.3–7.
Conyers MK (1999). Factors affecting soil test interpretation. In: Soil Analysis – an Interpretation
Manual. (Eds KI Peverill, LI Sparrow and DJ Reuter). CSIRO Publishing, Collingwood.
pp.23-34.
Cook SJ and Scott JM (1987). Fertiliser placement strategies for the establishment and growth of crops.
In: Proceedings of a Crop Establishment Workshop. (Eds M Wood, WH Hazard and FR From)
Occasional Publication No. 34. Australian Institute of Agricultural Science, Melbourne.
pp.166-72.
Dalal RC and Mayer RJ (1986). Long term trends in fertility of soils under continuous cropping in
southern Queensland. 1. Overall changes in soil properties and trends in winter cereal yields.
Australian Journal of Soil Research 24, 265–79.
Dalal RC and Probert ME (1997). Soil nutrient depletion. In ‘Sustainable Crop Production in the Subtropics - an Australian perspective’. (Eds AL Clarke and PB Wylie). Department of Primary
Industries, Queensland. Information Series QI97035. pp.42–63.
Dalgleish N and Foale M (1998). A guide to soil sampling. In: Soil Matters – Monitoring soil water and
nutrients in dryland farming. (Eds N Dalgleish and M Foale). CSIRO, Australia. pp.17–50.
Donald CM (1965). The progress of Australian agriculture and the role of pastures in environmental
change. Australian Journal of Science 27, 187–98.
Havlin JL, Beaton JD, Tisdale SL and Nelson WL (1999). Soil fertility Evaluation. In: Soil Fertility and
Fertilisers – An Introduction to Nutrient Management, 6th ed. (Eds JL Havalin and JD Beaton).
Prentice – Hall, New Jersey). pp.300–57.

60

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Hayman PT and Turpin JE (1998). Nitrogen fertiliser decisions for wheat on the Liverpool Plains, NSW.
II. Should farmers consider stored soil water and climate? Proceedings of the 8th Australian
Agronomy Conference, Toowoomba. pp.653–56.
Helyar KR and Price GH (1999). Making a recommendation based on soil tests. In: Soil Analysis – an
Interpretation Manual. (Eds KI Peverill, LI Sparrow and DJ Reuter). CSIRO Publishing,
Collingwood. pp.331–57.
Incitec Fertilisers (1997). A Qualitative Guide to Soil Sampling. (Incitec Fertiliser, Brisbane).
Lawrence DN, Cawley ST, Cahill MJ, Douglas N and Doughton JA (1996). Soil nitrogen decision aid
puts farmers in control. Proceedings of the 8th Australian Agronomy Conference, Toowoomba.
pp.369–72.
Merry RH (1998). Exchangeable cations and plant requirements. ASPAC Digest 15, 2.
McLaughlin MJ, Reuter DJ and Rayment GE (1999). Soil testing – Principles and Concepts. In: Soil
Analysis – an Interpretation Manual. (Eds KI Peverill, LI Sparrow and DJ Reuter). CSIRO
Publishing, Collingwood. pp.1–21.
Peverill and Sparrow (1999). Soil Analysis – an Interpretation Manual. (Eds KI Peverill, LI Sparrow
and DJ Reuter). CSIRO Publishing, Collingwood.
Rayment GE (1985). Calibration and interpretation of soil chemical analyses. In: Identification of Soil
and Interpretation of Soil Data. (Ed. GE Rayment), Australian Society of Soil Science
Incorporated, Queensland Branch, Brisbane.
Rayment GE and Higginson FR. (1992). Australian Laboratory Handbook of Soil and Water Chemical
Methods. Inkata Press, Melbourne.
Reuter DJ and Robinson JB. (1997). Plant Analysis – an Interpretation Guide. CSIRO Publishing,
Australia.
Smith FW and Loneragan JF (1997). Interpretation of Plant Analysis: Concepts and Principles. In: Plant
Analysis – an Interpretation Guide, 2nd ed. (Eds DJ Reuter and JB Robinson). CSIRO Publishing,
Australia. pp.3–33.
Wildermuth GB, Thompson JP and Robertson LN (1997). Biological change: diseases, insects and
beneficial organisms. In: Sustainable Crop Production in the Sub-tropics – an Australian
perspective. (Eds. AL Clarke and PB Wylie). Department of Primary Industries, Queensland.
Information Series QI97035. pp.112–30.

61

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Chapter 6. Soil Biodiversity and Interactions
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Abstract
Soil biota are recognised as playing a crucial role in ecosystem functioning. They have been described
as soil engineers, as they regulate decomposition of organic residues (which aids nutrient cycling),
influence soil structure, modify and/or create habitats for other species, make resources available to
other species, and they alter habitats. The soil provides one of the most diverse habitats on Earth—
consequently the use and management of soils will have siginifcant effects of species diversity and
conservation of biodiversity. The consequences of soil management, particularly conversion of native
vegetation to agroecosystems, on different functional groups of soil biota is discussed. The conservation
of soil biodiversity is critical as: (1) they provide ecosystem service and interactions; (2) they form the
basis of sustainable and low-input agricultural systems and provide some medicines; and (3) they are
critical for ethical reasons, as all life forms have inherent value. Finally, the potential for soil biota to
act as an indicator of soil management is discussed.
Key words: Soil biota, Soil biodiversity, Biodiversity conservation, Macrofauna, Mesofauna, Microorganisms

1.

INTRODUCTION

The importance of soil fauna is in their interaction with other soil biota and soil processes, making a
significant contribution to litter decomposition processes, nutrient cycling and maintenance of soil
structure (Lobry de Bruyn et al. 1997, Reichle 1977, Lee and Pankhurst 1992, Hanlon and Anderson
1979). Soil fauna are known to be responsible for as much as 30% of the N and C mineralisation
(Verhoeff and Brussard 1990).
Jones and Lawton (1995) described soil fauna as ecosystem engineers—‘organisms that directly or
indirectly modulate the availability of resources to other species by causing physical state changes in
biotic or abiotic materials. In doing so they modify, maintain, and/or create habitats. There are various
mechanisms by which microarthropods increase nutrient transfer in litter. Among these are fragmentation
of litter causing increased leaching and surface area for microbial colonisation, dispersal of microbial
propagules and stimulation of microbial respiration (King and Hutchinson 1992). Indeed, Jenson (1974)
has pointed out that practically all litter material passes through the guts of macrofauna and mesofauna in
the initial stages of decomposition.
Agricultural management practices exert a significant influence on the composition of soil invertebrate
communities. The soil provides habitat for soil biodiversity, consequently the use and management of
soils will have siginifcant effects of species diversity and conservation of biodiversity. Grazing in
treeless native pastures results in a significant decrease in species diversity and facilitates a shift towards
cosmopolitan species (King et al. 1985). A change in abundance or activity of soil organisms as a result
of a land use change or agricultural practice could therefore affect both soil water (through soil structural
changes by burrowers, and formation of water stable aggregates) and nutrient status, and hence pasture
productivity and sustainability.
Abbott (2000) summarised the importance of soil fauna in sustaining soil resources in five points:
1. Many biological characteristics of soil and soil biological processes are intimately linked with
physical and chemical characteristics and processes.
2. The organisms in soils are highly diverse—far more so than organisms we observe above ground,
even in the most species-rich ecosystems.
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3. Some soil biological processes are carried out by very diverse groups of organisms (eg.
mineralisation of organic matter), but other ubiquitous processes, such as nitrification and uptake
of P by mycorrhizal fungi into plants, are carried out by relatively few species.
4. Production levels in most of agriculture and horticulture are unrelated to the overall biological
state of the soil resource. The concept of what makes soils fertile needs review, as many
commonly estimated soil fertility ratings are likely based entirely on chemical and physical
properties.
5. More soil biological activity is not necessarily better, as soil fungus and bacteria may contribute
to plant disease or to beneficial soil biological processes, depending on their type and the soil
environment. An increase in plant biomass production can increase total microbial biomass
without improving the soil.
The role of soil biota in ecosystem processes has been found to be diverse; this allows organisms to be
arranged into functional groups. Groups are generally defined according to their principal food source,
mode of feeding, reproductive rate and distribution in the soil and litter habitats (Moore et al. 1988).
Organisms are generally classified according to their body length or width (Table 1). Since disturbances
are mainly related to changes in the composition of functional groups (Freckman et al. 1997), these
groupings are suitable for studying ecosystem changes in response to management and disturbances and
may provide indicators of soil and ecosystems health (see later section on indicators).
Table 1:

Classification of soil organisms according to body width (after Swift et al. 1979).

Grouping

Body width

Organisms

Microflora
Microfauna
Mesofauna
Macrofauna

<10 µm
10–100 µm
0.1–2.0 mm
2–20 mm

Bacteria, fungi
Protozoa, nematodes
Collembola, acari, enchytraeids
Earthworms, ants, millipedes

A suite of abiotic and biotic factors largely determines the activity, and potentially the diversity, of soil
organisms (Figure 1). Climate, soil conditions and human and animal activities are the essential
determining factors that directly influence vegetation structure and productivity. Vegetation in turn
influences the soil invertebrates and micro-organisms, through the supply of organic resources. Lavelle
et al. (1993) proposed that soil animals could be described in three distinct functioning groups, related to
their size, the structures they create in the soil, and their relationship with micro-organism:
Root biota: Organisms that live in association with plants, either beneficially or detrimentally
affecting plant growth. These organisms may live in association with roots (eg. mycorrhiza), or
as consumers of roots.
Decomposers: Microflora, microfauna and mesofauna acting as regulators of numbers and
activities of micro-organisms and microbial feeders. Dead organic material forms their substrate,
including root material, and litter, which they comminute into the soil.
Ecosystem engineers: Mesofauna and macrofauna that create microhabitats for other soil biota
by reworking the soil.
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Figure 1:

A hierarchical model of the interactions between plants and the biotic and abiotic soil
constituents (after Lavelle et al. 1993).

1.1 Soil burrowing and inhibiting species
Although not specifically mentioned in the food web, large vertebrates use soil for burrowing and habitat,
and as with invertebrates, the management of soils and their associated habitats can have direct
consequence on their status. In settling the semi-arid regions of Australia, pastoralists sought to subjugate
the land and its wildlife. However recent ecological research has found that wildlife species help regulate
ecosystem function by creating distinct, nutrient rich patches within the landscape (Baker and Noble
1999). Much of the small-scale patchiness that characterises the semi-arid rangelands of Australia can be
attributed directly to biologically mediated processes comprising past or present activities of either soilinhibiting or soil-nesting animals such as termites (Noble et al. 1989) and burrowing bettongs (Baker and
Noble 1999).
Grazing and burrowing by the once widespread prairie dog had a major influence on nutrient cycling and
patch dynamics in some North American rangeland sites (Whicker and Detling 1998). Historically,
populations of these animals helped to maintain vast areas as grasslands, where (since their extinction)
mesquite shrubs have invaded (Weltzin et al. 1997). Noble (1996) postulated that burrowing bettongs in
combination with fire might have reduced shrub encroachment of savannas. Their demise coincided with
the recognition that shrub encroachment had become a major problem (Anon 1901) in Western New
South Wales.

1.2 Soil macrofauna
This group of animals is often referred to as ‘ecosystem engineers’ (Jones et al. 1994, Lavelle 1994) that
directly and indirectly modulate the availability of resources (other than themselves) to other species, by
causing physical state changes in biotic materials. In doing so they modify and create habitats (Jones et
al. 1994). Earthworms and termites can be considered the most important ecosystem engineers in soil,
because of their far-reaching and lasting effects on other species by modulating soil physical and
chemical properties (Lee and Foster 1991, Lavelle et al. 1992, Lobry de Bruyn and Conacher 1990).
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Earthworms, termites and ants play important roles in organic matter transformations in soils; the tunnels
they create improve water infiltration and root penetration of plants. The earthworm fauna of southern
Australia is dominated by exotic species, which were accidentally introduced from Europe (Mele et al.
1996). The majority of research into earthworms has assessed management practices that favour species
beneficial to soil function in production systems, with little thought to the consequences for native biota.
With increased interest in sustainable agriculture, and the need to reduce on-farm costs, greater attention
has focussed on managing introduced earthworm resources (Haines 1991). Until recently little attention
has been given to the consequences of introduced species to native fauna. However, Baker (1998) raised
concerns about introducing new taxa into Australia. He believed that risks faced include the possibility
that the new invaders might compete with the local fauna, and disrupt ecosystem processes in ‘non-target’
areas (eg. native forests).
Land management practices can change the abundance and types (biodiversity or total number of species)
of macrofauna in soils. Some examples are given below:
The use of broad spectrum pesticides in agriculture has had both targeted and non-targeted effects
on the composition and diversity of soil macrofauna (Domsch 1970, Giller et al. 1997). Targeted
effects are well characterised; the non-targeted effects, such as those reported for earthworms and
certain beneficial (eg. predatory) insects are poorly understood. Such pesticide-induced changes
will have significant implications on soil biologically-mediated processes such as decomposition
(Hendrix and Parmelee 1985) and soil bioturbance (Sharpley et al. 1979).
Conversion of native vegetation to agroecosystems has a considerable effect on native
macrofauna. Studies in Mexico have shown a majority of native earthworms were restricted to
natural forests or riparian habitats, whereas most of the exotic species were found in disturbed
habitats (Fragoso et al. 1993). In general, the number of species decreased in anthropic systems,
with abundance and biomass increasing in pastures, and decreasing in cropping (cv. native
vegetation). Generally, disturbance caused a decline in the number of native species, and their
total or partial substitution with exotic species. Exotic species dominated where tillage,
pesticides and other high input practices were often used (Fragoso et al. 1997).
When native vegetation is removed, macrofauna communities change, and in most cases are mostly
eliminated. Alien species (exotics and disturbance adapted species) then either invade or are introduced
into the community. Restoration of original communities in regenerating forests is not always achieved,
because of the invasion of peregrine (highly mobile) endemic species and the lack of sources of
inoculation (eg. from neighbouring native forests.

1.3

Soil mesofauna

Soil mesofauna such as microarthropods (springtails and mites) and nematode worms are much more
important in the functioning of the soil ecosystem than their small size might suggest as they perform
important interactions with soil microbes, which enhance decomposition of organic residues and nutrient
cycling. The main job of the soil mesofauna is the fragmentation or physical degradation of organic
residues through their feeding activities. By passing through the mesofauna gut, the surface area of
organic residues increases and many more colonisation sites for the soil microbes are exposed. Soil
microbes can then do their job of chemically degrading the organic matter using enzymes which most
invertebrates do not possess. Microarthropods can enhance the transfer of nitrogen from plant litter to
soil by up to 50% so their effect on important ecosystem processes is not insignificant (King and
Hutchinson 1992). Soil mesofauna help microbes in other ways. Mesofauna can selectively feed on soil
microbes, rejuvenating senescent colonies and transport microbial spores from one site of colonisation to
another either in their guts or on the outside of their bodies. Although small, mesofauna can occur in
large numbers. Average numbers of microarthropods (springtails and mites) in improved temperate
pastures at Armidale, are around 45 000 m2 (King and Hutchinson 1976) and the smaller nematodes occur
in even higher numbers of about 10 million m-2 (Yeates and King 1997).
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Agricultural practices can change the abundance and types (biodiversity or total number of species) of
mesofauna in soil.
One example of gross change in species composition is in mesofaunal food webs in cropping soil
when a no-till practice is adopted after using conventional till methods. Cultivation disrupts the
extensive fungal (microbial) networks in soil and this conventional tillage system becomes dominated
by bacteria and bacterial-feeding mesofauna such as protozoa and bacterial-feeding nematodes.
Under a no-tillage system, with layers of mulch on the soil surface being degraded by fungi, and with
soil being undisturbed for long time periods, a fungal-dominated food web is built up in the soil and
the main mesofauna living here change to fungal-feeding springtails, mites and nematodes.
Grazing by domestic livestock also changes mesofauna populations in the soil. Overgrazing changes
the living space for mesofauna. It removes the plant litter layer which provides both a food supply
and living space, compacts soil pores which mesofauna move through, and changes soil climate.
Numbers of microarthropods in can be reduced from 45 000 to 4000 m2 when sheep numbers are
trebled on improved pastures (King and Hutchinson 1976). But the types of species of mesofauna
living there can also change. Taking springtails as one example, species numbers fell from 21 in
lowly stocked sites to 15 in the heavily stocked areas of improved pastures (King et al. 1976) and in
native pastures, the decline was even more marked from 28 to 17 species with only a halving of sheep
numbers (King et al. 1985).
Replacing native pastures with improved pastures by the use of phosphatic fertilisers and exotic
grasses and legumes also change mesofaunal populations markedly. Microarthropod abundance can
increase three-fold when pastures are improved from the native state. But biodiversity of springtails
is also affected with total number of species of springtail (biodiversity) declining from 32 in native
pastures to 27 in improved pastures. Native pastures were dominated by the native springtails, while
cosmopolitan (non-endemic) species of springtail dominated the improved pastures (King et al.
1985).
Higher numbers of native Collembola, mites and other soil invertebrates are found beneath trees in
grazed open-forests than in sites previously cleared. Where trees are replanted into long-cleared
grazed pastures, higher species numbers of introduced and cosmopolitan species of Collembola occur,
and distinct communities of soil invertebrates have formed (Chilcott 1998). The retention or
restoration of woody vegetation in long-cleared pastures may facilitate high soil fauna species
richness by either providing habitat heterogeneity or additional food sources for specialised species
(Chilcott et al. 1997).
Nematodes populations also change with pasture improvement. A three-fold increase in the
population occurs, but species numbers decline from 44 to 33 after pasture improvement (Yeates and
King 1997).
There are many other practices which affect soil mesofauna. For example, one Swedish study found that
root- and bacterial-feeding nematodes increased with the addition of nitrogen fertilisers while fungalfeeding and omnivorous nematodes decreased. The above, only serve as a few examples of how
agricultural practice affects soil mesofauna.

1.4

Soil micro-organisms

Soil microfauna consist of protozoa (bacteria and fungal feeding), nematodes (different trophic groups
based on morphology and feeding habits) and small sized Collembola and mites (Swift et al. 1979).
Protozoa are unicelluar, eucaryotic, water dependent organisms, classified under flagellates, ciliates,
naked amoebae and testaceans groups. Free living protozoa in soils belong to either bacterial-feeding or
fungal feeding (mycophagous) groups based on their food source. Nematodes are classified into five
different trophic groups. These are: bacterial feeders, fungivores, plant parasites, omnivores and
predators.
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Soil micro-organisms play an important role in soil fertility not only because of their ability to carry out
biochemical transformations but also as a source and sink for mineral nutrients (Jenkinson and Ladd
1981). Soil microbial biomass represents the labile pool of available nutrients (Anderson and Domsch
1980, Jenkinson and Ladd 1981) and turnover of this component has important consequences for nutrient
flow (van Veen et al. 1987). Thus soil ecosystem function is governed mainly by the microfauna and
flora (Kennedy and Smith 1995). Micro-organisms utilise more than 70% of the annual plant production
from intensively grazed pastures (Hutchinson and King 1982). Healthy soils have been described as
being biologically active and containing a stable cross-section of micro-organisms (Turco et al. 1994).
The level of diversity and numbers of species of micro-organisms in soils is difficult to comprehend.
A single gram of soil has been estimated to contain several thousand species of bacteria (Torsvik et al.
1994), and up to 1.5 million species of fungi are estimated to exist worldwide (Hawksworth 1991),
although little is known of these species except for those that have a direct consequence on agricultural
production systems. Hawksworth and Mound (1991) estimate 100 000 species of protozoa and 500 000
species of nematodes.
There are many examples of the effects of land and soil management on the biodiversity of microorganisms:
The availability of C is one of the major determining factors of micro-organism populations,
therefore it is not surprising that retention of crop residues has reported to increase the size,
activity and composition of microflora. Gupta and Roper (1993) observed a significant increase
in the populations of bacterial feeding protozoa and mycophagous amoebae in response to stubble
retention.
Soil disturbance caused by tillage of the soil leads to microbial populations dominated by aerobic
species (typically bacteria) with high metabolic rates (Doran 1980). This results in an increased
abundance of bacterivorus fauna (protozoa and nematodes) in cultivated soils (Hendrix et al.
1986). In no-tilled systems, plant residue is retained for longer periods at the surface, promoting
fungal growth. This leads to communities populated by fungi, and fungivorous species
(mycophagous nematodes and collembola) (Hendrix et al. 1986) and earthworms (Lee 1985).
There have been several studies that have demonstrated that increased phosphate application
decreases mycorrhiza formation (Abbott and Robson 1994). The effect is greater on soils with no
or little history of fertiliser application (Jasper et al. 1979), suggesting fungal populations
equilibrate with the disturbance over time. Bardgett and Leemans (1995) found that terminating
fertilisation of grazed and ungrazed grasslands resulted in reductions in total soil microbial
biomass, suggesting the microbial populations had adapted to the input of fertilisers over time.
The direct and indirect effects of pesticide application has been extensively reviewed. A
reduction in the population of protzoa was observed following the application of herbicides at
field rates. Fosissner (1987) believed the sensitivity of protozoa species was indicitive of the
effects on all micro-organisms.
Bardgett et al. (1997) found short-term exclusion of grazing animals may lead to a considerable
increase in the abundance and changed composition of the microbe population, coupled with a
decrease in microarthropod populations, but long term exclusion resulted in significant reductions
in both microbial biomass and activity. Hutchinson and King (1982) found that an increased
stocking rate reduced the proportion of net primary production available to soil biota—thus a
reduction in invertebrate numbers at high stocking rates would be expected on the grounds of
energy availability alone.
It is now widely accepted that conversion of native forest or grassland systems to arable cropping
lands results in a decline in soil biodiversity (Lavelle et al. 1994). Srivastava and Singh (1989)
showed that cultivation of a dry tropical forest in India resulted in a 35–39% reduction in
microbial populations. The impact of such practices is very detrimental to the composition of
microfauna and flora communities (Beare et al. 1995, Seward and Woomer 1992).
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1.5 The food web
Soil is as much a living as a physical entity. Macrofauna, such as earthworms and insects are readily
apparent in soil, but also in the soil pores are a myriad of other life forms ranging in size down to the
viruses. These include diverse species of bacteria, fungi, algae and protozoa, each with its own particular
requirements of food and environment. Most of this population is heterotrophic, using organic
compounds for both carbon and energy sources. Thus much of the soil microbiota is indirectly dependent
via food chains on the primary photosynthesisers—the plants, algae and photosynthetic bacteria. These
heterotrophic organisms fulfil an extremely important decomposer role and the interaction of the organic
by-products of their activities with the inorganic products of rock have, in time, made soil what it is. The
flow of energy and nutrients from organic residue to microflora, micro-, meso-, and macrofauna during
decomposition has been conceptualised as the detritus food web (Swift et al. 1979, Elliott et al. 1988,
Hendrix et al. 1986).
Traditionally, soil science in agroecosystems has focussed on the impacts of the soil biota and activity on
long-term changes in organic matter and nutrient cycling. The principal endeavour was to measure losses
of soil organic matter and the interest in achieving more effective nutrient cycling in arable lands
(Coleman et al. 1994). However, ecological investigations in readily manipulated agroecosystems differ
by assessing management effects on species, population and community ecology and how those intersect
with ecosystem ecology, and functional aspects of biochemistry and ecosystem energetics (Hendrix et al.
1992). Detritus food webs offer a framework for these investigations.
Figure 2 illustrates a typical detrital food web associated with a grassland soil. The arrows represent the
flow of carbon from one pool to another (excluding CO2 flows). Predatory mites are at the top of the
food web, supplied with energy via microbial decomposers, mycophagous and bacteriophagous soil
animals, and secondary consumer soil animals (Killman 1994).
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Sparling (1994) believes that the activities of detritus food webs can be manipulated via the management
of residue inputs or soil physical conditions to promote biological activity a provide a mechanism for
managing soil fertility in a sustainable manner in agroecosystems.

1.6 Conservation of biological diversity
Soils are amongst the most biologically diverse habitats on Earth, yet remain poorly understood due to
their dynamic and complex nature (Behan-Pelletier and Newton 1999). The total biomass of this biota in
a fertile soil may exceed 20 tonnes per hectare, and its diversity has been compared with that of coral
reefs (Wallwork 1976), although it is probably more complex (Pankhurst and Lynch 1994). The lack of
extensive taxonomy and the logistical difficulties involved in investigating soil biota has meant little
scientific literature is available. Australia has an invertebrate fauna estimated at 225 000 species, of
which only 50% have been described. Where data are available, invertebrate orders are found to be
highly endemic. For example, 90% of Australia’s Collembola are found nowhere else (Saunders et al.
1996).
Conserving biodiversity means ensuring species, ecosystems and gene pools are protected such that
essential ecological processes are maintained. The loss of biodiversity in Australia has been well
documented. Australia’s record on mammal species extinctions is the worst of any in the world
(Saunders et al. 1996). All groups of higher plants and vertebrates have species that have become extinct,
or are highly threatened and are continually declining in abundance. Those most threatened tend to be in
areas of highest agricultural productivity. Of Australia’s presumed extinct and endangered plant species
the overwhelming number are from woodland habitats (Leigh and Briggs 1994). This reflects the fact
that 90% of Australia’s temperate woodlands have been cleared for agricultural development (Saunders et
al. 1996). Given this record, it is easy to speculate soil invertebrate species have suffered significant
losses of species diversity.
Giller (1996) concluded that man’s activities more often than not lead to reduced biodiversity of soil
communities. The processes that threaten terrestrial biodiversity (eg. loss of habitat due to clearing) will
similarly threaten soil biodiversity. Various land management practices also threaten species diversity,
including burning, tillage, fertiliser and pesticide application, and pollution. There is a clear need for
more sustainable agricultural practices, which include the preservation of soil biodiversity (Hagvar 1998).
Rare and threatened species may require specific conservation measures in order to avoid extinction.
Greensland (1994) presented a heritage list of invertebrate sites in southern Australia that should be
conserved to maintain endemic species not present in any other location. Greenslade and Rusek (1996)
showed the necessity to protect certain localities to preserve highly endemic Collembola fauna in
Australia. Many of those species are now restricted to small fragments of what was previously large areas
of remnant vegetation, and many were restricted to particular habitat such as fallen logs.
Hagvar (1998) listed three reasons to conserve soil biodiversity:
1. Ecological: Decomposition and soil formation are key processes in nature and represent services
for the rest of the ecosystem. Soil organisms also represent the base for several above ground
food chains and the majority of terrestrial insects are soil dwellers for some stage in their life
cycle.
2. Utilitarian: Soil biodiversity form the basis of agriculture, some medicines, and research in
ecology and other disciplines.
3. Ethical: All life forms can be said to have an inherent value.

1.7 Soil biota as indicators
The condition and trend of the land’s natural resources can be monitored through the use of indicators.
Indicators are measurable attributes of the environment or production system that can be monitored via
field observation, field sampling, remote sensing or survey. To be of use, a good indicator requires the
following characteristics:
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1. a repeatable and reliable measurement;
2. easy to collect or measure; and
3. have an obvious link to a production or conservation outcome.
The abundance and biodiversity of the soil fauna are measures that have been linked with sustainable
productive capacity of soils (Stork and Eggleston 1992). Soil biota are generally more sensitive to
changes in soil condition than organic carbon status (Powlson et al. 1987) which is often proposed as an
indicator. Given the important role soil biota play in ecosystem processes, they can make a useful
indicator of management effects on soils.
Foodweb structures in soils may be used as an effective indicator. For example, conservation tillage
systems have fungal-based food webs associated with stubble retention on soil surfaces. Fungal-based
food webs develop with fungal-grazers, such as microarthropods, increasing in abundance. However
conventionally tilled paddocks favour bacteria, with bacteria-based food webs dominated by nematodes
and protozoan grazers (Wardle et al. 1995). Food web analysis can also be useful in that any disturbance
is reflected over several trophic levels. However the effort and skill required in collecting information is
prohibitive, and the analysis required are often too complex to have practical value as indicators (King
and Pankhurst 1997).
Assemblages or functional groups of soil fauna such as microarthropods (Filser et al. 1995), ants
(Anderson 1993) and nematodes (Neher et al. 1995) have been proposed as indicators as they range
across several trophic levels and may reflect disturbance at the community level (King and Pankhurst
1996). Alternatively, ‘keystone species’ could be considered as useful indicators. However, they may
not always reflect changes to ecosystem processes and community level population dynamics, and the
link between them and ecosystem function is not always obvious (eg. bettongs and woody weed
regrowth) (Noble 1996).
King and Pankhurst (1996) proposed the most useful suite of soil biota indicators would be a combination
of species level indicators and functional indicators. They proposed the ‘best-bet’ indicator to be the
Cotton Strip Assay. This approach measures soil function through the decomposition of cellulous fibre
buried in the soil. Strips are buried for a specific period of time, retrieved, washed and placed in a
tensometer to determine the load required to break all fibres. A control is also buried, but retrieved
immediately, and provides the tensile strength which the treatment is compared (Harrison et al. 1988).

2.

CONCLUSION

The crucial role soil fauna play in ecosystem function has been outlined. Abbott (2000) proposed that the
concept of what makes soils fertile needs review, as many commonly estimated soil fertility ratings are
likely based entirely on chemical and physical properties, disregarding the integral role of soil fauna. Not
only are soil biota important for ecosystem function, the soil provides a habitat for much biodiversity and
its conservation must also be considered in the management of soils, agroecosystems, and native
ecosystems alike.
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Chapter 7. Contemporary Soil Biology
JP Thompson
Queensland Wheat Research Institute, PO Box 5282, Toowoomba Qld 4350

Abstract
Various forms of life in the soil and their food chains are discussed. The dependence of the mainly
heterotrophic population on the primary photosynthesisers, especially the green plants, for food and
energy is stressed. The importance of this population in the decomposition of organic materials and the
cycling of plant nutrients is indicated and the counting of specific groups mentioned. Emphasis is placed
on determination of ‘all microbial biomass’ by the chloroform-incubation technique as a single
integrating index. Both beneficial and detrimental soil organisms that invade and inhabit plant roots,
with very large consequences for crop production, are discussed. Vesicular arbuscular mycorrhiza
(VAM), an association between symbiotic fungi and the roots of most crop and posture plant species is
discussed in detail. Aspects covered include the anatomy of VAM, benefits to plant nutrition and growth,
edaphic and cultural factors that control populations of VAM fungi, and artificial inoculation. Rootlesion nematode of wheat (Pratylenchus thornei) is discussed as an example of a soil-borne plant
pathogen. Aspects covered include severity in relation to cropping sequence, survival in soil between
crops, chemical control, effects of tillage and crop residues on populations, and control by crop rotation
and wheat varieties with tolerance and resistance. The value of earthworms in improving soil physical
conditions through their channels and costs, and management factors that favour earthworms, such as
organic residues, soil moisture and zero tillage are discussed.
Key words: Crop rotation, Diatoms, Heterotrophic micro-organisms, Nitrifying bacteria, Pratylenchus
thornei, Root-lesion nematode, Soil microbial biomass, Stubble retention, Vesicular-arbuscular
mycorrhiza

1.

INTRODUCTION

1.1

Food chains and heterotrophic micro-organisms

Soil is as much a living as a physical entity. Larger life forms such as earthworms and insects are readily
apparent in soil, but also in the soil pores are a myriad of other life forms ranging in size down to the
viruses. These include diverse species of bacteria, fungi, algae and protozoa, each with its own particular
requirements of food and environment. Most of this population is heterotrophic, using organic
compounds for both carbon and energy sources. Thus much of the soil microbiota is indirectly dependent
via food chains on the primary photosynthesisers—the plants, algae and photosynthetic bacteria. These
heterotrophic organisms fulfil an extremely important decomposer role and the interaction of the organic
by-products of their activities with the inorganic products of rock have, in time, made soil what it is.

1.2

Beneficial and pathogenic root inhabitants

Other soil organisms are more directly dependent on plants and so command the attention of
agriculturalists and horticulturalists. These include the symbiotic mycorrhizal fungi that colonise the
roots of most plant species and improve their phosphorus and zinc nutrition, the symbiotic bacteria that
fix nitrogen, and the pathogenic fungi, bacteria and nematodes that invade the roots and crowns of plants.

1.3

Important specialists – the nitrifying bacteria

Other organisms that are completely independent of plants and constitute a very tiny proportion of the
total soil population have been much studied because of their specialised nutrition. I refer to the
nitrifying bacteria, Nitrosomonas spp. and Nitrobacter spp., which use carbon dioxide as a source of
carbon and oxidise ammonium to nitrite and nitrite to nitrate respectively for energy. The net result of
their life processes is that nitrate, not ammonium, is the major source of nitrogen for crop growth in
agricultural land. Compared with ammonium, nitrate has certain benefits (eg. mobility to plant roots,
utilisation by many crop species, no acidification of the rhizosphere) and certain disadvantages (eg.
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subject to denitrification and leaching, an energy requirement for reduction before synthesis of amino
acids).

1.4

The unexpected – soil diatoms

Occasionally a soil micro-organism can pose an unexpected question for farmers and soil scientists. For
example, a white encrustation on a Darling Downs field raised worries of salting, but chemical tests
indicated normal values. Microscopic examination and incubation revealed the cause. Diatoms and other
algae had grown profusely on the soil surface after a period of wet weather and localised ponding. On
drying, the siliceous skeletons of the diatoms had left the soil with a thin coating of diatomaceous earth,
causing alarm to the farmer but no problem for the farm.
Scope of the lecture
Due to constraints of time and content this paper and associated lecture does not give a thorough
coverage. An attempt is made to illustrate principles with local examples wherever possible. Those
interested in more detail are referred to the texts of Alexander (1961), Lynch (1983), and Tinsley and
Darbyshire (1984).

2.

SOIL MICROBIAL BIOMASS

2.1

Microbes by the millions

Did you ever hear of the lass who gave her heart to the young professional because he talked in millions,
only to find he was a bacteriologist, not a financier? When counting ‘total’ bacteria in soil we are indeed
talking in millions per gram of soil. Populations of the heterotrophic bacteria and fungi fluctuate
principally in response to the supply of organic matter for decomposition in the soil. In fact, microbial
multiplication and decomposition can start before the organic matter reaches the soil. For example, when
the harvest of mature wheat in trials on the Darling Downs was interrupted by rain for 5 weeks, there was
a 35% loss of dry matter, which was accompanied by a build-up in heterotrophic bacteria and fungi in and
on the stubble (Table 1).
Table 1:

Effects of weathering by rain for 5 weeks on heterotrophic micro-organisms in standing
wheat stubble (Thompson 1967).

Stubble treatment

Unweathered
Weathered

Number of viable micro-organisms/g stubble
Bacteria

Fungi

Cellulose
decomposers

6,500

<500

10

67,000,000

420,000

700

Similarly, stubble retained as a surface mulch decomposes without soil contact, but only at about half the
rate of stubble incorporated in the soil (Craswell et al. 1976). Thus, much of the increase in numbers of
heterotrophic micro-organisms will be associated with plant residues. Food chains will occur and
residues may have an effect even after they have essentially disappeared. Between additions of organic
matter, micro-organisms will survive in the soil. For example, counts of micro-organisms in dried and
undried black earth (15–30 cm layer) that had been in weed-free fallow for 2 years are given in Table 2.
Clearly the soil rarely lacks sufficient microbes, even after severe drying, to rapidly respond to the
addition of fresh organic substrates and rewetting.
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Table 2:

Drying
treatment
Undried
Dried

2.2

Effects of drying (35°C for 4 days) on heterotrophic micro-organisms in fallow black earth
soil (15 to 30 cm layer) from Bowenville (Thompson, unpublished data).
Soil
moisture
(%)

Number of viable micro-organisms/g soil
Bacteria

Fungi

36

1,500,000

4,700

6

750,000

1,900

A single measure – ‘microbial biomass’

Counting micro-organisms in soil by direct microscopy is difficult because of the soil's opacity, so
counting is often done by inoculating agar media and counting colonies that develop during incubation—
the so-called ‘viable count’. Not all microbes will grow on the one medium, and results suggest that even
on the least-selective media only about one tenth of the total number of micro-organisms is counted.
In a classic study, Jenkinson and Powlson (1976) developed a method for assessing the total mass of
micro-organisms in soil – the microbial biomass. This is dependent on the long-recognised ‘partial
sterilisation’ effect (Waksman and Starkey 1923). When soil is incompletely sterilised by agents such as
heat, chemicals or radiation and then incubated, ‘total’ bacterial populations often increase more than in
untreated soil, and there is a concomitant increase in soil respiration and nitrogen mineralisation, the
effect is due to an increased availability of organic matter for microbial decomposition (Skyring and
Thompson 1966). Powlson and Jenkinson (1976) compared a range of sterilising agents and concluded
that with chloroform the increase in available organic matter resulted solely from the cells of killed microorganisms. They used this information to develop a method for determining microbial biomass by
measuring the increase in carbon dioxide respired as a result of chloroform fumigation, re-inoculation and
incubation. With much tedious direct microscopy they measured the sizes and number of the various
microbes in soil and converted total bio-volume to biomass by assuming a density of the microbes. On
subsamples of these soils they determined the flush of carbon dioxide that ensued from chloroform
fumigation and so calibrated the method.
The microbial biomass is both the catalyst of decomposition and an important source/sink for carbon and
inorganic nutrients, especially nitrogen (ie. the key in mineralisation-immobilisation processes, Ladd and
Foster 1988). Therefore, this relatively simple method to measure biomass has appealed widely. One
problem that is sometimes overlooked is that the method may seriously underestimate biomass in soil that
has received recent additions of plant residues (Jenkinson 1988), which is often where one would like a
measure of biomass in response to the additions. The problem arises because the largely bacterial
population that re-establishes in fumigated soil does not decompose plant residues as effectively as does
the natural population in the unfumigated soil, which includes fungi. However, if samples for biomass
determinations are made some months after the addition of plant residues and macroscopic pieces of plant
material, earthworms and so forth are removed manually, useful data can be obtained. When microbial
biomass was determined at the end of a fallow in the long-term winter cereal trial at Hermitage Research
Station (Table 3), stubble-retention had resulted in considerably more microbial biomass than stubble
burning. There was no significant effect of tillage or long-term nitrogen fertiliser usage.
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Table 3:

Microbial biomass carbon in the topsoil of a long-term tillage trial (11 years) under
continuous winter cereals (Hermitage 1980).

Long-term treatments
-------------------------------------------Tillage
Stubble
Mechanical

Nitrogen fertiliser
(kg/ha)

Biomass carbon
(mg C/kg soil)

burnt

0
644
69
589
retained
0
697
69
656
Zero
burnt
0
644
69
552
retained
0
703
69
718
----------------------------------------------------------------------------------------------------------------------------L.S.D. (P = 0.05)
121
____________________________________________________________________________
Measures of biomass and related studies on turnover times provide valuable insights (eg. the data of
Jenkinson and Ladd 1981, given in Table 4).

3.

VESICULAR-ARBUSCULAR MYCORRHIZA

3.1 Host–fungus associations
One of the more important recent advances in soil microbiology has been the recognition of the value of
vesicular-arbuscular mycorrhiza (VAM). The word ‘mycorrhiza’ literally means fungus–root and several
types of mycorrhizae have been described. The benefit of ectomycorrhiza to pine trees has been well
recognised in forestry. Ectomycorrhizae are formed by several genera of basidiomycete and ascomycete
fungi with plants from only six families. They macroscopically alter the root morphology and are thus
easily recognised. In contrast, VAM form with virtually all families of angiosperms, gymnosperms, ferns
and even mosses, and do not alter root morphology. Over 100 species of phycomycetous fungi from six
genera form VAM with virtually no host specificity (ie. any one strain of VAM fungus (VAMF) can
colonise any host). Thus the normal condition of crop and pasture plants is to be growing with VAM, not
just roots. Some exceptions do occur due to fungitoxic chemicals in the roots of some plant species (eg.
rapeseed in the Cruciferae, sugarbeet in the Chenopodiaceae, and lupins in the Leguminosae, Trinick
1977). Useful reference works on mycorrhizae are Harley and Smith (1983) and Powell and Bagyaraj
(1984).
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The microbial biomass and related measurements in soil under continuous wheat [after
Jenkinson and Ladd (1981) from Lynch (1983)].
____________________________________________________________________________
_
Table 4:

Measurement
Value
_____________________________________________________________________
________
Weight of soil
220 t/ha
Organic matter in soil
26 t C/ha
Nitrogen in soil
2.7 t N/ha
Annual input of organic matter
1.2 t C/ha/yr
Gross turnover time of soil organic carbon
22 years
Radiocarbon age of soil organic carbon
1310 yr
Number of "spherical" organisms
1100 x 106/g
Volume of spherical organisms
0.71 mm3/g
Number of hyphae
7 x 106/g
Length of hyphae
140 m/g
Volume of hyphae
0.97mm3/g
Number of bacteria and actinomycetes (plate count)
44 x 106/g
Number of bacteria and actinomycetes (direct count)
1600 x 106/g
Fraction of pore space occupied by organisms
0.35%
Microbial biomass from biovolume
220 mg C/kg
220 mg C/kg
Microbial biomass from C02 flush (determination A)
570 kg C/ha
Microbial biomass from C02 flush (determination B)
ATP content in soil
1.22 mb ATP/kg
Turnover time of biomass carbon
2.5 years
Maximal value for specific maintenance rate
0.21/year
Nitrogen in biomass
95 kg N/ha
Flux of nitrogen through biomass
38 kg N/ha/yr
Nitrogen offtake in grain and straw
24 kg N/ha/yr
Phosphorus in biomass
11 kg P/ha/yr
Flux of phosphorus through biomass
4.6 kg P/ha/yr
Phosphorus offtake in grain and straw
5 kg P/ha/yr
____________________________________________________________________________

3.2 Microscopy reveals specialised structures
Because VAM are macroscopically indistinguishable from uncolonised roots and the fungi cannot be
isolated on laboratory media they have been overlooked in the past. VAM are revealed by differentially
staining the fungi in the root and assessing the colonisation under the microscope. Quantitative
procedures for this are now available (Phillips and Hayman 1970, Giovannetti and Mosse 1980).

3.3

Specialised structures

Typical VAM may be visualised as follows. A spore of the fungus residual in the soil from a previous
crop germinates, the hypha contacts a young root, forms an appressorium-like infection point on the
epidermis then penetrates and enters the cortex. The hyphae grow within the inner cortex, usually passing
between the parenchymatous cells but with side branches forming arbuscules within the cells. An
arbuscule is anatomically an haustorium. The hypha penetrates the cell wall but not the plasmalemma
(cell membrane). The hypha branches dichotomously then repeatedly in ever decreasing diameter. The
arbuscule can be envisaged as a microscopic Christmas tree, the needles of which are individually
wrapped in a continuous film of plasmalemma which is all that separates the host cell cytoplasm from the
fungal wall. Thus, the arbuscule provides a vastly increased surface area for chemical interchange
between the fungus and the host. The trunk of the arbuscule remains connected to the hyphal network
that passes through the cortical cells and out of the root and into the soil again. In the soil, non-mobile
nutrients like phosphorus (P) and zinc (Zn) are taken up by the fungal hyphae, which lack crosswalls,
moved along them to the arbuscules and transferred to the cortical cells. In return, the fungus receives
essential organic compounds from the plant.
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Later the fungus forms vesicles, bladder-like structures within the roots, which appear to function as
stores for lipids and possibly polyphosphate. Vesicles become particularly prominent in plants raised
under nutrient limitation (Thompson 1986). Later still the fungus forms chlamydospores in the soil. At 50
to 250 µm diameter, these are among the largest of all fungal spores. Some species produce aggregations
of spores within special structures known as sporocarps (eg. Glomus mosseae, a common species in
neutral to alkaline soils).

3.4

Benefits to plant nutrition and growth

The recent upsurge in interest in VAM has come from the pioneering work of Moss in the UK and
Gerdemann in the USA, in developing techniques for working the VAMF and demonstrating their
importance to nutrition and growth of plants. Because the VAM hyphae may grow out from the root into
the soil to a distance about ten times the length of a root hair, they very effectively increase the diameter
of the root depletion zone for non-mobile nutrients. Thus, the presence of VAM can have very large
effects on plant growth in marginally deficient soils. Most effects of VAM on plant growth have been
due to improved phosphorus nutrition but there are also well documented cases for zinc and some for
copper. There have also been some indications of better uptake of sulfur, calcium, and potassium. Also,
VAMF may improve the ability of plants to tolerate drought stress (Ellis et al. 1985, Busse and Ellis
1985) and may antagonise certain root pathogens (Dehne 1982). Therefore, whenever plants are
diagnosed deficient in phosphorus or zinc, one should always consider the possibility that a contributing
cause could be a depleted VAMF population.

3.5

Edaphic factors

Despite the lack of specificity among VAMF species in colonising plant hosts, they differ in producing
growth responses in plants. The various VAMF species also have somewhat different edaphic
requirements. This has been most studied with respect to soil pH where different species have been
shown to have different pH optima for development also for stimulating plant growth (Hayman and
Tavares 1985). Different plant hosts and nitrogen fertilisers may modify the rhizosphere pH to influence
colonisation by different VAMF species (Thompson 1986). High rates of P fertiliser may also inhibit
VAM colonisation (Jasper et al. 1979, Thompson 1986), whereas nitrogen tends to increase colonisation
within wide limits (Thompson 1986, Hepper 1983).

3.6

Handle with care

The fossil records indicate that the VAM association is a very ancient one, being present in Cretaceous
times (Trappe 1987). With the wide host range, the normal condition of plants in the field is to be
mycorrhizal. Agronomic practices can unwittingly disturb this natural situation leading to symbiotic
dysfunction. Fumigation of soil with broad-spectrum biocides (like methyl bromide) to control soil-borne
pathogens can eliminate VAMF and has caused problems with citrus in USA (Menge 1982) and capsicum
in Israel (Haas et al. 1987). Weed-free fallowing leads to a decline in VAMF populations in the soil, and
when too long, leads to poor colonisation and growth of the next crop to be planted—the so-called ‘long
fallow disorder’ (Thompson 1987).
Populations of VAMF spores in soil decrease with depth down the soil profile. Thus, processes that strip
the topsoil, such as land-levelling of gilgai, contour-bank construction and rill-erosion, can expose a
mycorrhizal-depleted subsoil in which crops may grow poorly until VAMF populations build up.
Similarly, strip-mining, in which the topsoil is not saved or where it is stored for some years before
revegetation, can lead to deficiencies in VAM (Jasper et al. 1987, Thompson and Jehne 1988).

3.7

Inoculation with VAM fungi

Even though VAM fungi occur widely in nature, situations have been recognised where the inoculum
density or strain composition is sub-optimal for agricultural and horticultural crops and for native plant
species in revegetation areas. Artificial inoculation might be of value.
No one has yet found how to culture VAMF in the absence of living plant roots, posing problems for
mass-production of inoculum. Herein lies a riddle. As root-inhabiting organisms, these fungi are so non-
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specialised in their requirements that they find almost any species of seed-plants, ferns and mosses a
suitable host, yet we cannot reproduce the requirements in vitro.
Currently VAMF inoculum is produced by sieving spores from field soil, inoculating these as single
species (20–50 morphologically-similar spores) or as single strains (one spore only) to the roots of a host
plant, transplanting into a pot of sterilised soil, and harvesting more spores after the plant is mature.
Further refinements have been soil-less culture of plants for VAMF inoculum by the nutrient film
technique (Mosse and Thompson 1984), sand culture (Thompson 1986), culture in light expanded-clay
aggregates (Dehne and Backhaus 1986) or aeroponics. A further prospect for VAMF-inoculum
production has been successful growth of VAM without plant tops in root organ cultures transformed by
root-inducing T-DNA from Agrobacterium rhizogenes (Mugnier and Mosse 1987).
The difficulty of keeping these systems free of plant pathogens during production over several years
remains a problem. Some insurance against pathogens can be obtained by using a plant species for
VAMF–inoculum production that is unlikely to support similar pathogens to the plant species to be
inoculated.

4.

ROOT-LESION NEMATODE—A SOIL-BORNE PATHOGEN

4.1

Soil-borne pathogens

Many species of plant pathogens exist in soil and make their presence known by invading crop roots and
crowns. Some can live saprophytically on organic materials while others merely survive in soil between
susceptible host crops. Since few people examine below-ground plant parts, unthrifty crops caused by
soil-borne diseases may be ascribed to other causes. In some instances, attack of the root system results
in crops that wilt prematurely (often ascribed to drought) or that exhibit apparent nutrient deficiencies.
Because of variation in host range, some diseases become apparent only at certain phases of crop
rotations or after sufficiently long periods of monoculture to build pathogen populations to damaging
levels. Likewise some have specific edaphic requirements of soil texture or of waterlogging, for example
many Phytophthora diseases require water-saturated soils for the zoospores to infect roots and
hypocotyls. When diagnosing field problems, the possibility of a fungal or nematode disease causing
symptoms like nutrient deficiencies must always be considered. This paper will focus on nematodes,
particularly the wheat root-lesion nematode (Pratylenchus thornei) to illustrate some principles.

4.2

Nematodes

Many different genera of nematodes cause plant disease. Among the most damaging are the cyst
nematodes. Cereal cyst nematode (Heterodera avenae) has caused very large losses in wheat production
in southern Australia where it infests over two million hectares (Brown 1984). This nematode species
invades the root tips resulting in a very shallow root system with multiple branching. The bodies of the
females form cysts (0.5–1 mm diameter) on the root surfaces; eggs survive within these cysts between
crops. Root-knot nematodes (Meloidogyne spp.) are the most important nematode pathogens of subtropical areas where they prefer lighter-textured soils. Their presence is readily detected by excavating
the root system and looking for characteristic knots which form an integral part of the root rather than an
attachment (not to be confused with the root nodules formed by the nitrogen-fixing Rhizobium spp.).
In contrast, root-lesion nematodes (Pratylenchus spp.) require microscopic analysis for detection. Careful
excavation and washing away of soil from roots may reveal dark brown lesions, but these may not always
be apparent with lower nematode populations or more tolerant hosts. Differential staining may reveal the
nematodes within the cortex of the roots, but the best diagnostic method is to extract the nematodes from
about 200 mL of the soil plus roots in Whitehead trays (Whitehead and Hemming 1965). Various species
of Pratylenchus can attack a wide range of host species under a wide range of conditions and more
attention should be paid to their presence.
The textbook by Dropkin (1980) is recommended for further study.
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4.3

Wheat root-lesion nematode

On the Darling Downs, farmers and extension agronomists were well aware of the ravages of root-lesion
nematode (Pratylenchus thornei) in wheat before the cause was elucidated by scientists (Thompson
1988). In some areas, farmers referred to the problem as ‘wheat sickness’—stunted, yellow crops
appearing nutrient deficient and wilting prematurely, occurring in fields that had grown much wheat.
Subsequent research showed that a long period of wheat culture (>10 years) was required to build P.
thornei populations to clearly damaging levels and that barley is quite tolerant (eg. wheat and barley have
yielded 1 and 4 t/ha respectively in trials on nematode-infested land, Thompson et al. 1986). Hence,
‘wheat sickness’ is quite an appropriate name and incidentally other problems caused overseas by
Pratylenchus spp. have been termed ‘soil sickness’.
In other localities on the Darling Downs, farmers referred to ‘the second-year wheat problem after long
fallow’. This was on farms that also had a long history of wheat growing but where a rotation of
sorghum-sorghum-sorghum-long fallow-wheat-wheat-wheat had been adopted. Nematodes were
multiplying to very high levels in the first wheat crop to cause the second wheat crop to fail. Populations
before the third wheat crop were less, as the high populations attacking the second-wheat were somewhat
self-limiting.

4.4

Survival

Once P. thornei is established in a Vertisolic soil it is remarkably resilient. It occurs in the profile to a
depth of 120 cm, often with maximum numbers within the 15–60 cm interval. Although it requires a
susceptible host plant to multiply it can survive well in plant–free soil (eg. about 5% survived 4–5 years
of weed-free fallow near Jondaryan). If the soil dries slowly (which is more likely in a clay than in a
sand) nematodes are capable of transforming into a resting anhydrobiotic state (in which they are coiled
like a watch spring). In the laboratory, P. thornei has survived in an air-dried soil from the field in
apparently undiminished numbers for at least 2 years. Cycles of wetting and drying in the field in the
absence of a host would hasten the death rate.

4.5

Chemical control

Although the systemic nematicide aldicarb (TemikR) when applied as granules before sowing has tripled
grain yields in trials, the application rates required for effective control are too high and therefore too
expensive. This can be contrasted with cereal cyst nematode, occurring in the topsoil of the lightertextured mallee soils of southern Australia, for which economic chemical control with a range of
nematicides has become a commercial practice.

4.6

Tillage and crop residues

Contrasting effects of tillage on root-lesion nematode and cereal cyst nematode indicate that it is difficult
to make generalised statements about soil micro-organisms. With root-lesion nematode in a long-term
wheat trial at Hermitage Research Station, tillage of the summer fallow resulted in fewer nematodes than
zero-tillage with chemical weed-control. Presumably the mechanical mixing, promotion of wetting and
drying, and increased exposure of the soil to heating by the sun increased the death rate of the nematodes
(Thompson et al. 1981). In contrast, conventional cultivation promotes attack of wheat by cereal cyst
nematodes compared with direct drilling, possibly by distributing the egg-containing cysts more widely,
making soil conditions more amenable for nematode movement and destroying grass–weed trap-hosts
earlier than herbicides (Rovira 1987).
Organic amendments to soil can provide some nematode control through increasing populations of
antagonistic micro-organisms or through decomposition to nematicidal by-products (Muller and Gooch
1982). Fewer nematodes were noted after an 18-month fallow where stubble was retained on zero-tilled
plots than where stubble was burnt after harvest in the Hermitage long-term trial (Thompson et al. 1984).

4.7

Crop rotation and varietal tolerance and resistance

Crop rotation can be a very effective way of controlling soil-borne diseases, provided alternative crops
are profitable to grow. Darling Downs farmers have avoided losses from P. thornei by sowing barley
after wheat. Crops like barley, sorghum or sunflower are very poor hosts of P. thornei. Rotation with
these alternative crops, such that susceptible wheat is not sown more frequently than once every 4–5

84

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

years, is needed because of the good survival ability of P. thornei. Care must be taken where better hosts
like chickpea, soybean or maize are included, and growing extremely good hosts like Vigna species in
nematode infested fields should be avoided.
The preferred long-term option is to breed wheat varieties that are both tolerant and resistant. By
definition, a tolerant variety yields well on nematode-infested land, while a resistant variety retards
nematode multiplication. Varieties that have tolerance but not resistance will build nematode populations
in the soil to higher, more damaging levels, until even the tolerant varieties suffer yield loss and intolerant
varieties fail. Under these circumstances yield losses up to 85% have been recorded in trials. Obviously,
research is needed into the population dynamics of this nematode species as influenced by choice of crop
or variety across a period of years.

5.

EARTHWORMS

Earthworms are important agents for incorporating the plant residues on which they feed into soil
(Mackay and Kladviko 1985), for improving the percentage of water-stable aggregates with their excreted
casts (inorganic particles cemented into aggregates by organic wastes), and for increasing the number of
surface-connected, continuous macropores in soil by the channels they make. Thus, anything that
increases earthworm activity should improve soil physical conditions. In general, introduced European
earthworms are more effective in incorporating plant residues (Barley and Kleinig 1964) and improving
soil physical conditions than native Australian earthworms (Tisdall 1978).
Two major factors that favour earthworms are a good supply of organic substrates and moist soil (Lee
1985). One factor that is detrimental to earthworms is tillage (Lee 1985). Farmers on the Darling Downs
have described the build-up of earthworms around tynes when cultivating stubble-mulched fields. The
combination of organic residues, improved soil moisture content and the absence of cultivation in zerotillage systems favours earthworms. This has been shown for orchard conditions in the Goulburn Valley
in Victoria (Tisdall 1978) and in a wheat-fallow system on the Darling Downs (Table 5) (Thompson and
Sheedy 1978).
Table 5:

Zero tillage plus stubble retention increase earthworm numbers in the topsoil of a Vertisol
under long-term wheat-fallow at Hermitage Research Station (Thompson and Sheedy 1978).

Treatments
--------------------------------------------Tillage
Stubble
Mechanical

Burnt
Retained

Number of earthworms/m2 to 12.5 cm

9
23

Zero

Burnt
9
Retained
54
____________________________________________________________________________
_
X2 = 12.7** with 3 d.f.
____________________________________________________________________________
The highest concentration of earthworm s here is low and about one third the district average for
Goulburn Valley orchards (Tisdall 1978). Tisdall (1978) described a non-cultivated area of 3-year old
peach trees in which 68 t/ha straw had been incorporated before planting, and irrigation had maintained
soil moisture. The benefits in better soil physical conditions from this large earthworm population are
clearly evident in Table 6.
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Table 6:
Effect of earthworm concentrations on macroporosity and infiltration (Tisdall 1978).
_____________________________________________________________________________
Peach block,

Tatura

District
(68 t/ha straw,
average
zero tillage,
irrigation)
_____________________________________________________________________
________
Number of earthworms/m2
2000
151
MacroporosityA (%)
19
5
InfiltrationB (min)
1
85
____________________________________________________________________________
_
A

Macroporosity = air-filled porosity at 40 mbar suction
Infiltration = time for 50 mm water to infiltrate

B

In the Riverina, mats of organic matter several centimetres deep accumulated in an improved irrigated
pasture on duplex soil until introduced earthworms incorporated the material into the topsoil (Barley and
Kleinig 1964). Even where earthworm numbers are considered low they probably fulfil an important
function in incorporating crop residues into soil under zero-tillage systems, as it has been estimated that a
population of 200 worms/m2 could consume 80 t of dry matter/ha/year (Handreck 1978). This value
would be reduced under dryland agricultural conditions in Australia where earthworm activity would be
limited by periods when the soil was too dry.

6.

CONCLUDING COMMENTS

This paper constitutes an outline of some contemporary issues in soil biology, in which emphasis has
been placed on subject areas suggested by the organising committee and in which the author has some
experience.
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Chapter 8. Soil Organic Carbon: Benefits and Implications
RC Dalal
Department of Natural Resources and Mines, 80 Meiers Road, Indooroopilly Qld 4068

Abstract
Until recently, both food and fibre production systems involved intensive tillage and exploitive grazing,
which resulted in lack of plant residue cover, and utilising the declining native soil fertility, which led to
decreasing production and hence lower organic carbon (C) inputs to the soil. Consequently, Australian
soils have lost up to 60% organic C in the last century. Besides contributing to extensive land
degradation, soil organic C losses from the cultivated lands alone have added approximately 1000
million tonnes of CO2 equivalents to the atmospheric greenhouse gases. Restoration and maintenance of
soil organic matter (soil organic carbon x 1.72) is essential to reverse land degradation and provide a
greenhouse C sink. Benefits include: major C and energy source for micro-organisms; major source and
sink of nitrogen, phosphorus and sulfur; forming and stabilising agent for soil aggregation; contributes
to cation exchange capacity and buffering capacity, especially in low-activity clay soils and coarse
textured soils; chelating agent for Al, Fe, Mn, Cu and Zn; retains pesticides; and major sink for
greenhouse CO2. Sustainable cropping and land management practices (especially improved ley pasture
rotations), conservative grazing practices (reduced stocking), agroforestry, afforestation and
reforestation and avoiding deforestation will contribute to organic matter restoration.
Key words: Soil organic matter, Organic carbon, Greenhouse carbon, Land restoration, Tillage, Ley
pastures, Grazing, Agroforestry, Forestry

1. INTRODUCTION
Soil organic C constitutes 55% of soil organic matter. Soil organic matter is the organic fraction of the
soil but excludes undecayed plant and animal residues (Soil Science Society of America 1997). Litter
and coarse woody debris on or near the soil surface are measured separately.
The functions of soil organic matter are summarised in Figure 1. Briefly, soil organic matter benefits
include: major C and energy source for micro-organisms; major source and sink of nitrogen, phosphorus
and sulfur; forming and stabilising agent for soil aggregation; contributes to soil’s cation exchange
capacity and buffering capacity, especially in low-activity clay soils and coarse textured soils; chelating
agent for Al, Fe, Mn, Cu and Zn; retains and degrades pesticides; and major sink for greenhouse CO2.
For soil organic matter’s role in nitrogen, phosphorus and sulfur supply to crops, refer to Strong and
Probert (2000); for soil’s cation exchange capacity and buffering capacity, refer to Moody (2000); and for
its role on soil’s fauna and flora biodiversity, refer to Chilcott and King (2000) in this Australian Society
of Soil Science Refresher Training Course.
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Figure 1:

Functions of organic matter in soil (Dalal and Chan 2001).

Cultivation and cropping has led to a substantial loss of soil organic matter (SOM) from the Australian
cereal belt. The long-term SOM loss often exceeds 60% from the top 0–0.1 m depths after 50 years of
cereal cropping (Russell and Williams 1982, Dalal and Mayer 1986a, Gifford et al. 1992, Grace et al.
1995, Dalal and Chan 2001). Loss of the labile components of SOM such as sand-size or particulate
SOM, microbial biomass and mineralisable nitrogen have been even higher, thus resulting in greater loss
in soil productivity than that assessed from the loss of total SOM alone. Similarly, overgrazing practices
in rangelands have resulted in up to 30% loss in soil organic C (Ash et al. 1995).
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SOM is heterogeneous in nature. Although the significance and functions of its various components are
ambiguous, biophysically-appropriate and cost-effective management practices for cereal cropping lands
and rangelands are required for restoring and maintaining organic matter for sustainable agriculture and
restoration of degraded lands as well as long-term greenhouse C sink. Current understanding of the role
of organic C/organic matter in soil and its management is briefly discussed in this paper.

2.

SOIL ORGANIC CARBON CONTENT

2.1

Distribution of organic C in soil

Soil organic C:
Input C = Output C
dC/dt = A-kC
dC/dt = 0 at t infinity
A=kC

SURFACE ORGANIC CARBON (% * 10.0)
CART predictions and polygon means from point data
Less than 0
0-2
2-3
3-4
4-5
5 - 10
10 - 15
15 - 20
20 - 40
Greater than 40

At other t values
Ct = Cte +(Ct0-Cte) e-kt
Where A = rate of C
input; k = rate of C loss;
te and to are C contents at
steady state and initially.

Produced by Climate Impacts and Spatial Systems, QDPI, Australia
Derived using CART from various inputs combined with Atlas of Australian Soils

Figure 2:

Thu May 15 10:20:25 1997

Simulated soil organic C contents (%) of Queensland soils (0–0.1 m depth) under native
vegetation (from Carter et al. 1998).

Soil organic C content is a net result of organic C input and output, as shown above for Queensland soils.
Both organic C input and output are the functions of soil forming factors under natural systems, that is:
Soil organic C = f (climate, vegetation, topography, soil matrix)

[1]

Soil organic carbon contents in the top 1 m depths vary from less than 25 t/ha to greater than 234 t/ha in
arable soils (Dalal and Carter 2000). Bogs and peat lands contain from 500 t/ha to more than 25 000 t/ha.
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The Intergovernmental Panel on Climate Change (IPCC 2000) estimates a mean value of 133t C/ha and a
total of 2011 Gt (1015g) C in 15.12 billion ha of world soils; the values for vegetation and atmosphere are
466 Gt C and 760 Gt C respectively. Thus, soil provides more than 4 times as much sink for C as
vegetation does, and therefore it is an important sector for greenhouse gas abatement.
Soil organic C almost exponentially declines with depth. Most of soil organic C is present in the top
30 cm of soil. However, in some soils substantial amounts of organic C may be present below this depth.
This is shown for four soils in southern Queensland in Table 1.
Table 1:

Total amounts of organic carbon in the profiles of Waco soil, Langlands-Logie soil and
Cecilvale soil (Vertosols), and Riverview soil series (Kandosol) (from Dalal and Mayer
1986b, RC Dalal unpublished data).
Soil depth
(cm)
0–10 cm
0–20 cm
0–30 cm
0–60 cm
0–90 cm
0–120 cm

Waco
13.7
23.8
32.6
59.5
83.7
103.9

Cumulative organic C (t/ha)
Langlands-Logie
Cecilvale
22.1
36.6
47.4
71.1
88.9
103.8

17.5
29.1
39.5
66.5
84.2
95.5

Riverview
15.7
25.6
32.6
49.6
64.0
76.5

In Waco soil carrying Queensland bluegrass vegetation (Dicanthium sericeum), almost 70% of organic C
in the soil profile occurs below 30 cm depth, while in Riverview soil, about half is in 30–120 cm depth.
Also, although Langlands-Logie soil carrying brigalow–belah vegetation (Acacia harpophylla and
Casuarina cristata) contains 50% more organic C than Waco soil in the top 30 cm depth, there are similar
amounts of organic C in the 0–120 cm depth in both soils (Table 1). It appears that vegetation types
through their different root distribution affect depth distribution of organic C contents but the total
amounts are determined by the factors listed in Equation 1. Spain et al. (1983) presented a generalised
soil organic C vs depth distribution relationship in different groups of Australian soils.
2.2 Soil organic C pools
Soil organic C is heterogeneous in nature. Physically, it is present as a discrete C moiety, from
identifiable plant residues, fungal hyphae, and charcoal to fully interacted C with soil matrix constituents,
especially iron and aluminium, and C macromolecules, which are protected within the soil’s micro pores.
Biochemically, C is present as carbohydrates, celluloses, hemicelluloses, proteins, amino acids, lignins,
tannins and waxes, and 13C nuclear magnetic resonance (NMR) identifiable main functional groups such
as alky (0–45 ppm), 0-alkyl (45–110 ppm), aryl (110–140 ppm), o-aryl (140–165 ppm), carbonyl
(165-190 ppm), and aldehyde/ketonic (190–220 ppm) groups.
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Table 2:

Percent of organic C distributed in soil particle sizes and functional groups as determined in
HF-treated soil fractions by 13C NMR spectroscopy (Skjemstad et al. 1996).

Functional
groups

Percent organic C distribution in particle sizes and functional groups
<2 µm

2–20 µm

21–53 µm

54–200 µm

Total C

10

Ferrosol (total organic C, 13.3%)
21
19
22

Alkyl
0-alkyl
Aryl
O-aryl
Carbonyl
Keto/ald

28
44
11
2
12
3

32
34
16
5
10
3

Total C

52

36

Alkyl
0-alkyl
Aryl
O-aryl
Carbonyl
Keto/ald

28
32
23
2
15
0

21
34
29
2
12
1

34
33
15
5
11
2

32
34
16
6
10
3

Vertosol (total organic C, 2.8%)
1
5
nd
nd
nd
nd
nd
nd

23
39
21
7
8
2

201–2000 µm

LF <1.2

10

19

25
37
19
7
10
2
2

6

34
39
14
5
7
3

In a Ferrosol, soil organic C is distributed almost similarly throughout the soil matrix whereas in a
Vertosol, it is concentrated in fine particle size fractions. However, in both soils, o-alkyl (carbohydrates,
polysaccharides) is the dominant group in all particle size fractions. In fine particles of the Vertosol, aryl
group is almost twice that in Ferrosol (Table 2). A substantial amount of organic C in <20 µm fraction in
this Vertosol appears to be charcoal C (Skjemstad et al. 1996).
Turnover rates of various organic C fractions differ considerably. Most soil organic C models
conceptualise three main pools: active pool (<10 yr), slow pool (10–50 yr) and passive pool (>50 yr).
An approximate experimentally determined equivalent pools are given in Table 3.
Table 3:

Conceptual C pools and approximate experimentally determined C—initially, and both C
fraction loss and turnover rates after 45 years of cultivation of a Langlands-Logie soil (Dalal
and Chan 2000, Skjemstad et al. 2001).

C pool
Active C pool

Slow C pool

Passive C pool
n/a = not available.
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Experiment pool
•
•
•
•
•
•
•
•
•

POM C >53 µm
POM C >20 µm
LF C <2 Mg/m3
or <1.6 Mg/m3
10 x Microbial biomass C
Silt size C, 2–20 µm
Humic acid
Total – (active+passive)
Clay size C, <2 µm
Charcoal C

Soil C (%)
(native soil)

C
loss

n/a
32.8
26.6
n/a
22.8
26.0
n/a
n/a
41.2
17.0

(%)
n/a
99
79
n/a
n/a
63
n/a
n/a
53
41

C turnover
(years)
n/a
9.2
5.2
n/a
n/a
12.8
n/a
n/a
25.6
n/a
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The most widely used soil organic C models are the CENTURY and ROTH-C and they use essentially
similar C pools. CENTURY also simulates nitrogen, phosphorus and sulfur cycling and their effects on C
turnover in soil. However, the CENTURY model is poor in its estimation of C inputs through plant
growth since it utilises monthly rainfall and temperature data rather than daily rainfall and temperature
events—by comparison ROTH-C requires estimated plant growth data as an input. The APSIM model
utilises the daily climate data but utilises only two C pools. There is a need for a comprehensive C model
that incorporates the best features of the CENTURY, ROTH-C, APSIM (Probert et al. 1995) and other
models to have appropriate C pools, C inputs and feedback effects of nutrients on plant growth and C
cycling.

3. SOIL ORGANIC C DECLINE
3.1 Magnitude of soil organic C decline with cultivation
Cultivation of a soil that previously supported native vegetation or pasture generally leads to reduced
level of organic C (Haas et al. 1957, Dalal and Mayer 1986b). This is due primarily to changes in
temperature, moisture fluxes and aeration, aggregate disruption, reduced input of organic C, increased
export of nutrients and soil erosion. The decline in soil organic C in relation to the period of cultivation
and cropping of a Vertosol and Ferrosol is shown in Figure 3.

Organic C (t/ha/10cm)
Ferrosol (Kingaroy)
40
Vertosol (Warra)

30

20

10

0
0
Figure 3:

10

20
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40

50

60

70

Soil organic C decline (0–10 cm depth) with period of cultivation. Estimates from Bridge
and Bell (1994) for Ferrosol and Dalal and Mayer (1986b) for Vertosol.

Both Ferrosol and Vertosol lost more than 60% of organic C after 60 years of cultivation, with a
consequent decline in soil productivity, in terms of both soil fertility and soil structure (Loch et al. 1987,
Dalal et al. 1995, Bell et al. 1997). The rate of C loss from the soil profile increased as clay content
decreased (Dalal and Mayer 1986b) (Table 4). The relationship for all soils except Langlands–Logie was:
C loss = 175.6 x 100/clay %, r= 0.98. For a weighted mean clay content of 24% for the Australian
cropping soil region, soil C loss is estimated to be 732 kg C/ha/yr, or CO2-equivalent of 2.6 t/ha/yr and a
total of 52 t/ha for the first 20 years of cropping.
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Table 4:

Estimates of soil organic C loss and CO2-equivalent emissions from southern Queensland
soils used for cereal cropping for the first 20 years (Dalal and Chan 2001).

Soil series

Clay content
(%)

Waco clay
Thallon clay
Langlands-Logie
Cecilvale
Billa Billa loamy
Riverview
Cropping soil region

Organic C loss
(kg/ha/year

72
59
49
40
34
18
24

194
322
882
377
508
1015
732

CO2-e emission
(kg/ha/year)
711
1181
3234
1382
1863
3722
2683

3.2. Soil C decline and loss of soil aggregation
The Ferrosol experienced much greater loss of soil aggregation than the Vertosol due to soil organic C
loss (Bridge and Bell 1994, Dalal et al. 1991b). The differences in loss in soil aggregation with the loss
of organic C in Chromosols, Kandosols and Vertosols are shown in Table 5.
Table 5:

Linear regression coefficient between soil aggregation (y = % mean weight diameter in mm
and soil organic C (x = % organic C).

Soil
Kandosols
Chromosols
Vertosols
Vertosols

Regression
coefficient
32.1
21.5
10.5
4.3

R value

Reference

0.67
0.96
0.80
0.76

Chan et al. 1992
Tisdall and Oades 1980
Calculated from Chan et al. 1988
RC Dalal, unpublished data

The loss in aggregation per unit of organic C loss is likely to be at least 3 times more in Kandosols than
Vertosols. The magnitude of the effect of soil organic C on aggregation in Chromosols is between
Kandosols and Vertosols. Other factors such as Al and Fe contents in Ferrosols, and exchangeable
sodium and electrical conductivity in Vertosols and Chromosols could affect this relationship. In some
Chromosols and Vertosols, the effect could be indirect since soil organic C and exchangeable sodium
(or ESP) are inversely related.
Aggregate sizes and their relationship to various C pools or fractions was presented by Tisdall and Oades
(1982) in a hierarchical aggregation structure. In some soils, undefined C fractions estimated by either
extraction with pyrophosphate (Hamblin 1980) in Chromosols or oxidation with permanganate in
Ferrosols (Bell et al.1998) relate better than the total organic C with aggregate stability in these soils.
3.3 Soil C loss and CO2-equivalent emissions to the atmosphere
Estimates of soil C loss as CO2-e for the first 20 years of cultivation and cereal cropping varied from
0.7 t/ha/year to 3.7 t/ha.year. Assuming a weighted mean clay content of the Australian cropping soils as
24%, 2.6 t/ha/year, or 52 Mt/year from 20 Mha is lost as CO2-e each year. Therefore, for the first 20 year
period after clearing, the Australian cropping soils would have lost 1040 Mt CO2-e or about twice the
total annual CO2-e emissions in 1997 in Australia.
3.4 Soil organic C loss and soil fertility decline
Since nitrogen, phosphorus and sulfur occur in definite proportions to C in soil organic matter, for
example, 10:1:1:100 ratio or similar (Dalal 1977), loss of organic C results in the release of nitrogen,
phosphorus and sulfur from the organic matter. In fact, in many earlier studies on organic matter, the
changes in organic matter were assessed from changes in total nitrogen than organic C (Russell and
Williams 1982). Thus, soil organic C loss has been associated with soil fertility decline (Dalal and Mayer
1986a) although mechanisms of nutrient depletion differ from that of organic C loss. Nutrient depletion
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occurs due to its removal in product and plant residue, soil erosion, burning, leaching, and N
denitrification and volatilisation (Dalal and Probert 1997).
Loss of nitrogen from cultivated soils

The mean annual rates of N loss from the profiles of five Vertosols and one Kandosol subjected to 20–70
years of cereal cropping were 31.3–67.1 kg N/ha/year (Dalal and Mayer 1986c). These values in most soils
were similar to that accounted for in crop removal. Some of the N loss was compensated for by the
application of fertiliser N. However, in soils of initially high fertility, N losses by other factors, such as by
deep leaching and possibly by denitrification, especially from applied fertiliser N does occur (Dalal and
Probert 1997).
Potentially mineralisable N

The active C pool loss is more closely related to the depletion of mineralisable nutrients than the total amounts
when a soil under natural ecosystem is brought under cultivation and cropping (Dalal and Mayer 1987, Dalal
and Mayer 1990, Chan 1997).
Dalal and Mayer (1986a) found that total N and anaerobic mineralisable N declined in a Vertosol (Waco soil)
by 35% and 55% respectively, after a mean cultivation period of 26 years. In a Kandosol (Riverview soil),
after a mean cultivation period of only seven years, total N and anaerobic mineralisable N declined by 28%
and 51% respectively. Thus, the decreases in anaerobic mineralisable N due to cropping exceeded those in
total N, microbial biomass N and even in N mineralisation potentials (No) (Dalal and Mayer 1987).
Loss of P from cultivated soils
Since organic P is a constituent of organic matter, the decline in the latter with cultivation also leads to a
decline in the soil organic P content (Dalal 1997). Also, crop removal and other P-depleting factors, such as
erosion and runoff would deplete the plant-available P pool in soil.
Chan et al. (1988) measured substantially lower (39–71%) available P, using Bray No.1 extractant, in a
number of Vertosols (northwestern New South Wales) cultivated for 8–50 years than those under permanent
pasture. They ascribed the decrease in available P due to the increase in soil pH upon cultivation. Standley
et al. (1990) also found that the available P (bicarbonate extractable) in a Vertosol from Central Queensland
decreased from 31 mg P/kg soil initially to <20 mg P/kg soil after 7 years of cropping for sorghum but they
found no significant change in soil pH. Dalal (1997) found that the bicarbonate extractable P during 45 years
of cultivation for cereal cropping declined at the rate of 1.2 mg P/kg/year. The bicarbonate extractable P is
derived from both organic P and inorganic P in soil (Dalal and Mayer 1986a, Dalal 1997). In general,
reduction in P in soil due to the loss of ‘labile’ P has been closely associated with SOM losses. However, the
role of SOM in contributing towards and maintaining plant available P in soils has not been well understood.
For details regarding crop availability of nitrogen and phosphorus, refer to Strong and Probert (2000).

4. ORGANIC MATTER RESTORATIVE PRACTICES
Management practices, which lead to improvement in plant biomass production, would likely lead to
increased C inputs and hence to increased organic matter in soil. These management practices include
use of improved pasture species in leys in ley-crop rotation, modification of stocking rates in ley pasture
grazing, plant residue retention (stubble retention) and reduced tillage (minimum or no-till with controlled
traffic practices), soil fertility management (legumes and fertiliser application), sustainable land
management practices to reduce land degradation, C input from external sources such as manures, and
changes in fire frequency.

4.1 Ley-pasture rotation
In the temperate cereal belt, the beneficial effects of a pasture phase in increasing soil organic carbon
level and maintaining soil structure is well documented (Tisdall and Oades 1980, Russell and Williams
1982). Grace et al. (1995) concluded that a 2 wheat crops: 4 years of pasture phase is required to
maintain the long-term steady-state SOC level in the Urrbrae loam (Red Chromosol). Additional benefits
included: an overall increase in porosity; a decrease in bulk density; and an increase in aggregate stability.
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In the semi-arid northeastern Australia, Chan et al. (1997) found that organic C in degraded Vertosols
increased from 6.5t C/ha to 8t C/ha (0–0.05 m depth, with assumed bulk density of 1 Mg/m3) after 4 years
by restoration of pasture with barrel medic (Medicago truncatula) and Mitchell grass (Astrebla lappacea).
The increase in organic C concentrations due to the inclusion of legumes in grass pastures is mainly from
increased biomass C input due to N2 fixed by the legume, which is subsequently utilised by the associated
grass species, with increased C input to the soil (Bruce 1965, Dalal et al. 1995).
The native high N status of soils cleared from Acacia harpophylla and other leguminous native vegetation
has been used to establish improved grass pastures (Graham et al. 1981), eg. buffel grass (Cenchrus
cilliaris), Chloris gayana, Paspalum spp. and Panicum spp. For example, a Vertosol cleared from Acacia
harpophylla maintained original organic C concentrations under Panicum maximum for at least 11 years.
However, buffel grass or green panic pasture productivity declines after a certain period when N supply
becomes limited due to most of the N being tied up in roots and standing biomass (Robertson et al. 1997).
Nitrogen application or inclusion of a legume restores pasture productivity (Graham 1987), and therefore,
may further increase soil organic C concentration.
On a Vertosol, Whitehouse and Littler (1984) observed increases in organic C from 18 t C/ha to 20.5 t C/ha
(assumed bulk density, 1 Mg/m3, 0–0.15 m depth) after 4 years of lucerne + prairie grass pasture. Similarly,
Dalal et al. (1995) measured the rate of increase in organic C of 650 kg C/ha/year in a Vertosol under grass +
legume pasture (purple pigeon grass, Setaria incrassata; Rhodes grass, Chloris gayana; lucerne, Medicago
sativa; and annual medics, M. scutellata and M. truncatula) for 4 years; most of the increases in organic C
occurred in the top 0.05 m layer. Skjemstad et al. (1994) reported an increase of 550 kg C/ha/year in a
Vertosol under Rhodes grass in a similar environment. Increase in organic C under pasture was attributed to
the much higher input of C through the grass root biomass (10 t root dry matter/ha/year) compared with
continuous wheat cropping (2 t root dry matter/ha.year); aboveground residue inputs were essentially similar
(2.5 t residues/ha/year) (Dalal et al. 1995).
Wheat cropping after the pasture phase resulted in an organic C decline but even after 4 years, it remained
above the organic C concentrations in the continuous wheat cropping treatment (Dalal et al. 1995). Also, the
decreasing organic C trends during the cropping phase were slower than the relatively faster increase in
organic C in soil under the grass + legume phase earlier, presumably due to the increased plant C input from
higher crop yields compared with continuous wheat cropping.
While a grass + legume pasture phase had a positive effect on soil organic C, two-year rotations of lucerne–
wheat and medic–wheat after 8 years under conventional tillage had a negligible effect on organic C
concentrations (Dalal et al. 1995); thus confirming the findings of Holford (1990). The plant C inputs,
especially from root biomass, in these treatments were ≤50% of those from the grass + legume pasture.
Therefore, a relatively small amount of C input and the rapid rate of turnover of legume C in these short
legume rotations does not increase organic matter in these Vertosols.
In a subtropical Ferrosol, Bell et al. (1997) measured similar amounts of organic C in the top 0–0.3 m depth
after 4 years of two grass pastures (Pennisetum clandestinum and Chloris gayana) and in the adjoining soil
under continuous cultivation and cropping although the bulk density was significantly lower under the grass
pastures. However, Cogle et al. (1995) found that 8–10 years of grass pasture established after clearing a
tropical Ferrosol from woodland, reduced the organic C loss from 22 t C/ha under cultivation to 13 t C/ha
under grass pasture. Organic C loss was further reduced to only 8 t C/ha when a legume (Stylosanthes
hamata) was also grown in the grass pasture for 4 years.
In summary, significant increases in organic C or retardation of organic C loss from Australian soils can be
achieved by crop rotations that include a grass + legume pasture phase. However, the optimal duration for the
pasture phase in relation to cropping phase is less well known for the tropical and subtropical areas compared
to the temperate region (Grace et al. 1995).
4.2 Pulse–cereal rotation
Little information is available on the effect of different crops on long term soil organic C under continuous
cropping and crop rotations on different soils. Dalal et al. (1995) found that the two-year rotation of chickpea
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(Cicer arietinum)–wheat and continuous wheat cropping after 8 years under conventional tillage had similar
organic C concentrations. However, Skjemstad et al. (1994) observed that organic C loss from a fertile
Vertosol was faster under black gram (Vigna mungo) than sorghum cropped for 11 years; a consequence of
lower plant C input from the former (0.2 t/ha/year above-ground dry matter) than from the latter (0.5–0.75
t/ha/year dry matter), and possibly similar C input differences from the below-ground plant biomass. On the
other hand, Heenan et al. (1995) found that lupin–wheat rotation on a Red Chromosol after 11 years lost a
much smaller amount of SOC (250 kg C/ha/year) than continuous wheat (400 kg C/ha/year), when both were
managed under conventional tillage and stubble burning practice.
Crop rotations involving cereals and crops other than grain legumes such as canola have not been in practice
in long-term experiments. Grace et al. (1995) found that wheat–oats–fallow rotation in the long-term trial at
Waite Agricultural Research Institute had SOC lower than continuous wheat. It can be assumed that diseasebreaking crops such as canola, which may enhance cereal production, could result in higher plant C inputs and
hence a likely increase in SOC. Unfortunately, no long-term studies exist to validate this assumption.
4.3 Tillage practices and residue retention
No-till (NT) and crop residue retention increase organic C stratification in soil and may increase organic C in
soil. For example, Dalal (1989) measured higher organic C contents in a Vertosol under NT and crop residue
retention than under conventional till (CT); a positive interaction of tillage practice x crop residue x N
fertiliser application was observed after 13 years. These increases in organic C occur in the top 0–0.025 m or
0–0.05 m layers in Vertosols, after 18 years of no-till practice (Dalal et al. 1991a, Dalal et al. 1995). Thus,
NT practice enhances organic C stratification even in a Vertosol although total amounts may be similar to that
in the CT practice.
Similarly, in Chromosol, NT practice enhanced or reduced the decline of organic C concentrations in the
top layers (Table 6). Besides providing C inputs, surface residue cover also reduces raindrop impact and
enhances water infiltration, which may increase plant biomass production, and reduce soil erosion loss
from the surface with higher organic C content. On the other hand, Fettell and Gill (1995) reported no
effect of different tillage practices including NT practice and /or stubble management practice on a Red
Chromosol after 14 years of cereal cropping although fertiliser N application significantly increased soil
organic C. These results were ascribed to the fact that cereal grain yields and hence plant C input,
especially belowground C input, were essentially similar under NT and stubble retention as compared
with conventional tillage practice.
Table 6:

Effect of no-till (NT) for 4–5 years and conventional till (CT) on organic C contents of a tropical
Chromosol.
Soil depth (m)

Organic C (t/ha)
CT

0–0.05
0.05–0.10
0.10–0.20

NT

6.2
5.4
8.5

9.5*
8.1*
12.3

* Significant difference in organic C between NT and CT.
A collation of SOC contents from field trials on zero-tillage (3–19 years duration) on the coarse-textured
soils (Red Chromosols and Kandosols) around the Australian Cereal Belt revealed that significantly
higher SOC levels compared to conventional tillage were found only in the wetter temperate areas
(>500 mm) and <700 mm rainfall in the subtropical regions, and the differences were restricted to the top
0.025 m or 0–0.1 m depth (Dalal and Chan 2001).
However, Kern and Johnson (1993) estimated that no-tillage would lead to 28% more SOC retained than
conventional tillage in the soils of United States of America—most of the gains are likely to occur in the
cool and moist regions.
4.4 Fertilisers and manures
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A direct consequence of organic carbon decline is the concomitant decreases in nutrient supply from soils,
especially that of nitrogen (Dalal and Mayer 1986a, Moody 1994). Although, N loss can be remedied by
application of N (and other nutrients) from fertilisers, manures and other sources, increases in organic C have
been inconsistent.
At Taree, South Australia, SOC declined by about 10% over a 10 year period from a Red Chromosol under
continuous wheat cropping and with no fertiliser application while N fertiliser application at the rate of
80 kg N/ha was found to prevent such decline (Carter et al. 1993). On the other hand, N fertiliser applied at a
rate of 120 kg N/ha did not increase SOC under continuous wheat cropping on a Red Chromosol in Wagga
Wagga, New South Wales, probably due to enhanced acidification of the soil (Chan et al. 1992).
Dalal (1992) observed that N fertiliser application of 69 kg N/ha/year for 22 years to a Vertosol reduced the
soil N loss as compared with nil fertiliser application. Even the N rates exceeding the crop requirements could
not reverse soil N decline although the high N rates increased nitrate-N accumulation in the soil profile.
Similarly, Skjemstad et al. (1994) found that N applications (100 kg N/ha/year) to sorghum (Sorghum bicolor)
grown on a fertile Vertosol for 11 years did not arrest soil organic C decline. Even on a fertility-depleted
Vertosol, Dalal et al. (1995) found no significant increase in organic C from 75kg N/ha/year application for 8
years as compared with nil N fertiliser application. This was primarily because C inputs to soil through plant
biomass, especially root biomass, were essentially similar in both treatments. Again, the N application
resulted in nitrate-N accumulation in the soil profile. Similarly, Moody (1994) reported 60% decline in
organic C in cultivated and cropped Ferrosols compared with the virgin Ferrosols, in spite of the fact that
many of the cultivated Ferrosols had been fertilised.
It appears that in the semi-arid environment, C inputs from annual crops are limited by the availability of
water (rainfall); thus, insufficient plant biomass is produced to meet C lost from soil even though crop yields
are significantly increased with fertiliser applications.
In pastures, where legume production is limited by P and S supply (Russell and Williams 1982),
application of fertilisers such as superphosphate has resulted in increased biomass production and
increased soil organic N (Russell 1960, Watson 1969), hence increased organic C in soil. For example,
Russell and Williams (1982) estimated an increase of organic N of 50 kg N/ha/year from a mean
superphosphate application of 15 kg P/ha/year. With an estimated C: N ratio of 12 for the resultant SOC,
an increase of 600 kg C/ha/year is expected. This value is similar to that measured by Dalal et al. (1995),
650 kg C/ha/year, for the legume + grass pasture at Warra, southern Queensland.
Manure applications increase organic C in Vertosols (E. Powell, pers. comm.), Ferrosols (M Bell,
unpublished data) and other soils although long-term benefits of manure applications in arable cropping
in the Australian soils have not been measured. High-lignin amendments like farmyard manure, which
are more recalcitrant to decomposition than plant residues, usually result in higher soil organic C
concentrations (Poulton 1995).

5. BENEFITS OF INCREASED ORGANIC C IN SOIL
Increased soil organic C reverses the adverse consequences of organic matter loss from soil. Lal
(1998) has provided a detailed literature on benefits of soil organic matter for agricultural sustainability,
including improved soil structure, nutrient retention, reduced soil erosion, and improved soil fertility.
Russell and Williams (1982) summarised the Australian research on the benefits of increased soil organic
matter on soil properties and agricultural productivity.
However, there is limited information available on the increase in different C pools and their
beneficial effects on soil properties and agricultural sustainability in the Australian Cereal Belt.
Moreover, their effects on soil microbial biodiversity (Pankhurst et al. 1995, Chilcott and King 2000),
and herbicide and pesticide retention and their degradation (Kookana et al. 1998) in soil is almost
unknown.
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5.1 Greenhouse C sink
Assuming that the rates of CO2-e losses from cultivated soils, calculated from Table 4, can be reversed
by using restorative practices, the potential sinks available in these soils would be 1040 Mt CO2-e (52 Mt
CO2-e/year from the soil profile over a 20-year period), that is, more than 2 times the current total
annual CO2-e emissions from Australia. Therefore, soil organic C provides an attractive greenhouse C
sink option because it is a large sink and provides long-term C storage (AGO 2000). Moreover, increased
C sequestration in soil, hence increased SOM, also provides associated environmental and production
benefits (Lal 1998).
The management practices mentioned above [that is, ley pasture–crop rotation, cereal crop rotation
with grain legumes or other disease-break crops such as canola, no-till, stubble retention and fertiliser
management, and organic residues and manure application] may contribute to an increased C sink in the
soil (Table 7). A combination of the above management practices may provide a synergistic effect in
increasing C sequestration in soil. For example, Dalal (1989) reported a significant increase in SOM in a
Vertosol after 13 years only when no-till practice, stubble retention and fertiliser N were practised in
combination. It is estimated that only 23% of the potential sink of 50 Mt CO2-e/year in the cultivated
soils of the Australian cereal belt, about 11.4 Mt CO2-e/year over a 20-year period, can be realised with
the application of improved agricultural management practices (Table 7). The remaining 77% potential
soil carbon sink can be utilised by increasing the cropping intensity, high plant and animal biomass
inputs, and if increasing cropping areas are used for growing perennial crops, agroforestry and forestry.
Table 7:

Potential greenhouse C sink due to management practice in rainfed cultivated Australian Cereal
Belt (excluding methane and nitrous oxide emissions/absorption).

Management practice

Area
(M ha)

Plant input
(t C/ha/year)

CO2 sequestration
Mt CO2/year

A

No-till, stubble retained
Improved ley pastureB
Sugarcane trash retentionB
CottonB
Others (manure application) C
Total

2.5
21.0
0.4
0.4
0.1
24.4

1.6
4.2
4.2
1.7
0.5

0.2
10.8
0.2
0.1
0.1
11.4

Mt CO2 /20-year period
4.0
216.0
4.0
2.0
2.0
228.0

A

In regions exceeding in annual rainfall >500 mm in temperate areas (Chan et al. 1998) and >700 mm in
subtropical and tropical areas (Dalal and Chan 2001).
B
Adapted from AGO (2000), NGGIC (1999) and Dalal and Carter (2000).
C
Calculated from AGWISE (1999) assuming annual 4t/ha manure application (Dalal and Chan 2001).
In grazing lands other uncertainties relate to changes in grazing pressure, fire regime and woodland
thickening (Burrows 1995). These processes occur at very large scales and together affect the large land
area of rangelands. It may be that most grazing and fire induced changes have already impacted and that
rangelands have largely re-equilibrated over the last 100 or more years of European settlement. However,
even very small ongoing changes in soil organic C become significant sources or sinks of atmospheric C
if they occur over millions of hectares. For example, Ash et al. (1995) estimated that improved grazing
management (from class B to class A, by reducing stocking rate) to increase the perennial grass
component could sequester approximately 1155 Mt CO2-e into the top 0–0.1 m of soil over a 30-year
period (Table 8). However, these estimates need to be verified.
Since P and S deficiencies are widespread in tropical savanna and woodlands (Ahern et al. 1994), P and S
fertilisation to these lands can increase the C sink by as much as 0.5 t CO2-e/ha/year, at least 30% to that
of southern Australia (Gifford et al. 1992). This practice can increase C sequestration since Carter et al.
(1998) found a positive relationship between available P and soil organic C contents in Queensland soils.
However, sampling procedures to detect small changes over large areas need to be refined. Moreover, the
effect of climate change and CO2 enhancement should also be considered. A combination of field
measurement and process modelling will be needed to differentiate the effects of these processes.
Moreover, there is an urgent need for a permanent soil-monitoring network for soil organic C.
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Table 8:

Potential for C sequestration in improved grazing lands in the Australian tropics. Adapted
from Ash et al. (1995); assuming improvement in pastures from B class to A class.
Pasture system
Midgrass
Tropical Tallgrass
Monsoon Tallgrass
Spinifex
Total

6.

Pasture area

(M ha)
19.5
9.5
7.9
6.3
43.2

CO2-e sink
(Mt C)
539
315
176
125
1155

CONCLUSIONS

The conclusions made below must be considered tentative since most organic C data are limited by
inappropriate sampling procedures, lack of subsoil sampling, lack of soil bulk density measurements, and lack
of standard sample preparation and different analytical techniques used. In addition, on Vertosols, changes in
soil depth due to swelling and shrinking properties are not always accounted for.
Current agricultural practices for food and fibre production in the Australian cereal belt have inevitably
led to the loss of both the quantity and quality of organic matter from soils. Besides decline in soil
fertility, soil structure, and soil microbial diversity due to organic matter loss, contribution to the
greenhouse CO2-e emissions from cultivated soils alone is estimated to be in excess of 50 Mt CO2-e/year
in the first 20 years of cropping.
Sustainable cropping and land management practices are, therefore, essential for maintaining crop
productivity while maintaining or enhancing organic matter in soil and increasing the soil’s C sink to mitigate
greenhouse gas emissions. Except for the positive effects of grass + legume pastures or fertilised grass
pastures in both temperate and subtropical regions, very little information is available about other
management practices such as agroforestry to enhance organic matter in soil. The positive effect of no-till and
stubble retention practices is apparently limited by the amount of C inputs, which is limited by rainfall, and
rarely exceeds soil organic C losses from decomposition and other soil degradation processes.
Since soil organic carbon is heterogeneous in nature, significance and functions of its various components is
ambiguous. Therefore, it is difficult to recommend a soil organic carbon level or its components that will be
sufficient to sustain and enhance the biophysical and chemical roles ascribed to organic matter in soil.
Furthermore, there is scant information on the interactions between pesticides and herbicides, soil microbial
diversity, soil-borne diseases and soil organic matter. Thus, the environmental role of organic matter in soil
requires intensive investigation.
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Chapter 9. Soil Acidity
PW Moody
Department of Natural Resources and Mines, 80 Meiers Road, Indooroopilly Qld 4068
Abstract

Excessively acidic soils can limit productivity through one or more of: aluminium and manganese
toxicities; calcium, nitrogen, phosphorus and molybdenum deficiencies. The appropriate amelioration
strategy depends on identifying which factor(s) is the major limitation to productivity. However, whether
or not there is an existing constraint to productivity, every form of agricultural production causes further
acceleration of soil acidification primarily through removal of alkalinity in harvested product.
Sustainable production therefore depends on monitoring soil acidity and establishing a liming program.
The causes and rates of accelerated soil acidification, diagnosis of limiting factors, and management
strategies for minimising acidification are discussed in this paper.
Key words: Soil acidification, Agricultural systems, Management

1.

INTRODUCTION

Many coastal and subcoastal soils in Queensland are naturally acidic [pH in water (pHw) <6.5], and it is
estimated that within the greater than 500 mm annual rainfall zone, more than 8 M ha of soils have
surface pHw <5.5 (Ahern et al. 1992)—pH values where a reduction in plant growth of all crops except
acid tolerant species can be expected. The source of this natural acidity is mainly from the leaching effect
of rainfall (causing the replacement of base cations such as calcium with hydrogen/aluminium) over
thousands of years. Agricultural and pastoral production accelerates soil acidification, and at least 0.5 M
ha of the State’s agricultural soils have been identified as being at risk from accelerated acidification
(Moody and Aitken 1995). This paper aims to discuss the factors causing this accelerated acidification
and to give some practical guidance regarding the control of acidity in cropped soils.

2.

CAUSES OF SOIL ACIDIFICATION

2.1 Removal of harvested product
Plant material is alkaline due to an excess of uptake of base cations such as calcium (Ca) and magnesium
(Mg) over anions such as sulfate and chloride. Removal of plant material as harvested product therefore
leaves residual acidity in the soil. Table 1 indicates the amount of alkalinity removed in several harvested
products. This loss of alkalinity is inevitable. It is not widely recognised by producers that the alkalinity
removed in harvested product needs to be replaced if the production system is to be sustainable.
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Table 1:

Agricultural lime (kg CaCO3) required to counter the excess soil acidity remaining after
product removal. This is a measure of the ash alkalinity of the product.
Product
10 tonne millable sugarcane
1 tonne bananas
1000 L milk
1 tonne tobacco leaf
1 tonne grass hay
1 tonne legume hay
1 tonne maize grain

Agricultural lime requirement
(kg CaCO3)
25
5
4
100
30
50
3

2.2 Use of ammonium-based fertilisers
The input of ammonium-based fertiliser (at say 120–250 kg N/ha/year) also results in soil acidification.
Acidity is produced during the conversion of ammonium to nitrate. Some of this acidity is neutralised if
the nitrate is taken up by the plant roots. However, if the nitrate is leached instead of being taken up by
the plant, then acidity is left in the soil. Even if all the nitrified ammonium is taken up by the plant, some
ammonium-based fertilisers (eg. ammonium sulfate) still produce residual acidity in the soil. Table 2
shows amounts of lime required to counter the acidity arising from some nitrogen (N) fertilisers based on
different amounts of nitrate leached below the root zone. The use of nitrate sources of N and minimising
leaching losses of nitrate are both management strategies for reducing the rate of acidification.
Table 2:
Lime required to neutralise the acidifying effects of some nitrogenous fertilisers with
different leaching losses of nitrate.

Fertiliser

Lime required
(tonnes CaCO3/100 kg N applied)
Nitrate leached

Ammonium sulfate
MAP
DAP
Nitram
Urea

Nil

50%

100%

0.36
0.36
0.18
0
0

0.54
0.54
0.36
0.18
0.18

0.71
0.71
0.54
0.36
0.36

2.3 Build-up of organic matter
The build-up of organic matter which may occur under a pasture phase in a cropping system (or initially
on establishment of a permanent pasture until an ‘equilibrium’ level of soil organic matter is reached) is
an acidifying process because of dissociation of organic groups such as carboxyl groups (-COOH to
COO-) as humification of the plant residues produced on-site occurs. However, if organic material such
as mulch or hay is brought onto the site, then the net effect is one of alkalisation because this material has
a net alkalinity.

3.

RATE OF ACIDIFICATION OF DIFFERENT FARMING SYSTEMS

Studies indicate that 10 to 50% of the acidification in agricultural soils is a result of product removal,
with the remainder due to the use of ammonium-based fertilisers (Moody and Aitken 1997). The extent
to which product removal and ammonium-based fertilisers contribute to accelerated acidification is a
function of the amount of harvested product, its ash alkalinity, the amount of ammonium-based fertiliser
used, and the leaching losses of nitrate. These factors are greatly influenced by the farming system and
the environment. Table 3 gives acidification rates which are indicative of various farming systems used
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in Queensland. To prevent soil acidification, sufficient lime must be applied to neutralise these inherent
acidification rates.
Table 3:

Indicative acidification rates (kg CaCO3/ha/yr required to neutralise acidification) for various
farming systems in Queensland (Moody and Aitken 1997).
Crop system

Summer crop – winter fallow
Grass pasture for hay production
Crop – pasture rotation
Sugarcane
Table grapes
Bananas

4.

Acidification rate
90
310
90
170
130
1710

RATE OF DECLINE OF SOIL pH

The rate of decrease in soil pH caused by a particular acidification rate is dependent upon the soil’s pH
buffering capacity. This property is measured as the change in soil pH per unit of added acidity. Soils
with high organic matter and clay content are better buffered against pH changes (ie. more acidity is
required to lower the soil pH by 1 unit) than sandier soils of lower organic matter content. It follows that
the greater the pH buffer capacity of the soil, the more lime that is required to raise its pH. This indicates
that ‘blanket’ recommendations for lime application rates are inappropriate. Methods for estimating lime
requirements, taking into account pH buffer capacity, are presented later in the paper.

5.

SUBSOIL ACIDIFICATION

Unlike erosion and advanced salinity, soil acidification is not a visible form of soil degradation.
Although soil acidification is a slow process (this ‘unseen’ problem may only be evident through
declining yields over a period of years), as mentioned above, agricultural activity accelerates the
acidification process. Soil pH data for a site in south-east Queensland are presented in Table 4.
Table 4:

The effect of sugarcane production (17–20 years) on soil pHw at a site in south-east
Queensland.
Depth (cm)

Native rainforest

Sugarcane

0–10
10–20
20–30
30–50
50–70

5.50
5.17
5.00
4.88
4.59

4.46
4.53
4.53
4.70
4.63

A risk associated with allowing the surface soil to acidify is that the subsoil will also acidify. If this is
allowed to occur it will prove difficult to correct. Strongly acidic subsoils are likely to limit or entirely
prevent root growth, with consequential adverse effects on the use of subsoil water and nutrients. It has
been suggested that to arrest the development of subsoil acidity a pHw of 5.5 should be maintained in the
surface soil. This may be achievable in many mineral soils, but may not be attainable in organic (eg.
peaty gley) soils because of their very high pH buffer capacity.
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6.

DIAGNOSING SOIL ACIDITY

The correction of an existing soil acidity problem is dependent on identifying the factor(s) limiting
productivity. One or more of the following factors can be involved: calcium (Ca) deficiency, magnesium
(Mg) deficiency, aluminium (Al) toxicity, manganese (Mn) toxicity, nitrogen (N) deficiency,
phosphorous (P) deficiency, and molybdenum (Mo) deficiency. Nitrogen and P deficiencies are not a
consequence of acidity per se, but occur because acidity reduces soil microbial activity, with the result
that nutrient mineralisation is curtailed. Molydenum deficiency is a consequence of the generally low
supply of this nutrient in acid soils and the fact that low pH reduces the bioavailability of this nutrient.
Therefore there are two alternatives (depending on species) for correcting the effects of soil acidity on
productivity: correction of a Ca deficiency, or liming to raise soil pH (thus ameliorating Al toxicity and
Mn toxicity, increasing microbial activity, and increasing the bioavailability of Mo).
Soil pH is the simplest method for diagnosing soil acidity. Poor growth of many crops occurs at soil pHw
<5.2 because of toxic Al and /or Mn. However, acid tolerant crops such as sugarcane grow quite well at
low pH provided sufficient Ca is present. Crops which are less tolerant to acidity will require soil pHw to
be raised to 5.5–6.0. The reader is referred to Slattery et al. (1999) and Fenton and Helyar (2000) for
detailed diagnostic criteria for different crops and pastures.

7.

MANAGING SOIL ACIDITY

7.1 Crop/pasture tolerance to acidity
While some crops, such as sugarcane, are tolerant of high concentrations of soil Al and Mn, they are
sensitive to Ca deficiency, and the management of soil acidity for these crops relies on improving the soil
Ca status. Gypsum might be used for this purpose, as increasing soil pH is not a requirement for
improving crop productivity. On the other hand, acid sensitive crops cannot tolerate high levels of Al or
Mn in solution, and to correct these problems, soil pH must be raised. Table 5 gives the ranking of some
crop and pasture species with respect to their ability to tolerate Al.
Table 5:

Tolerance of some crop and pasture species to soil Al (adapted from Fenton and Helyar
2000).

Tolerance
Highly tolerant
Tolerant
Sensitive
Highly sensitive

Species
sugarcane, oats, triticale, cereal rye, paspalum, kikuyu, common couch
some wheat and barley var., field peas, Rhodes grass, annual ryegrass,
subterranean clover, some soybean cv.
canola, some wheat and barley var., some soybean cv., Kenya white clover
some wheat and barley var., faba bean, chickpea, lentil, lucerne, most clovers,
buffel grass

7.2 Ameliorating acid soil conditions
Where an increase in soil pH is required to ameliorate Al and/or Mn toxicity, the application of
agricultural lime or other alkaline materials (eg. magnesium oxide) will be required. Note the different
effects of agricultural lime and gypsum on soil properties in Table 6.
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Table 6:
Effect of lime and gypsum on pH and calcium (cmol(+)/kg) at various depths two years
after amendment application.
Depth (cm)
0–10
10–20
20–30
30–50

Unamended soil
Soil pH Exch. Ca
4.7
4.5
4.5
4.8

0.17
0.11
0.11
0.33

Lime (5 t/ha)
Soil pH Exch. Ca
5.8
5.5
4.9
4.9

2.66
2.23
0.58
0.57

Gypsum (5 t/ha)
Soil pH
Exch. Ca
4.6
4.5
4.6
–

0.62
0.62
0.50
–

A critical soil Ca level (0–25 cm) has been established for maximum yield of sugarcane, and a knowledge
of the soil Ca status allows a Ca recommendation to be made (Kingston and Aitken 1996). However, for
those crops requiring an increase in soil pH for maximum productivity, a lime recommendation is
required. As previously discussed, the pH change as a result of lime application is dependent on the soil
pH buffer capacity. However, the extent of information known about the soil may vary. If no
information is available regarding the soil, one can assume that, on average, soil pH will increase by
about 0.3 pH units for every tonne of good quality agricultural lime applied. If soil properties are known
(eg. organic carbon %, clay content) then it is possible to be more specific. For example, if the soil is
sandy with low organic carbon content then the pH will increase by about 0.4 to 0.8 pH units for every
tonne of lime applied. For a peaty soil with high organic carbon, the pH increase will be of the order of
0.2 pH units or less. These increases are based on good quality agricultural lime (NV of 98, 39% calcium
and 98% <0.25mm) and appropriate adjustments would need to be made for lime of different quality.
The preceding pH increases are approximate pH shifts that are commonly achieved around 6–12 months
after lime incorporation into the 0–10cm depth. Combined with a knowledge of the initial soil pH they
provide a rough guide to advisers and growers that enable some prediction of the likely pH following
lime application.
Some soil testing laboratories (eg. Incitec, DNR Resource Sciences Laboratories) now provide a lime
requirement to a specific target pH. The measurement used to obtain this lime requirement takes into
account the initial soil pH and the soil’s pH buffer capacity. Even if growers are not applying the lime
rate recommended on the soil test result, advisers can use this to ascertain the magnitude of the pH
increase arising from a blanket application rate (eg. 5 tonnes/ha) of lime.
If the soil test does not present the lime requirement but indicates initial soil pH (pHI) and organic carbon
(OC), these can be used to compute a lime requirement to pHw 5.5. This is based on the finding that
organic matter (organic carbon) is the major determinant of pH buffering in surface soils in Queensland
(Aitken et al. 1990). For soils with an initial pHw <5.5 the lime requirement to pHw 5.5 (LR5.5) in tonnes
per ha per 10 cm can be calculated as:
LR5.5 = 16.3 + 0.485 (OC%) – 3.05 (pHI)

[1]

This relationship is based on field trial data from south-east Queensland (22 sites, Aitken and Moody,
unpublished) and assumes that good quality agricultural lime (eg. NV of 98, 39% calcium, 97%
<0.25mm) is being used. Appropriate adjustments will be required for liming materials with different
properties.
7.3 Other benefits of liming
One of the benefits of liming that is often not recognised by growers is that the soil’s capacity to retain
nutrients is increased. The increase in pH as a consequence of liming increases the soil’s cation exchange
capacity. The effect of lime and gypsum on the effective cation exchange capacity for some sugarcane
soils in Queensland is demonstrated in Table 7. Initially, much of this increased exchange capacity is
occupied by calcium from the added lime but increased retention of other nutrients such as K and Mg can
occur in subsequent years. Gypsum, because of the absence of a pH increase (Table 6), has little or no
effect on the nutrient holding capacity (Table 7).

111

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Table 7:

The effect of lime and gypsum on cation exchange capacity in some sugarcane soils.

Location

Treatment

Cation exchange capacity

(cmol (+)/kg)
Bundaberg

Unamended
Lime (5 t/ha)
Gypsum (5 t/ha)

1.1
2.9
1.1

Dunethin Rock

Unamended
Lime (4 t/ha)
Gypsum (3.75 t/ha)

4.3
5.2
3.9

Yandina

Unamended
Lime (5 t/ha)
Gypsum (5 t/ha)

2.7
4.3
3.1

Apart from having beneficial effects on cation exchange capacity, raising soil pH by liming also
stimulates microbial activity. This increases the mineralisation of nutrients such as N and P from soil
organic matter, thus providing essential nutrients for crop growth.
7.4 Management options for reducing soil acidification
Apart from liming, there are several management practices that can be used, where appropriate, for
reducing the rate of acidification. These are:
• closely matching N fertiliser inputs to crop demand;
• using nitrate forms of N fertiliser;
• efficient irrigation management to minimise nitrate leaching;
• early sowing after fallow to minimise nitrate leaching;
• minimal removal of crop residues off-site;
• adoption of minimum-till or zero-till practices;
• growing deep-rooted perennial species to maximise nitrate uptake from the subsoil;
• reducing legume dominance in a mixed pasture system; and
• manage stock to disperse camp sites.

8.

CONCLUSIONS
In strongly acidic soils the growth of crops can be adversely affected by one or more of toxicities of Al
and Mn, deficiencies of Ca and Mg, and low availability of N, P and Mo. The productivity of acid
tolerant crops such as sugarcane is reduced by low Ca and Mg in strongly acidic soils. In many other
cropping and horticultural systems, liming programs aim to achieve pHw values ≥5.5 to remove
limitations of Al and Mn toxicity. In these systems, optimum productivity, maintenance of the soil
resource and minimisation of subsoil acidification are achieved by this liming strategy. In the case of
acid tolerant crops, optimum productivity can be obtained at more acidic pH values but advisers and
growers need to be aware that the flexibility to grow alternative crops and the prevention of subsoil
acidity are both dependent on maintaining a surface soil pHw >5.5.
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Chapter 10. Soil Salinity
PE Tolmie and AJW Biggs
Department of Natural Resources, PO Box 318, Toowoomba Qld 4350

Abstract
Salinity is a general term used to describe the presence of salts such as sodium chloride, magnesium and
calcium sulphates and bicarbonates in soil and water. Soil salinity can be considered in terms of a salt
balance in the soil profile where, under steady state conditions, mass of salt in the landscape equals mass
of salt out. Soil salinity is the expression of salt concentration and thus is a useful indicator of soil
hydrology. The advantages and disadvantages of a range of soil salinity and water quality measurement
methods are listed. Criteria for salinity which relate to soil behaviour and plant response are discussed.
Soil properties influencing leaching and thus salt balance are discussed and interpretations of salt profile
trends given. Landscape characteristics and their use in salinity mapping are presented. Salinity hazard
and risk are defined and factors contributing to these (eg. climate and rainfall patterns, soil properties,
geology) are described. Water quality and the impact of human activities on soil salinity are discussed.
Soil sodicity is addressed briefly.
Key words: Salinity, Sodicity, Salt balance, Electrical conductivity, Landscapes, Hydrology, Water

quality

1.

INTRODUCTION

Salinity in landscapes is responsible for the loss of good quality drinking and irrigation water, wetland
and riparian habitat degradation, damage to infrastructure such as roads and buildings and loss of
biodiversity and productive land. Salt problems in agriculture are not new. The decline and fall of
civilisations in ancient Mesopotamia have been associated with soil salinisation under irrigation
(Jacobsen and Adams 1958). In Australia, about 5.3% of the land area is naturally saline (Northcote and
Skene 1972), including parts of coastal, south-west and northern Queensland. Salinity may be also
induced by land management practices. Dryland salinity alone affects almost 2.5 million hectares of
Australian farmland and is expanding at a rate of 3–5% a year. An estimated 15 000 hectares of land in
Queensland is affected by induced salinity, at an annual cost of $270 million (Bennett 1998, Gordon
1998).
Soil salinity reflects the equilibrium between landscape hydrology, soil properties and vegetation. This
paper gives an outline of basic processes in soil salinity and the interpretation of salinity data in relation
to current criteria and understanding of processes. It is a revision of Shaw (1988), using sources such as
the Salinity Management Handbook (SalCon 1997), DNR Land Facts, and recent research results and
experience.

2.

WHAT IS SOIL SALINITY

2.1 Terminology and abbreviations
Salinity refers to the presence of dissolved salts in a water source or the soil profile at a level which limits
the sustainable use of that resource.
Sodicity is the presence of a high proportion of sodium ions relative to other cations in a soil (in
exchangeable and/or soluble form), or in water.
Salinity can be considered as primary salinity, naturally occurring salinity in both soils and waters and
secondary salinity resulting from human activities, largely through land development and agriculture.
For some situations, it is difficult to separate primary and secondary salinity since, for the latter, the
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visual expression of natural salinity is being accelerated due to human activities. Many dryland areas
with secondary salinity show considerable evidence of being affected by salinity in the past.
Secondary salinity can be divided into three groups on the basis of processes contributing to salting:
Watertable salinity is a concentration of salts associated with evaporation of water from a shallow
watertable (ie. the upper surface of the groundwater). This process contributes to salinity in both irrigated
and dryland (non-irrigated) areas. Seepage salinity is a type of watertable salinity that occurs when
groundwater seeps at the ground surface.
Irrigation water salinity is associated with the accumulation of salts from irrigation water in the soil and
the effect of the water composition on soil properties. Sodicity of irrigation water and properties of
irrigated soils are important components of irrigation water salinity.
Erosion scalding is salinity primarily caused by erosion processes. This occurs when surface soils are
eroded by surface water flow or wind, exposing saline and/or sodic subsoils.
Glossary of abbreviations

CEC
CCR
EC
ECi
EC1:5
ECs
ECse
EC/EC(Cl)
ESP
Ks
LF
LFp
SAR

Cation exchange capacity
CEC to clay content ratio (m. equiv L-1)
Electrical conductivity
Electrical conductivity of input water
Electrical conductivity of 1:5 soil water suspension
Electrical conductivity of soil at Wmax field water content
Electrical conductivity of soil saturation extract
Ratio of EC1:5 to EC due to Cl in 1:5 soil water suspension
Exchangeable sodium percentage (soils)
Saturated soil hydraulic conductivity
Leaching fraction
Leaching fraction predicted from relationship of Shaw and Thorburn (1985)

Wmax

Measured maximum field water content or predicted from relationships of Shaw and Yule
(1978). Wmax is a measure of ‘field capacity’ which is more appropriate for swelling clay
soils than laboratory techniques.
Water content conversion factor from EC1:5 to ECse or ECs

WCF

 Ca 2+ + Mg 2+
Sodium adsorption ratio, Na / 
2

+

0.5


 (concentrations in m. equiv L-1) (water)


2.2 Sources of salt
Salts can be found in most Australian landscapes. They originate from either the weathering of rock
minerals or the deposition of oceanic salt onto the landscape through wind or rain. The rate of salt
formation through weathering is very slow and varies between different rock types and under different
climatic conditions.
Salt stored in the soil or groundwater is concentrated through evaporation and transpiration by plants. In
a healthy catchment, salt is slowly leached downward and stored below the root zone. Salinisation
processes within a catchment are driven by the movement of water. This may also move the stored salt
towards the soil surface or into surface water bodies. Therefore, in order to understand salinity it is
essential to understand both the hydrology of the catchment and the distribution of salts (Martin and
Metcalfe 1998).
Salinity in the landscape will be discussed in greater detail later in this paper.
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2.3 Salinity and the water balance
Water balance is the term used to describe the interaction between major gains and losses of water within
a regional hydrological unit or catchment. Figure 1 illustrates these processes.
A simple catchment water balance equation (Marshall and Holmes 1988) is:
∆W = P + I – (A + D + E)

(1)

where:
∆W = change in amount of water stored in a zone between the surface and any particular depth in the
soil. It is the sum of changes in soil water content, ground water level and surface water storage.
P = rainfall
I = irrigation
A = surface runoff
D = underground drainage
E = evapotranspiration of plants
The incidence of soil salinity can be closely linked to changes in the water balance resulting from changes
in land use (eg. removal of trees, long fallowing) which accelerate recharge to groundwater. Salt builds
up in the surface soil, usually as a result of the rising watertable and subsequent groundwater seepage.

RAIN
NATIVE
VEGETATION

EVAPOTRANSPIRATION
DRYLAND
CROP

GRAZING

IRRIGATED
CROP
RUNOFF

INFILTRATION

DRAINAGE

GROUNDWATER
FLOW

Figure 1:

Simplified water balance showing a range of land use systems, with inputs and outputs.
Recharge is the process of water entering the groundwater.

2.4 Measurement techniques and relationships
The amount of salt present in soil or water can be expressed in terms of its concentration. When salts
dissolve in water they dissociate into ion. These ions are able to conduct electricity in water. The
electrical conductivity (EC) of a solution provides an overall measure of the total concentration of these
ions and hence salt concentration1. Conductivity is expressed in deciSiemens per metre (dS/m) or
milliSiemens per metre (mS/m).

1

for details see Salinity Management Handbook pp.39–41 (in SalCon 1997).
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Three measures of EC are:
•

•

•

EC1.5 — electrical conductivity of a 1:5 soil water suspension (used routinely in soil analyses.
EC, pH and chloride (Cl) are determined using air dried (40ºC) and ground (<2 mm) soil in a 1:5
soil:deionised water suspension at 25°C following procedures outlined by Bruce and Rayment
(1982).
ECse — electrical conductivity of the soil saturation extract, used for predicting plant response
(commonly predicted from 1:5 EC measurement and soil properties, or can be measured directly).
This soil:water ratio is used because it is the lowest reproducible soil:water ratio for which
enough extract can be readily removed for analysis. It is related in a predictable manner to field
soil water contents, being two to three times more dilute than field capacity (Rhoades 1983).
ECs — electrical conductivity of soil at measured or predicted maximum field water content
(approximating field capacity), used to assess salt movement through the soil (usually predicted
from 1:5 and soil properties).

Various soil solution extraction methods are used to obtain the soil solution. An overview of methods is
given in Shaw (1999).
Earth resistance. Mapping of soil conductivity using earth resistance measurements has been used since
the early 1970s. It was adapted to soil salinity from earlier applications in geology and water content
measurement. The method involves inserting four metal probes into the soil at defined distances, from
which the induced voltage in the soil is measured. The depth of measurement is related to the horizontal
distance between electrodes. The method suffers from probe contact problems and values vary
considerably with soil moisture content (Shaw 1981). It is a very time consuming method compared to
the electromagnetic induction approach (below), although it can enable individual soil layer
interpretation. A variant of this method is to use a vertical probe which is inserted at various depths in a
previously dug hole. The probe has four sensors at close spacings so that multi-layer soil salinity can be
more readily obtained, which is particularly useful in monitoring situations. This method also suffers
from contact problems.
Electromagnetic induction. This method involves the induction of a magnetic field in the soil from a coil
held above the soil surface. The strength of the magnetic field is proportional to the electrical
conductance of the soil as detected by a receiver coil. The spacing of the emitter and receiver coils
determines the depth of the reading. The depth response function is significantly more responsive at the
soil surface. Williams and Baker (1982), Day and McShane (1986) and Kingston (1987) illustrate the use
of the technique in landscape mapping where it is a particularly useful approach for broad salinity
assessment. The advantages of the method are that continuous readings can be made and no soil contact
is required, however there is a need for field validation to ensure results are interpreted correctly. The
readings are affected to some extent by soil water content and cation exchange capacity of the clay as
well as the depth of bands of more conductive material. Three instruments are available:
•
•
•

EM 38 with sensing depth 0–0.3 to 0–1.0 m, and suitable for relating surface soil salinity to plant
growth;
EM 31D with sensing depth from 0–2.8 m to 0–6 m more suitable for landscape salt and salting
processes as well as giving a useful indication of surface soil salinity; and
EM 34 which has three coil spacings giving sensing depths from 0–7 m to 0–60 m and is useful
for landscape salt loads at deeper depths.

Note: Field tests for water will be described later in this paper.
Other methods. Table 1 gives a brief summary of other soil salinity techniques which are more suitable
for research than for routine salinity measurement.
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Common methods for measuring salinity in soils (SalCon 1997).

Table 1:
Method

Lab or
Field

Advantages

Limitations

1:5 soil:water
suspension

Lab or
field

Fast, routine

Saturation
extract

Lab

Closer to field water
content – 2 to 3 times
more dilute

Soil solution
displacement
Soil solution
extraction

Lab

Accurate at field water
content
Measures soil EC at field
water content

Very tedious; poor solution yield

Ceramic salinity
sensors
Electromagnetic
induction

Field

Measure soil EC at field
water content
Very fast

Time domain
reflectometry

Lab and
field

Very slow response; drift in
calibration
Non-linear depth integration; soil
properties and water content have
some effect
Expensive, technique not yet
sufficiently tested, problems with
signal strength in high CEC soils;
not as good for salt as for water
content

Field

Field

Soil EC at field water
content, also measures
field water content

Too dilute, particularly in sandy
soils (up to 40 times more dilute
than field water contents);
sparingly soluble salts cause
problems of over-estimation of
salinity
Tedious preparation

Tedious preparation; not for
heavy clay soils; degassed
sample; high spatial variability

Use
Fast field and lab
survey

Quantitative
evaluation of
salinity, comparison
across soils,
predicting plant
response, modelling
Research
Research for
evaluating leaching
and deep drainage,
monitoring
Research,
monitoring
Initial broad area
survey
Research,
monitoring

Relationship between EC1:5, ECse and ECs1

Water (and hence salt) movement in soils becomes very small once the soil water content is drier than
maximum field water content (roughly equivalent to field capacity). The salinity at this water content,
ECs represents the salt content at the point where soil profile drainage has essentially ceased and
determined using centrifuge or other displacement methods. However technique problems with wetting
and extraction result in errors in determining ECs and ECse. The salinity at maximum field water content
is used when estimating leaching fractions, in solute movement studies and modelling as the soil solution
is assumed to be in equilibrium with the soil matrix (SalCon 1997). Table 2 illustrates the relative
dilutions with respect to field water content for each of the EC measures.
Table 2:

1

Relative dilution above field water content for three measures of soil salinity, EC1:5, ECse and
ECs (SalCon 1997).

Measure

Dilution above maximum field water content (drained upper limit)

EC1:5
ECse
ECs

5 to >40 times, depending on soil texture
2 to 3 times at depth, equal to saturated surface soil
1 time, equal to field capacity in surface soil

for details see Salinity Management Handbook, pp.39–41 in (SalCon 1997).
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While EC1:5 is a convenient laboratory measure of the salt content of a soil, measurements of EC at other
water contents are more useful eg. ECse for plant response and ECs for salt movement. A conversion from
EC1:5 to ECse and ECs based on clay content and salt composition allows better interpretation of available
data and of the processes operating. Plants respond to salinity at water contents equal to or drier than
saturation. ECse is the most dilute soil solution concentration that plants could be expected to encounter
in the field and has been successfully used to relate plant response to soil salinity across a wide range of
soil textures.
It is possible to provide relationships between the EC measures based on water content differences
however, because of the chemistry of solutions involving dissolution, precipitation and ion exchange are
all profoundly affected by water content, considerable errors can occur in relating the corresponding EC
values.
As EC1:5 is the most convenient method for determining salinity in soils, techniques for converting to
other measures of EC are required. Figure 2 shows the relationships between EC1:5, ECse and ECs.
Details are provided in Shaw (1994) and summarised here.

Figure 2:

Figure to estimate the conversion factor between EC1:5 and ECse based on clay content and
EC1:5/ECse ratio (SalCon 1997).

To relate EC measurements to plant salt tolerance data, soil leaching and soil behaviour, it is necessary to
convert EC1:5 to ECse (saturation extract). For pure solutions of salts that are totally soluble in 1:5 soil
water suspensions, the EC of the soil at saturation extract would be directly proportional to the EC of the
1:5 suspension.
Expressed as a mass balance equation:
QseECse = Q1:5EC1:5
where:
Qse =
ECse =
Q1:5 =
EC1:5 =

(2)

water content equivalent to soil saturation (saturation percentage SP)
electrical conductivity of salt solution at the water content Qse
water content at equivalent of 1:5 soil:water suspension
electrical conductivity of salt solution at 1:5 soil:water dilution
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The equation is rearranged to derive ECse:
ECse = EC1:5(Q1:5/Qse)

(3)

ECse = EC1:5(500 + 6ADMC/SP)

(4)

or

where:
ADMC
SP

= air dry moisture content measured between 40ºC and 105ºC expressed as kg/100kg
= saturation percentage

Thus it is possible to convert from EC1:5 to ECse if the ratio of water contents (Q1:5:Qse) is known. Such a
conversion is not straightforward for a number of reasons (Shaw 1994, SalCon 1997):
1.
2.

3.

4.

5.

Saturation water content has to be predicted from other soil properties such as air dry moisture
content and clay content.
Soils contain slowly soluble salts, such as gypsum, sodium bicarbonate and calcium carbonate.
More of these salts will dissolve the more water that is present and their solubility depends on the
composition of other salts present. Hence the composition of salts will affect the EC of the solution
as a whole.
EC1:5 is usually measured on the soil:water solution after mixing and standing. Where some clay
remains in suspension, the charge on the clay contributes to EC1:5. ECse is measured on extracts
without any clay contribution.
Increasing dilution results in ion exchange with a preference for monovalent ions such as sodium
on the exchange complex. This creates a sink for calcium, resulting in a slightly enhanced solubility
of calcium salts at greater dilutions compared with non-ion pair forming salts.
As a solution becomes more concentrated, dissociated ions pair together forming neutral ion pairs
such as CaSO4. Since these ion pairs do not conduct electric current, the EC at high concentrations
of salts that form ion pairs is reduced. Thus direct conversion of EC1:5 to ECse may overestimate EC
at high salinity levels.

To accurately estimate ECse from EC1:5, both the ratio of water contents and the composition of salts need
to be known. The water content ratio can be estimated from surrogate soil properties which include clay
content, ADMC, CEC, -33kPa water content, -1500kPa water content and texture.1 The chemistry can be
assessed from the concentration of chloride salts in proportion to total salt content.

2.5 Modelling approaches
Modelling is used to predict the effects of land use change, based on measured and estimated data for a
given land use system. It is considered the only approach potentially capable of integrating the
complexity of regional landscapes and catchments into a decision support system capable of considering
management options and climatic variability. There are many groundwater and water balance modelling
tools available. The model selected depends on the data, funds and skills available and on the processes
being investigated (Martin and Metcalfe 1998). It is essential that modelling results are validated through
field tests.
Some of the more commonly used models are given in Table 3. Landscape models are discussed later in
this paper. It is important to combine water flow and landscape models to gain a thorough understanding
of processes contributing to salinity and effects of land use change.

1

for details see Salinity Management Handbook p.41.
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Table 3:

Commonly used models for salinity management (adapted from Martin and Metcalfe 1998).

Model

Description and use

2C

•

Spatially enabled, catchment scale. Uses “data cubes” of climate/soils/land use interactions as
unsaturated zone input. Groundwater response units and gauging station data also used. Catchment flow
and salt load output modelled. Currently still under development.

FLOWTUBE

•

Water budget (inputs/outputs) approach to groundwater modelling – a simple one-dimensional
groundwater flow model developed for use in the Liverpool Plains catchment, NSW.
Data requirements include knowledge of hydraulic gradients, surface drainage features and flooding
regimes, and the relationship between water inputs and hydraulic conductivity within the catchment.

•
PERFECT

•

•
•
•
•

APSIM

•
•

HARDS

•

Cropping-systems model used to predict the effects of climate, soil type, crop sequence and fallow
management on the water balance, erosion, crop growth and yield of cereal growing areas of the sub
tropics of Australia
Paddock-scale model that has a hydrological module that can be used to estimate recharge.
Long-term simulations using historical daily rainfall data allow users to study the long-term variability in
model outputs such as water balance.
Has been widely used in Queensland and Northern NSW.
Cropping model used in sub-tropical agricultural systems to determine major processes within
agricultural systems at the point/paddock scale.
Used primarily to ask ‘what if’ questions to investigate the consequences of combinations of
management strategies and environmental conditions.
Provides general description of groundwater movement and its interaction with ground surface to give
estimates of changes in water and salt levels under present and alternative conditions (such as land use
and climate).
Assumes groundwater system is in steady state and shows where recharge source areas are related to
discharge areas.

MODFLOW

•
•
•

Used for groundwater modelling in regional systems where there is a lot of data available.
Simulates multi-layered groundwater flow from different aquifer systems.
Widely used in Victoria, South Australia and NSW.

AgET

•
•

Simple one-dimensional water balance model that allows user to assess effect of different land uses on
evapotranspiration, runoff and recharge.
Developed in Western Australia for use in pasture, cropping and revegetation systems.

SaLF

•

Estimates steady state deep drainage using soil sample data.

WAVES

•

Soil, plant and atmosphere transfer model that simulates the fluxes of water, plant carbon, salt and
energy.
Appropriate for investigating potential ecological and hydrological interactions of managed and natural
ecosystems at the paddock scale.

•

3.

SALT MASS BALANCE

Salt mass balance refers to an equilibrium between salt entering and leaving the catchment. For example,
salt entering the catchment as a large volume of water with low salt concentration (such as rainfall) can be
in balance with salt leaving the catchment as a trickle of outflow of very high salt concentration (SalCon
1997). In periods of adjustment between changing inputs or outputs there will be a change in the salt
storage in the landscape until a new equilibrium is attained. The salt storage may increase or decrease or
salt may be translocated within the existing storage (see Landscape Salinity section).
A simple and useful concept for examining the salt balance of a soil is the steady state mass balance
approach where, at equilibrium, mass of salt in = mass of salt out. This can be expressed as:
Qi ci = Qo co
where:
Qi
ci
Qo
co

(5)

= quantity of water entering the system
= salt concentration of water entering the system
= quantity of water leaving the system
= salt concentration of water leaving the system
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rearranging gives
ci/co = Qo/Qi
This ratio has traditionally been called the leaching fraction (USSL 1954) when expressed as:
ECi/ECo = Do/Di

(6)

(7)

where:
D = depth of water
EC = a measure of conductivity
It is strictly only correct where no precipitation of salts or ion exchange occurs but despite this, it has
proved extremely popular for long-term equilibrium situations. Since it is particularly difficult to
measure the amount of drainage water below the root zone, the easiest method is to use the salt
concentration at depth, and relate that to the rainfall and irrigation water weighted concentration of the
input water to provide an estimate of quantity of drainage. Vegetation, rainfall, evaporation, landscape
position and soil properties such as infiltration rate, available water storage capacity and texture are
factors which all influence the salt balance within a particular soil by determining deep drainage and
water input. Prescott (1952) stated ‘the distribution of salinity with depth in a soil is a function of
drainage as affected by the amount and character of the rainfall, soil texture and local topography’. Soils
in break of slope positions will often tend to have higher salinities due to shallower watertables for longer
periods of time, whereas regions of surface water ponding will tend towards lower soil salinity levels.
Thus, soil salt content and salt profile, shape are the direct result of soil and landscape hydrology,
representing the concentration term of the salt balance.

3.1 Soil properties influencing salt mass balance
The major factors controlling the soil salt balance are rainfall deep drainage and concentration of salts in
the soil profile (which reflects landscape history). In equation (7) these represent Do and Di respectively.
Under rainfall ECi is known, so ECo is a function of rainfall and the soil properties influencing Do. Deep
drainage, or leaching, is basically a reflection of saturated soil hydraulic conductivity1 (Ks), which is
largely determined by soil pore size and pore size distribution, with large pores having a pronounced
effect on hydraulic conductivity. Pore size is very much related to the type and degree of soil structure,
which again is related to soil texture (Brewer 1979). Thus, soil texture and clay content in particular, is a
basic soil property which allows some prediction of likely soil salinity levels.
Smith et al. (1978) found that clay content related very well to the porosity of soil aggregates expressed
as void ratio (volume of voids per weight of soil solids) and an inverse measure of soil bulk density. This
was based on a two-component particle-packing theory of Bodman and Constantin (1965). As clay is
added to sand, the soil changes gradually from a sand matrix to a clay matrix, with an intermediate region
where the clay fills in the spaces between the sand grains, resulting in lower porosity. On this basis, it is
expected that soils with 40 to 60% clay would be most likely to accumulate salts because they would have
lowest porosity and hence lowest leaching.
Shaw and Thorburn (1985) considered soil factors affecting the salt content at the bottom of the root zone
and found clay content, CCR (CEC/clay ratio, meq/g clay), ESP and rainfall were significant factors
explaining between 70 and 80% of the variation in soil salt content.
The marked effect of rainfall on leaching is shown in Figure 3, which illustrates the rainfall–ESP–soil
salinity relationship for a given soil clay content and CCR group. Under irrigation with good-quality
water, the rainfall term is increased, resulting in greater leaching until a new salt equilibrium is
established.

1

Hydraulic conductivity (K) refers to the ability of a soil to conduct water. K is characteristic for different materials and
depends on the pore size distribution of the soil matrix. It is quite variable and is greatest when soil is saturated.
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Figure 3:

The relationship between EC soil at Wmax water content (ECs) and mean annual rainfall for
soils with clay content 45 to 55% and CCR of 0.55 to 0.75 at a range of ESP levels (Shaw
1998).

3.2 Soil salt profile
An examination of soil salt profile shapes to a depth of 1.5 to 2 m is a simple way of determining the
hydrologic processes that may be occurring in a specific location in a catchment. This is because, based
on long-term steady state conditions, the mass of salt in a soil profile will be in equilibrium with the
amount of salt entering the soil profile via rainfall and weathering and the amount of salt leaving a profile
via deep drainage (and a small amount in plant uptake). It is important to note that while this is true of
natural conditions, there is long lag time between land use change and a new equilibrium being reached in
the landscape.
Since the salt content at any depth in the soil can be related to the relative rates of evapotranspiration and
soil hydraulic conductivity, the salt profile shape will reflect the hydrology of the soil. Salt accumulates
at the soil surface when the watertable is within the capillary rise distance of the soil surface. The salts
are left behind at the soil surface on evaporation. Salt from the parent material or historical processes of
soil formation may also influence the magnitude and shape of the profile at depths below the normal
depths of wetting.
Some useful inferences can be made from salt profile shape of EC1:5, although for proper evaluation,
conversion to either ECse or ECs is best to avoid the dilution errors that occur when there is a texture
change with depth. Figure 4 illustrates typical salt profiles shapes associated with recharge, discharge,
normal and intermittent areas.
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Figure 4:

Typical salt profile shapes associated with recharge, discharge, normal and intermittent areas
(SalCon 1997).

The recharge profile in Figure 4 is indicative of a soil with high hydraulic conductivity and seasonal or
annual flushing of the small amounts of salt that accumulate as a result of evapotranspiration. In the
normal profile, the soil hydraulic conductivity is low and plants utilise more of the water in the soil
profile, leaving salts behind. The depth in the root zone below which salt concentration is constant
represents the depth at which roots are not taking up water. The discharge profile is indicative of
evaporation of water brought to the soil surface from a shallow watertable by capillary rise. The degree
of salt concentration will depend on rainfall, leaching and surface salt flushing. In the intermittent
profile, the watertable may have fluctuated over a number of years from being shallow enough to result in
salt concentration due to capillary rise, to deeper depths where capillary rise is so low that it is essentially
zero. In this case, the salt concentration is moved downwards by rainfall and upwards with the
intermittent watertable rises, resulting in a pronounced peak. This profile can also indicate bypass flow,
where the soil is structured with macropores, allowing water to bypass the matrix into a better structured
soil below the root zone (SalCon 1997).

4.

ROOT-ZONE SALINITY AND PLANT RESPONSE1

Plants respond to salinity throughout the root zone, so it is useful to be able to convert measurements at
various depths in the root zone into a single number that can be used when considering plant response.
Two measures of root-zone salinity are commonly used. Both require an estimate of root depth for the
plant species under consideration.
Average root zone salinity. This can be calculated from soil profile salinity data by summing salinity
measurements for a series of root zone depth increments and dividing by the number of increments.
Water uptake weighted root-zone salinity. A measure of root zone salinity weighted for actual water
uptake pattern of plants in the root zone. It provides a more realistic estimate of plant response since
water uptake by roots is not uniform throughout the root zone.

1

for further details, including ‘Converting leaching fraction to root zone salinity’, see Salinity Management Handbook,
pp.44–47 (in SalCon 1997).
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Many soils have reduced soil porosity, hydraulic conductivity and water storage capacity with depth, and
increasing salinity with increasing depth. Water uptake weighted root-zone salinity is a better estimate in
cases where subsoils have high salinity levels as is typical of many less-permeable soils, since high
subsoil salinity indicates reduced wetting and thus limited water availability. It is also more appropriate
at high water availability under frequent irrigation and for shallow root extraction situations.
Using the generalised water uptake pattern of Shockley (1955), weighting factors can be derived using the
following regression equation, based on discontinuous functions for each 0.1 m depth increment as
follows:

i


∑ (WF1 + WF2 + ...WFi ) =  (1.042 n ) − 0.00128 

0.6

(8)

where:
I = number of 0.1 m depth increment for which the calculation is currently being performed
WFi = weighting factor for the current depth increment
n = total number of depth increments, (eg. n = 9 for a root zone depth of 0.9 m )
The weighting factors for 0.1 m depth measurements for three common root-zone depths are shown in
Table 3 and an example for a black earth soil at Emerald for both average and water uptake weighted root
zone EC is given.
Table 3:

Soil depth
increment
(m)

5.

Water uptake pattern weighting factors for 0.1 m depth increments for three common root
zone depths, derived using equation 8. An example soil profile from Emerald is given with a
root zone depth of 0.9 m for average and water uptake weighted root zone EC (SalCon 1997,
Shaw et al. 1987).
Weighting factor for each 0.1 m increment
where root zone depth is
0.6 m
0.9 m
1.2 m

0–0.1
0.1–0.2
0.2–0.3
0.3–0.4
0.4–0.5
0.5–0.6
0.6–0.7
0.7–0.8
0.8–0.9
0.9–1.0
1.0–1.1
1.1–1.2

0.35
0.18
0.15
0.13
0.11
0.08

0.27
0.14
0.11
0.10
0.09
0.08
0.08
0.07
0.06

0.23
0.12
0.10
0.08
0.07
0.07
0.07
0.06
0.06
0.06
0.05
0.03

Sum

1.0

1.0

1.0

Analysed
ECse
(dS/m)

Weighted ECse (EC x weighting
factor) for 0.9 m depth
(dS/m)

0.4
0.4
0.4
0.5
0.7
1.1
1.9
3.2
4.2

0.11
0.06
0.04
0.05
0.06
0.09
0.15
0.22
0.25

average
root zone:
(mean) = 1.42

water uptake weighted
root zone:
(sum) = 1.03

SOIL SALINITY CRITERIA

A range of soil salinity criteria is in current use in Queensland and world-wide. A number of these
criteria are specific to the areas in which they were developed and so their application to Queensland
conditions is limited. Most criteria have been developed to provide rough practical guidelines for
interpreting soil salinity data. Most soil processes and values occur on a continuum, so criteria which
suggest sharp class boundaries should be applied with some flexibility. The more commonly used criteria
are listed in Table 4.
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Table 4:

Soil salinity criteria ECse and EC1:5 for four ranges of soil clay content (SalCon 1997,
adapted from Shaw et al. 1987).

Plant salt-tolerance
grouping

Corresponding ECse
range1

Sensitive crops
Moderately sensitive
crops
Moderately tolerant
crops
Tolerant crops
Very tolerant crops
Generally too saline for
crops

(dS/m)
<0.95

Equivalent EC1:5 reading,
based on clay content of soil (dS/m)
10–20%
20–40%
40–60%
60–80%
clay
clay
clay
clay
<0.07
<0.09
<0.12
<0.15

Soil salinity
rating
very low

0.95–1.9

0.07–0.15

0.09–0.19

0.12–0.24

0.15–0.3

low

1.9–4.5

0.15–0.34

0.19–0.45

0.24–0.56

0.3–0.7

medium

4.5–7.7
7.7–12.2

0.34–0.63
0.63–0.93

0.45–0.76
0.76–1.21

0.56–0.96
0.96–1.53

0.7–1.18
1.18–1.87

high
very high

>12.2

>0.93

>1.21

>1.53

>1.87

extreme

SOIL SODICITY2

6.

Sodicity in soil or water is defined as the presence of a high proportion of sodium ions relative to other
cations (in exchangeable and/or soluble form). It will be briefly addressed here, further details may be
found in the paper on Soil Sodicity and Acidity in these course notes.
The two most common measures of soil sodicity are:
•

Exchangeable sodium percentage (ESP) — the proportion of sodium adsorbed onto the clay
mineral surfaces as a proportion of total cation exchange capacity. ESP is a measure of soil
sodicity.

•

Sodium adsorption ratio (SAR) — the relative concentration of sodium to calcium and
magnesium in the soil solution. SAR is a measure of soil solution or water sodicity. The SAR of
water provides an indication of the effect an irrigation water is likely to have on a soil.

The relationship between soil salinity and sodicity is an important one. Soil sodicity decreases
permeability in soils by increasing dispersion of aggregates. Sodic soils generally have ESP values larger
than about 5. In these soils clay particles tend to disperse in the soil solution, reducing pore diameters
(and thus hydraulic conductivity) because of clogging and swelling. The dispersive effect of
exchangeable sodium however, will only be observed if the electrolyte concentration (ie. EC) in the soil
solution is smaller than that required to flocculate clay particles (Sposito 1989). Thus soil salinity tends
to counteract the effect of exchangeable sodium on soil structure. Gypsum is used for amelioration of
sodic soils in Australia because it raises the EC of the soil solution, thereby suppressing dispersion and
swelling.

7.

WATERS3

A direct effect of salinity is poor quality drinking and irrigation water. Field tests are useful as a
preliminary survey of the extent and distribution of salinity in a catchment area. Water samples can be
obtained from existing water access points (streams, wells, bores, irrigation channels, dams) but accuracy

1

ECse given here is the boundary ECse at which 10% yield reduction occurs for these plant salt tolerant groups. The EC1:5
ranges have been determined from these ECse ranges using equations provided in 2.4. Relationship between EC1:5, ECse
and ECs.
2
for further details, see Salinity Management Handbook, pp.78–79, 106–107 (in SalCon 1997).
3
for further details, see Salinity Management Handbook, pp.81–83 (in SalCon 1997).
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of the survey will be limited by the spatial distribution of these points. Table 5 presents a number of
common field tests.
Table 5:

Common field tests for surface and groundwaters (SalCon 1997).

Field test

Information provided

Application

Surface water
sampling

Salinity of surface water

Can be used to construct a preliminary map of salinity in the catchment

Samples for chemical
composition analysis
Data for calculating volume
of surface water flow
Salinity of groundwater
from existing bores or wells

Can indicate salinity processes and water sources

Surface water flow
rate
Groundwater
sampling

Depth to watertable
(eg. piezometer)

Samples for chemical
composition analysis
Current depth of watertable

Useful in calculating catchment salt and water balances
Identification of recharge and discharge areas and groundwater salinity
maps
Can indicate water sources
Possible groundwater restrictions and likely implications for surface
salting and plant growth, gradient of water flow, possible response of
groundwater to rainfall

7.1 Water quality1
Water quality needs to be evaluated from the perspective of its intended use. ‘Suitability’ criteria for salt
composition and concentration for domestic use, for example, will be quite different from those for stock
watering, irrigation and industrial uses. As an approximate guide for salinity only, total salinity in
drinking water should be less than 1000 mg/L (approximately EC 1.6 dS/m), based on taste
considerations. Highly saline waters can cause physiological disturbances in stock and in some situations
thirsty animals will refuse to drink saline water or drink excessively and suffer ill effects. In addition to
total salinity concentration, levels of specific ions can also be harmful to animals.
The increasing demand placed on water supplies throughout Australia will mean that irrigated agriculture
faces the challenge of using less and/or poorer quality water to maintain production. An increased
reliance on groundwaters and reuse of surface waters means that water quality will be ‘poorer’ than
surface water or rainwater. The salinity and sodicity levels of these waters will be higher and irrigation
management will need to be modified to enable sustainable use of these poorer quality waters. Irrigation
water quality criteria depend on soil properties, climate (especially rainfall), plant species and
management practices. Interaction of these factors define acceptable quality in a given situation and so
water composition alone provides only a rough guide under average conditions.
A number of irrigation water assessment guidelines have been developed over the years. There are
significant problems with extrapolation of these guidelines for Queensland conditions. The main
limitations are:
•
•
•
•
•

local region derivation for soil and climatic conditions not readily transferable to Queensland
conditions;
conditions of use not defined;
too conservative;
most of the sodicity evaluations incorrect; and
salinity classes cannot be readily related to plant salt response.

Irrigation-induced salinity can develop from watertable salting or from the use of poor quality irrigation
water. Salting from the use of poor quality irrigation water occurs in irrigated soils where there is
insufficient leaching to remove salts from the root zone, resulting in increased salinity levels as more salt
is added with each application of irrigation water. The extent of this problem is difficult to assess and can
be partly controlled by choice of salt-tolerant crops and water management strategies.

1

for further details, see Salinity Management Handbook, pp.99–108 (in SalCon 1997).
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8.

SALINITY IN THE LANDSCAPE

Salt is a natural part of the Australian landscape. Its location within and movement through the land is
affected by factors such as climate, geology, lithology, topography, hydrology, soils and land use. The
characterisation of these factors and their relationships is essential to the prediction and management of
salinity.

8.1 Salinity models
Salinity in the landscape is often described using conceptual models. These are useful in describing both
existing occurrences and predicting the possibility of new ones. The general models currently known for
Australia have been described in Coram (1998). Those common in Queensland are well described in the
Salinity Management Handbook (SalCon 1997). The individual contributing factors are described below.
In many areas of salinity, combinations of one or models may be contributing to the problem.
Climate

Based on current data, salinity is more likely to occur in areas of 600–1500 mm annual average rainfall
(SalCon 1997). Recent evidence suggests though that the lower rainfall limit may be closer to 500 mm
p.a. (I Gordon pers. comm.). The seasonal distribution of rainfall, and annual evaporation are important.
In the northern half of Australia, rainfall is summer dominant, whereas in the south, rainfall is winter
dominant. High evaporation and high rainfall intensity (leading to high runoff) in northern Australia
decrease the proportion of rainfall that infiltrates in comparison to southern areas of the country.
Medium term rainfall patterns are worth considering using tools such as five year moving averages (see
pp.70–71, SalCon 1997). Many anecdotal reports exist in Queensland of episodic salt outbreaks that
appear in wet years, and disappear during droughts.
Geology

Geological and lithological factors are often responsible for secondary salinity. One of the most common
salinity models in Queensland involves basalt overlying sandstones. The basaltic areas are typically the
recharge zone, and the discharge occurs at the interface with the underlying sandstones. Some geological
units are natural sources of salts (eg. marine sediments, granites), while others are not. Dykes and other
underground structures such as variations in lithology of strata may be important in restricting
groundwater movement. Describing the contribution of geology to a particular case of salinity is often
difficult without extensive geological mapping eg. drilling and geophysics.
Landform

There are a number of landform patterns which contribute to, or are characteristic of areas of dryland
salinity. Pages 49–52 and 149–152 of the Salinity Management Handbook (SalCon 1997) provide a good
discussion of the landform models. In summary, they are as follows:
Basalt form (Figure 5a.A) – both seepage and watertable salting can occur where basalt overlies less
permeable rock, where regions of variable permeability occur within the basalt or where the basalt is in
contact with adjacent formations.
Catena form (Figure 5a.C) – discharge areas can occur in the lower slope or at break-of-slope positions
where soils or geologic features restrict water movement. Lower slope soils may be sodium and salt
affected.
Alluvial fan (Figure 5a.B) – discharge areas can occur where subsurface water encounters deep clays or
more recent alluvia.
Alluvial valley (Figure 5a.F) – salting can occur where the valley is very flat and the hydraulic gradient is
very low. This may occur naturally or as a result of erosion and deposition within valleys.
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Catchment restrictions (natural or man-made) (Figures 5a.D,E) – salting can occur upslope of natural or
artificial restrictions that narrow the width or depth of the catchment throat or create an impervious
barrier across the catchment.
Stratigraphic form (Figure 5b.G) – small seepages and salted areas can appear on hillslopes where water
flow encounters layers of rock with reduced permeability.
Confluence of streams (Figure 5b.H) – watertables can rise where streams join and deposits of fine
sediments with low permeability restrict groundwater flow.
Dykes (Figure 5b.I) – incipient or permanent salting can develop where water movement downslope
encounters less permeable dykes across the direction of the slope.
Lakes (Figure 5b.K) – salt can accumulate where surface flushing is limited and the lake acts as a surface
or groundwater terminus.
Dams (Figure 5b.J) – salting can occur upstream of any dam or downstream/downslope of a leaking dam
where a less permeable subsoil layer underlies the leak.
Geological faulting (Figure 5b.L) – incipient or permanent salting can develop where water movement
downslope encounters faults. Faults also provide a preferential flow path for water to the surface,
resulting in springs.

Soils

Many Australian soils naturally contain appreciable levels of salt, typically in the lower subsoil. This is
often evident in crystalline form as gypsum (which is relatively insoluble). The presence of such salt
often restricts native vegetation, but it is usually in a hydrological balance within the landscape and
climate. A number of general correlations occur between salt levels and other soil characteristics which
may be used to predict salinity levels (SalCon 1997). These include pH, presence/absence of
segregations, mottling, clay content and mineralogy1.
The mobilisation of salts within soils as a result of changes in the hydrological balance (eg. irrigation) can
cause problems. Typically salts are leached downwards and laterally, but in some cases, rising
groundwater may bring salts to near the surface. If saline water reaches within 1–2 m of the soil surface,
capillary rise and evaporation can cause an accumulation of salt at the soil surface.

1

for further details, see Salinity Management Handbook, p.73 (SalCon 1997).
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Figure 5a: Landform models (SalCon 1997).
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Figure 5b: Landform models (SalCon 1997).
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Vegetation

Vegetation is often a useful indicator of salinity. Both the presence or absence of species (introduced or
native) and their condition can indicate the level of expression of salinity. For instance, black tea tree
(Melaleuca sp.) is often a good indicator of waterlogged and/or saline areas, as is saltwater couch
(Sporobolus virginicus). It is sometimes difficult though to distinguish between cause and effect.
Figure 6 illustrates EC with depth for Vertosols of the Central Darling Downs. The data is divided on
vegetation – brigalow or grassland. It is obvious that the EC profile is higher for soils under brigalow,
but whether this is the causal factor in the vegetation difference is unclear. Chapter B7 of the Salinity
Management Handbook (SalCon 1997) provides good discussion of vegetation and salinity.

Figure: 6

Electrical conductivity vs depth for grassland and brigalow Vertosols.

Water

The quality of surface and/or groundwater may be a causal factor of salinity or it may reflect changes in
salinity within the landscape. The nature of salts in water may give some indication as to the origin of the
salts eg. groundwater in granite has a different composition to groundwater in highly weathered sandstone
surfaces.
Irrigation salinity may be caused through excessive irrigation resulting in shallow watertables and/or use
of poor quality water. The use of saline irrigation water is common practice in some agricultural areas eg.
the Lockyer Valley. It is only achieved successfully (in agronomic terms) under certain circumstances ie.
on permeable soils in which the salt is continually leached. The fate of the salts removed through deep
drainage is a significant issue however. Contamination of aquifers is a significant risk.

8.2 Salinity prediction and mapping
Two common questions concern determination of changes in root zone salinity (for a given point) and
prediction of future areas at risk of salinity. The first of these questions is usually related to changes in
land practices at a given point eg. irrigation of a given crop on a given soil with water of a certain quality.
The second is generally considered in a spatial context ie. mapping areas of salinity hazard or risk.
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The properties of the soil and water, and the salt tolerance of crop/pasture species in question are essential
pieces of information required to assess possible changes in root zone salinity. Such assessment is
usually conducted via models such as SaLF (Shaw and Thorburn 1985) or MEDLI (Gardner et al. 1996).
Other necessary information includes total water input (rainfall and irrigation) and evaporation.
Salinity hazard and risk are often confused:
• Salinity hazard is the inherent landscape or catchment characteristics which predispose a
particular catchment to the development of either land or water salinity. It is generally applied
using a rating system eg. low, moderate, high.
• Salinity risk the probability that certain actions, including land use management, will lead to
salinity being expressed.
Based on known occurrences and generic models, it is possible to delineate areas with a salinity hazard
using GIS analysis. A good example is the work of Searle and Baillie (1999). As with all modelling
though, the accuracy of such mapping will be limited by the least accurate input data.

8.3 Human activities
While the occurrence of salt in the landscape is a natural feature, the mobilisation and accumulation of the
salt in critical areas is generally a result of human activities. Clearing of vegetation is usually, although
not always a primary influence. Other influences include cultivation practices, construction of dams,
roads and other infrastructure, excessive irrigation and/or pumping of groundwater and use of saline
water.
There is often a long time lag (20–50 years) between initiating events and the expression of salinity,
particularly dryland salinity. Irrigation salinity may become apparent more quickly. The rate and degree
of expression is also influenced by the spatial distribution of change in a catchment. For instance,
clearing 50% of the contributing recharge area may have a different effect to clearing 50% of the potential
discharge area.
Many agricultural practices alter surface and subsurface hydrology. Contour banks, waterways and so
forth re-direct the natural flow of surface water, which may lead to changes in infiltration and deep
drainage within the landscape. Management practices such as minimum tillage vs conventional tillage
may also produce variations in infiltration and drainage.
The degree of deep drainage under cultivated lands is a subject of considerable debate. All parties
recognise that there is an increase in deep drainage under irrigation, and there probably is under dryland
cultivation. The unanswered questions are how much deep drainage, the amount of salt mobilised, and
the destination of the salt. Figure 7 illustrates the change in salt profile following a long period of
dryland cultivation for a number of Darling Downs Vertosols. Leakage rates under irrigated cotton for a
similar soil on the Darling Downs have been measured at between 10 and 50% of total input water (Moss
et al. 1999). Variation was a function of factors such as rainfall and irrigation method.
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Figure 7:

9.

Salt profiles with depth for virgin and cultivated soils, Darling Downs.

CONCLUSIONS

Salinity is growing in importance in terms of water quality and land degradation. This is reflected in
recent legislation dealing with vegetation and water management. Salinity management requires a
combination of options which aim to achieve a balance between the volume of water entering the
groundwater system (recharge) and the volume of water leaving the groundwater system (discharge)
(Gordon 1988). Salinity processes in Queensland are relatively well understood however quantitative
knowledge is limited. A better understanding of salinity hazard and risk will enable regional risk
assessments to be carried out and preventative strategies put in place.
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Chapter 11. Management of Sodic Soils
Hwat Bing So
The University of Queensland

Abstract
Sodicity (the dominance of sodium ions) is a common feature of soils in Australia. Many soils are
naturally sodic, but they may also become sodic as a result of salinisation. Sodicity affects
aggreagate/structural stability, and can result in surface sealing/crusting and dispersion and
tunnelling/slumping of subsoils. High exchangeable sodium levels also affect hydraulic conductivity and
plant yields.
Keywords: sodicity, dispersion, hydraulic conductivity, ESP, ESR, SAR

1.

INTRODUCTION

Sodic soils are generally considered a subset of salt affected soils and approximately 30 % of Australian
soils (200 mi ha) are considered sodic (Northcote and Skene, 1972). The FAO/AGL website reported
some 434 million ha of sodic soils at a global scale (FAO/AGL, 2005). Sodic soils have high levels of
exchangeable sodium percentages (ESP) that result in excessive swelling and dispersion of the clay
fraction in water with low electrolyte concentrations, such as rain water or good quality irrigation water,
and this in turn results in various problems associated with reduced hydraulic conductivities (So and
Aylmore, 1993). Therefore, an understanding of the behaviour of sodic soils and its effect on agricultural
activities and the environment is essential to manage sodic soils effectively.

Fig 1: Sodic Soils of the World (after FAO/AGL, 2005)
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2.

DEFINITION OF SODIC SOILS

The most common way to define sodicity is the use of the Exchangeable Sodium Percentage (ESP). In the
US, soils are classified as sodic when the ESP > 15 % (Richards,
1954), whereas in Australia a soil is sodic when the ESP > 6 % and highly sodic when ESP > 15 %
(Northcote and Skene, 1972)
The presence of sodicity itself may not be a problem unless it results in specific ion effects on the plants,
an area that is not well understood at present and requires further clarification. Sodicity becomes a
problem when it is followed by dispersion and this is used as one criteria that separates sodic and nonsodic soils. So a soil with high sodicity may not exhibit any problems, but potentially problems may arise
if the soil is not managed appropriately. A functional and realistic definition of a sodic soil is when
exchangeable sodium is present in sufficient concentrations to influence its physical behaviour (Murphy,
2002). This definition recognizes that soils with ESP < 6 can be sodic enough to disperse and display
various problems (Shaw, 1988). Therefore, there is no threshold ESP that shows rapid changes is soil
properties and that is applicable to all soils.
Although there is no threshold ESP, soil classification needs a criteria that can be used to categorise soils
and hence the criteria using ESP were developed for what was perceived as average situations in specific
areas and should be interpreted with caution. A suitable interpretation of a sodic soils based on ESP
criteria is that the probability of experiencing physical problems when these soils are brought under
cultivation, becomes high particularly when the soils are not managed carefully. So the use of ESP as a
measure of sodicity should only be used as an indication of potential problems.

2.1 The process of sodification of a soil
Sodification is generally associated with salinisation. When a soil becomes salinised, and if the salinity is
dominated by NaCl, the sodicity of the soil will also increase, i.e. the proportion of Na ions on the
exchange sites increases. In dilute solutions, this process is governed by the Gapon equation:

[Na ]exch
[Ca + Mg ]exch

= kG

[Na ]so ln

[1]

[Ca + Mg ] so ln

where [Na] and [Ca + Mg] are concentrations in mmoles/l. (Richards, 1954)
or it can be written as :
x
SAR
ESR =
kG

[1a]

For most soils, we can assume that the concentration of potassium in the soil is negligible. The left side of
the equation is the ratio of cations on the soil exchange sites, and the right side are the ratios in the soil
solution. The left side is called the Exchangeable Sodium Ratio (ESR), and the right side of the equation
is called the Sodium Adsorption Ratio (SAR) and is an expression of the capacity of the soil solution to
change the sodium concentration on the exchange sites. SAR is used as a measure of the sodium hazard of
irrigation water. The constant kG is called the Gapon constant and reported values ranged from 0.0072 to
0.020 (Richards, 1954; Bakker et al, 1973; Shainberg and Letey, 1984). Eqn 1 shows that in non-saline
soils, a small increase in ESR will result in a large increase in SAR or the proportion of Na ions in the
equilibrium solution. This will give rise to an increase in soil pH and values of 8.5 to 9.5 are common and
indicative of sodic soils. (So and Aylmore, 1993) Surface soils tends to have lower pH due to the
presence of organic matter, while saline subsoils can be acid despite the presence of high ESPs.
The proportion Na on the exchange sites is a measure of sodicity and is more popularly expressed as the
Exchangeable Sodium Percentage (ESP), or the percentage of Na ions over the Cation Exchange Capacity
(CEC) or total exchangeable cations in neutral to alkaline soils :
ESP
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x100
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[ESR]

[1 + ESR]

[2]
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ESR and ESP are of similar values when Na concentrations are low, but they are different at high Na
concentrations. Equation 1 shows that :as the soil becomes salinised, the SAR of the soil solution
increases and the ESR, and hence ESP will also increase. The curvilinear relationship between SAR and
ESP for 59 soils from the western US (dominated by illites) is given as (USSL, 1960; Levy and
Shainberg, 2002, Kopittke et al, 2005):

ESP = 100

[− 0.0126 + 0.01475SAR]
[1 + (− 0.0126 + 0.01475SAR )]

[3]

Other work has shown that the SAR-ESP relationship is strongly affected by the mineralogy of the clay
fraction, the ionic strength of the solution, and in some cases the pH of the soil (Evangelou, 1998;
Kopittke, So and Menzies, 2005). When the soil solution is diluted, its SAR and ionic strength will
decrease and sodium is preferentially removed from the exchange sites. Therefore, leaching tends to
reduce the sodicity of a soil. When the soil solution is concentrated, its SAR and ionic strength is
increased and sodium is preferentially adsorbed on the exchange and ESP increases. These effects are
small when the soil solution concentrations (EC) are low, but becomes significant when the soil solution
concentrations are high. Therefore, the traditional methods of measuring ESP are generally accurate for
non-saline soils, but for saline soils these methods may introduce large errors and corrections should be
made for soluble cations (So, Menzies and Kopittke, 2005)

2.2 Sodicity and aggregate stability.
The presence of excessive amounts of sodium is generally associated with degradation of soil structure
and associated with this degradation of a range of physical properties of the soil. When the soil is rapidly
wetted, aggregates breaks down through slaking (macro-aggregates to micro-aggregates) and possibly
dispersion (micro-aggregates to individual particles) as shown in Fig 2, except when the bonding of the
aggregates is very strong, e.g. when soil organic matter content is high and the soil left undisturbed. In the
soil where there is less water present, the breakdown processes may not be as obvious as in free water, but
nevertheless their effects can be very significant and are manifested as a variety of problems. Slaking by
itself may not be a problem as many self mulching soils do slake in their virgin condition, however when
a soil disperse as well, it generally displays physical problems. Many of these problems are often
perceived as independent and separate problems, however they can be traced back to slaking and
dispersion as the root cause and can be corrected and managed using the same technology. Fig 3 shows a
unifying concept that we have used successfully as a guide for many years (So and Aylmore, 1995).
Dispersion can be caused by factors other than Na, but under Australian conditions Na in combination
with low EC of water is by far the most common cause. The reality is that dispersion occurs under a range
of ESP and EC combination specific to each clay type as shown diagrammatically in Fig 4.
Clearly the degree of slaking and dispersion can be used to asses the sodicity of the soil. This can be done
quantitatively in the laboratory, or qualitatively in the field using the Emmerson Dispersion Test (EMT),
where aggregates of 3-5 mm are dropped in a beaker with 250 ml of water and the degree of slaking and
dispersion assessed visually after 2 hours. Fig 2 is an example of a 5 mm aggregate dropped in deionised
water. If the potential dispersion under irrigation is of interest, irrigation water can be used instead of
deionised water.
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Fig 2: Slaking (left) and dispersion (right) of aggregates in water
(Photo courtesy Richard Green)

ESP

Dispersed
(Unstable
structure)

Dispersed following
Wet cultivation

Flocculated
(Stable structure)

EC soil solution
Fig 4: Schematic diagram of the behavior of clay soils under a combination
Of ESP and EC of the soil solution.
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Unstable Soil
(High ESP, High
EMgP, Low EC)
Rapid
Wetting

High Energy
Inputs

Slaking & Dispersion

Surface Sealing
(Wet)

Increased
Erosion (Gully
erosion)

Reduced Ksat,
Infiltration and
Drainage

Reduced
Subsoil Water
Recharge

Poor
timeliness of
operations

Surface
Waterlogging
High Initial
Evaporation
Crusting &
Hardsetting (Dry)

Reduced Plant
Growth &
Yield

Poor
Germination,
establishment

Reduced
Evaporation
Wet subsoil
Traffic
Compaction

Cultivation
Cloddy surface

Fig 3: A unifying concept of the effect of slaking and dispersion on possible soil physical problems and their
effect on plant growth, timeliness of farming operations and erosion.(So and Aylmore, 1995: So,
2002)

For dispersive soils, the Emmerson Dispersion Test is limited with only 3 classes (Class 1: fully
dispersive; class 2; partly dispersive; class 3: dispersive after remoulding). A revised test by Loveday and
Pile (1973) expanded the 3 classes to 16, which improves the usefulness of this methodology.

2.3 Sodicity and hydraulic conductivity
The effect of ESP on the amount of dispersed clay and hydraulic conductivity in Vertosols of the Darling
Downs, Queensland is shown in Fig 5 (So and Cook, 1992). The relationships with ESP are generally
poor and not significant. However, when sodicity is expressed as Exchangeable Sodium Content (ES), the
relationships are greatly improved and becomes significant as shown in Fig 6. Clearly, bulk soil
properties such as ES should be related to other bulk soil properties such as D2 and K. ESP is a property
of the clay and colloidal size fraction only. This data covers a range of ES and ESP from 1 to 7 and there
is no indication of a threshold ESP.
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Fig 5: The effect of ESP on the amount of clay dispersed (D2) and soil hydraulic
conductivity (K) for two Vertosols from the Darling Downs (So and Cook, 1992).
Solid symbols are for Waco Black Earth and the open symbols for Langlands Grey
Clays.

Fig 6: K as a function of ESP for the same soils of fig 6 (So and Cook, 1992; So and
Aylmore, 1993)

2.4 Sodicity and crop yield.
A survey by So and Onus (1984) of the effect of sodicity in the Lower Gwydir Valley, NSW, expressed
as Dispersion Index (DI) measured by the revised method of Loveday and Pyle (1973) showed that wheat
yields decreased as DI increases (Fig 7)
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Fig 7: Average wheat yield (Y) plotted against the DI of the soil
from around Moree, NSW. Open circles are sites south of Moree and solid
circles are north of Moree (So and Onus, 1984)
Y= -97.8 DI + 1921.8; R = - 0.67 (P < 0.01)
A more recent survey of the Western Darling Downs of the effect of sodicity shows that wheat yields
were related to surface soil sodicity (Blasi, So and Dalal, unpublished results):
Yield

=

3.52

-

0.125 ESP(0-10)

(R2 = 0.58 **)

The inclusion of subsoil sodicity increase the R2 only marginally.

3. MANAGEMENT OF SODIC SOILS.
Assuming adequate nutrition, the soil productivity or crop yield is largely determined by the available soil
water and an adequate establishment of plants per unit area (Fig 3). The available soil water is largely
controlled by the hydraulic conductivity of the surface soil or the field infiltration rate. As discussed,
sodicity affects the soil infiltration rate through its effect on dispersion. Increased dispersion will also
result in greater strength of the surface crust and reduce seedling establishment. Therefore, the
management of sodic soils should be aimed towards the prevention or reduction of dispersion of the
surface soil. It is important at this point out that the importance of surface ESP preceeds that of subsoil
ESP. Soils with high subsoil ESP would generally have sufficiently high surface ESP to impose
limitations on infiltration.
To develop various strategies, it is important to understand the nature of aggregate bonding. Soil particles
and aggregates are organized in a hierarchical nature (Fig 8) where the lower orders tend to have higher
densities and greater internal strength than the higher orders (Dexter, 1988). This implies that the
destruction of the lower order will result in the destruction of all higher orders. This explains why the
dispersion of sodic clay domains will result in the destruction of the micro and macro-aggregates.
However, if the bonding at the higher orders are sufficiently strong, it can prevent the lower orders from
collapse. This leads us to the two fundamental approaches that can be used to manage sodic soils: (1)
stabilize the lowest order, the clay domains (A in Fig 8), and (2) stabilize the highest orders, the micro
and macro-aggregates (B in Fig 8).
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B

A

Fig 8: Hierarchiecal organization of particles and structural elements (Dexter, 1988)
The strategies that can be employed to manage sodic soils are as follows (So, 2002; Doyle et al, 1979):
Process
prevented or
managed
Slaking

Dispersion

Aggregate
Action required
Management options
hierarchical level
affected
Macro-aggregates
Prevent breakdown of bonds 1. Zero or minimum tillage
2. Slow wetting during
irrigation
3. Reduce droplet energy from
sprinkler irrigation
Increase aggregate bonding 1.
Incorporate Org Matter
2.
Apply PVA
& bond strength
3.
Apply PAM
4.
Apply Lime (CaCO3)
5.
Introduce grasses into
crop rotation
Micro-aggregates & Increase flocculation:
1. Apply gypsum
2. Apply Lime
clay domains
replace mono with di or
3. Apply slaked lime
polyvalent cations
(Ca(OH)2)
(permanent exchangeable
cation effect)
Increase flocculation:
1. Apply gypsum
2. Apply Lime
increase electrolyte conc
(temporary electrolyte effect 3. Apply slaked lime
(Ca(OH)2)

4. CONCLUSIONS
In summary, sodicity can be measured by the various parameters discussed such as ESP, ES, Dispersion
of Clay, or Dispersion of (Silt + Clay), EDT, depending on the task that you have to complete and the
purpose of that task. Clearly, for soil classification purposes, you may want to identify soils that are
potentially troublesome and the use of ESP or ES maybe adequate. For diagnostic purposes, a
combination of 2 or more parameters is desirable. Excess sodium in the soil surface results in dispersion
of the clay and silt size fractions, which in turn results in reduce ed soil hydraulic conductivity and
associated physical problems. These problems can in principle be prevented or corrected at the macroaggregate level through increased bonding, and at the micro-aggregate level through the replacement of
Na with Ca and through an increase in soil solution EC.
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Chapter 12. Soil Water
EA Gardner
Queensland Department of Natural Resources & Mines, 80 Meiers Road, Indooroopilly
Qld 4068
Abstract
This paper reviews edaphic, cultural and plant effects on the size of the soil water store available for
plant growth. It is divided into three broad sections which examine: (1) volume inter-relations of soil
water, air and solids, and methods of calculating depths of water storages in both rigid and swelling
soils; (2) the effect of texture, structure, water entry and transmission properties on the Available Water
Capacities of rigid and swelling soils; and (3) the field measurement and prediction of Plant Available
Water Capacities (PAWC) of rigid and swelling soils.
It is shown that PAWC is not a single-valued soil hydrological parameter but rather its magnitude is
often responsive to both the soil cultural practices adopted and the severity of the drying regime imposed
on the indicator crop. It is concluded that differences in rooting depth and root activity at depth have a
far larger effect on variation in profile PAWC between soils than do differences in the available water
storage per unit depth of soil. An example is given which shows that PAWC information is not sufficient
in itself to infer its implications to crop growth because of the strong interaction between the time series
nature of rainfall and the size of soil water storages. Consequently doubling the PAWC value, for
example, does not usually result in a doubling of plant yield in seasonal rainfall environments.
Key words: Plant available water capacity, Water entry, Transmission, Swelling clays, Soil water
storage

1.

INTRODUCTION

Plant growth depends on water supply, and consequently the time course of the soil water store as it
changes throughout the season can provide diagnostic information on the current behaviour of the crop.
The amount of available water in the soil, the distribution of plant roots and solar radiation generally
determine plant growth, and it is the size of the soil water store and the ability of the plant to use this
water that is the subject of this paper.
Justification for this emphasis is based on experimental findings that in semi-arid environments (often
with marked seasonal rainfall patterns) seasonal variation in dryland pasture yield (McCown 1973, Rose
et al. 1972) and dryland grain yield (Nix and Fitzpatrick 1969, Berndt and White 1976) in tropical and
subtropical northern Australia is largely determined by the amount of water available for transpiration.
Similar results have been reported by Loveday (1964) and Loveday and McIntyre (1966) for irrigated
pasture yield on heavy textured subsoils in the Murrumbidgee Irrigation Area in temperate south-eastern
Australia.
The factors which determine the water supply to the crop are:
• the storage capacity of the soil;
• its ability to be recharged from surface water;
• its internal drainage; and
• the depth and distribution of the root system.
In all soils, but particularly in clays, problems arise in describing these properties, but if they are to be
used in a predictive way it is essential that they are measured and expressed quantitatively. It is the
objective of this paper to show how this information can be obtained in both freely draining rigid soil and
those with swelling, heavy textured subsoils.
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Obviously these factors, albeit important, are but a few of the myriad properties which are of interest in
understanding how water and nutrients move in natural landscapes. However consideration of these
aspects, other than in a general qualitative sense, are considered to be beyond the scope of this paper.

2.

AMOUNT OF SOIL WATER

Soil is a porous system which is made up of three phases:
1. the soil solid phase which constitutes the soil matrix;
2. the liquid phase which consists of soil water, and because it contains dissolved substance such as
salt and nutrients, should properly be called the soil solution; and
3. the gaseous phase which is the soil atmosphere.
Figure 1 is a schematic representation of a hypothetical soil showing the volume and masses of the three
phases in a representative sample of soil.

Figure 1: Schematic diagram of the soil as a three phase system. V and M denote volume and mass
whilst subscripts s, w, a and t refer to soil solids, water, air and total soil (respectively).

Figure 2: Soil is composed of solid particles of many different shapes and sizes interspersed with pore
space containing varying mixtures of soil solution and air.
For the convenience of visualising subsequent definitions the solids, water and air volumes have been
arranged into discrete units but it is to be appreciated that all three phases are distributed more or less
uniformly throughout a volume of soil in a manner illustrated in Figure 2.
On the basis of Figure 1 we can define terms which are used to express quantitatively the relative
amounts of each phase contained in one unit volume or mass of soil.
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3.

WATER CONTENT PER WEIGHT OF SOIL SOLIDS

The most common expression (but usually the least useful one) to describe how much water is contained
in a soil is the gravimetric moisture content θg [θ = Greek THETA, subscript g denotes gravimetric]
which is the mass of water (g) relative to the mass (g) of oven dry (at 105°C) soil.
From Figure 1,
θ g = Mw
Ms

Units of g/g

(1)

In practice a sample of wet soil is collected, placed in a container of known mass (ie. effectively a
weight), weighed, dried in a fan forced convection oven at 105°C (usually for 24–48 hours) and then
reweighed.
θg = Wet Soil Weight – Dry Soil Weight
Dry Soil Weight – Container Weight
θg =

Weight of Water
Weight of (oven dry) soil

Units of g/g

For the vast majority of agricultural soils, θg is always less than 1.0 (ie. 100%) even when fully wet
(ie. saturated).

4.

WATER CONTENT PER VOLUME OF SOIL

A much more convenient way of expressing water content is the volumetric water content, θv, (subscript v
denotes volume) which is the volume of water per unit volume of soil (ie. the volume of the soil solids Vs
plus the volume of the pores Vp). From Figure 1,
θv =

Vw
Vw
=
VT (Vs + Vp)

Units of cm3/cm3

(2)

But how do we calculate Vw and (Vs + Vp)? Suppose we know that θg is o.x (g H20 per g soil solids), then
the volume of water per g of soil solid, θ’g, is θ’g = θg * 1
where ρH20 is the density of water; ie.
1 g/cm3
ρH20
Hence,
θ' g =

o.x g H 2 O
*
1.0 g soil solids

cm 3 H 2 O
1
= o.x.
1.0 g H 2 O
1.0 g soil solids
1.0 cm 3 H 2 O

(3)

The next step is to identify the volume of soil associated with a unit weight of soil solids, and in
practice this question is inverted by measuring the weight of oven dried soil solids associated
with a unit volume of soil. This is termed the (dry) Bulk Density, BD, and from Figure 1 it is
easily seen that:
B.D. =

Ms
g (soil solids)
...units of
VT
cm 3 (soil volume)

(4)

*

One unit volume is shorthand for a volume equal to 1 unit of volume measurement eg. 1 cm3, 1 m3, 1 km3. Usually we will use 1 cm3 as our
unit of volume and 1 g as our unit of mass.
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If we now multiply equation 3 by equation 4, we get:
θ' g * B.D. =

o.x.cm 3 ( H 2 O)
y g (soil solids)
*
1.0 g (soil solids) 1 cm 3 (soil volume)

which simplified to:
θ' g * B.D. = y * o.x.

cm 3 ( H 2 O)

= θv

cm 3 (soil)

That is, the (fractional) volumetric water content of a soil is the product of its gravimetric water content
and its (dry) Bulk Density, divided by the density of the water.

θv =

θ g * B.D.

(5)

ρH 2 O

To illustrate equation 5, suppose we found (by measurement) that the gravimetric content of a sand two
days after irrigation was 0.09 g/g and the BD of the sand is 1.72 g/cm3.
θv =

From eqn 5

0.09 * 1.72
= 0.16 cm 3 / cm 3
1.0

Expressed another way, for a θv = 0.16, every cubic meter of soil contains 0.16 cubic meter of water.
Sometimes it is more convenient to express θv in terms of its percentage of the total volume of the soil
rather than on the basis of a unit volume and in this case a θv of 0.16 cm3/cm3 becomes 16% (θv).
Similarly a θg of 0.09 g/g becomes 9% (θ g).
It is well known that many plants will grow poorly if soils do not contain sufficient air filled void space to
allow CO2 and O2 to be exchanged between the soil profile and the atmosphere. Hence it is of interest to
calculate the degree saturation associated with a given θv and such calculations require a measure of the
relative amount of the soil volume which is made up of void space. This void space is filled by water and
air and its relative value is termed the total soil porosity, f. From Figure 1, we can say
f=

( Va + Vw ) VT − Vs
=
VT
VT

cm 3 void space

Units of

cm 3 soil volume

(6)

A convenient method to calculate f is to take a unit volume of soil (i.e VT = 1 cm3) and subtract
from it that part of the volume which is occupied by the (oven dry) soil solids, Vs.
Thus

f =

VT − Vs
VT

= 1−

Vs
VT

= 1 − Vs (for VT = 1)

(7)

From the definition of BD we know that each unit volume of soil contains y gram of soil solids and if we
knew the Absolute Density of the soil solids
{AD = Ms/Vs; units of
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We could calculate Vs as
Vs =

BD y g soil solids
=
*
AD
1.0 cm 3 soil

1
z g soil solids

(8)

1.0 cm 3 soil solids

Thus
Vs =

y
z

cm 3 soil solids
cm 3 soil volume

substituting eqn 8 into eqn 7 therefore gives
(9)

f = 1 - B.D.
A.D.

For most mineral soils the absolute density of sand, silt and clay sized particles falls within the range of
2.6–2.7 g/cm3 and accepting a mean value of 2.65 g/cm (=z) and a sand profile BD of 1.72 g/cm3 (=y) we
can calculate the total fractional void space (porosity) as
f =1−

1.72 0.35 cm 3 ( void space )
=
2.65
cm 3 (soil volume)

Our previous calculation showed that θ v for the sand two days after a flood irrigation was
0.16

cm 3 H 2 O
cm 3 soil

Hence the fractional air filled void space, ε, corresponding to this moisture content is:
ε = Total Void Space – Water filled Void Space
ε = f - θv
ε = 0.35 – 0.16 =

(10)
0.19 cm3 Air
cm3 Soil Volume

This value of ε would be considered to be very acceptable for adequate gaseous exchange between the
soil profile and the atmosphere and is in accord with our experience that sands are well drained and well
aerated soils.

5.

WET BULK DENSITY

With the availability of dual source moisture/density meters for measuring volumetric moisture content
(using a neutron source) and total soil density (using a gamma source) there is interest in converting the
total or wet soil bulk density BDW into a dry bulk density. From Figure 1,

BDw =

Ms + Mw Ms Mw
=
+
: units of
VT
VT
VT

g soil solids + water
cm 3 soil volume

(11)
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Remembering the definition of dry Bulk Density (eqn 4); equation 10 can be expressed as
(12)

BDw = BD(dry) + Mw
VT
From the definition of θg (eqn 1) we can express Mw as
Mw = θg * Ms

(13)

and from the definition of B.D(dry) we can express VT as
BD = M s / VT → VT =

Ms
BD

(14)

Substituting equations 13 and 14 into equation 12, allows us to write
BDw = BD(dry) + θ g * Ms/Ms/BD(dry)
BDw = BD(dry) + θ g * BD(dry)

(15)

BDw = BD(dry) + θv
Units: g soil solid + water =
cm3 soil volume

g soil solids +
g water
cm3 soil volume
cm3 soil volume

To illustrate the nature of eqn 15, we can solve it using our sand data: viz
θ g = 0.09 g/g
BD = 1.72 g/cm3
Hence the wet Bulk Density of the sand, after two days of drainage, is
BDw = 1.72 + 0.09 * 1.72 = 1.88 g/cm3 soil volume
Expressed another way, 1 m3 of sand at this moisture content will weigh 1.88 tonnes!!
The application of eqn 15 is particularly relevant to neutron/gamma probes (provided prior calibration
allows the appropriate count rates to be converted into θv and BDW) where the changes in the (dry) Bulk
Density, due to tillage operations over a crop growth cycle, can be easily calculated.
Alternatively, measurement of θg (by destructive field sampling) and an estimate of BDW (from the
gamma probe) can be used to calculate the dry Bulk Density of a soil profile via eqn 14 and hence avoid
the tedium of destructive sampling for BD. For this situation, the appropriate form of eqn 14 is

BD( dry ) =
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BDw
(1 + θ g )

(16)
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Using the sand data, a calibrated gamma probe reading implies the wet Bulk Density is 1.86 g/cm3 (1.86 ≠
1.88 g/cm3 because no calibration equation is perfectly accurate) and the measured θg is 0.09 g/g. Hence
BD(dry) =

1.86
= 1.71 g/cm3
(1 + 0.09)

compared with known value of 1.72 g/cm3 obtained by destructive sampling. As our estimate of
1.71 g/cm3 is well within ± 5% of the true BD, we would consider this to be very acceptable.
In practice, the θg would be determined on the soil collected during installation of the access tube required
for using the moisture/density probe in a soil profile.

6.

EQUIVALENT DEPTH OF WATER

One of the great advantages of expressing the degree of soil wetness in volumetric terms is that θv is
numerically equal to the ratio of the depth of stored water per unit depth of soil. Hence the equivalent
depth of water (units of length) stored in any depth of soil, Z, can be readily calculated, which in turn
greatly facilitates the computation of the soil water budget where inputs of water due to rain and irrigation
(units of length) must be compared with outputs due to evapotranspiration and drainage.
D = θv * Z

(17)

with units of mm if Z is measured in mm, or cm if Z is measured in cm.
Units: cm (H2O)

=

cm 3 H 2 O

=

Z cm 3 H 2 O

cm 3 soil

cm 2 soil

* Z cm soil

= Z cm ( H 2 O)

Referring to our sand data, the amount of water stored in a profile 100 cm deep, with θv of 0.16 cm3/cm3
is
D(wet)

=
=
=

0.16 * 100 (cm)
16cm
equivalent water depth
160mm
"
"
"

Expressed another way, if we extracted a soil core of 1 cm2 cross sectional area and 100 cm deep, which
had a θv of 0.16 cm3/cm3, dried it in an oven at 105°C, collected all the water vapour that was driven off,
condensed it to a liquid and then poured it into a measuring cylinder of 1cm2 cross sectional area, the
height of water in the cylinder would be 160mm. Similarly, if we put the same (empty) cylinder out in
field, and 160 mm of rain fell, the height of water in the cylinder would again be 160 mm.
Let us now assume that we measured the gravimetric water content of our sand profile ten days after a
flood irrigation and found a uniform profile of 0.05 g/g. From eqn 5 and 17, the equivalent depth of
water stored is thus
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D(dry)

θ g * B.D. * 100

=

ρH 2 O

=

0.05 * 1.72 * 100
1

=

8.6 cm ≡ 86 mm/100 cm depth of soil

Hence the amount of water removed from the 100cm depth of profile, ∆S*, between 2 and 10 days after
irrigation is
∆S
∆S

=
=
=

D(wet) – D(dry)
160 – 86
74 mm

This change in the soil profile water storage will be due to a combination of evapotranspiration and
drainage below 100 cm soil depth.
In rigid (ie. non swelling) field soils, θg is rarely uniform with depth whilst Bulk Density invariably
increases with soil depth. In practice then, ∆S is calculated for successive depth increments and the
results summed over the depth of sampling. This statement may be expressed as

∆S =

n

∑
i =1

(∆θ ) i * BDi * Z
…….. units of cm or mm
ρH 2 O

(18)

where Z is the depth of the sampling increment chosen – usually 10 cm.
BDi
∆θgi
n

is the Bulk Density of depth increment i
is the difference in gravimetric moisture content between any two sampling times for the
i th depth increment
is the number of depth increment, of length Z

Applying this equation to the 100 cm deep sand profile for the period between 2 and 10 days postirrigation we can write, for a sampling depth interval of 100 mm,
∆S

10

=

∑
i =1

(0.09 − 0.05) * 1.72 * 100
1

10

=

∑ (6.9)

i

i =1

=

69 mm

Note that this calculation for ∆S is not exactly the same as that shown above (ie. ∆S = 74 mm) because of
the accumulation of rounding off errors in converting the (wet) θg of 0.09 g/g into a θv value (ie. 0.09 *
1.72 = 0.155 cm3/cm3 ≠ 0.16).

7.

APPLICATION TO SWELLING SOILS

Calculation of θv in soils which undergo volume change on wetting and drying is difficult because the
Bulk Density changes with gravimetric moisture content. In order to obtain a physically valid

*

∆S is shorthand for saying "the change in soil water storage".
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measurement of BD in such soils, the cracks must be representatively sampled by the auger and in
(irrigated) cropping system with 80–100 cm row spacing, this presents a formidable sampling problem.
Fortunately there are three things in our favour when calculating water content/storage in such soils.
Firstly, application of eqn 18 to any soil is only valid if the same mass of oven dry soil is compared
between any two sampling occasions. In rigid soils of constant Bulk Density, this is automatically
achieved by ensuring that the same depth increment, Z, is used in the calculations. In swelling soils,
however, a sampling depth increment, taken from a fully wet soil will shrink to a smaller length of (10 –
∆x) cm when the soil dries, where ∆x is the reduction in soil height. Hence the equivalent depth of water,
∆S, removed from a fully wet 10 cm length of soil as the gravimetric content decreases from fully wet (θg
max) to any drier moisture content (θgx) will be.

 θ g max
θ g max
∆S = 
* BD(θ g max) * 10 − 
* BD( dry θ g ) * (10 − ∆x)

  ρH 2 O
 ρH 2 O

(19)

Units of cm H2O/10 cm depth of fully wet soil
The second point in our favour is that irrespective of the mode of shrinkage, the ratio of Bulk Densities at
different moisture contents in swelling soils will be the inverse of the ratio of their soil heights. That is,
despite the presence of shrinkage cracks, the BD of a swelling soil only changes because of changes in the
vertical height of soil. This apparently nonsensical statement perhaps can be better visualised by noting
that the area of the Darling Downs does not change when going from a year of extreme drought (the
swelling soils have many, deep shrinkage cracks) to a year of extreme rainfall (few, and shallow
shrinkage cracks).
The argument can be expressed quantitatively by writing, for a 10 cm length of fully wet soil,
BD (θ g max )
BD

( dry θg )

=

10 − ∆x
10

Which is easily rearranged to read as follows:
BD(θg max) * 10 ≡ BD(dry θg) * (10 - ∆x)

(20)

Substituting eqn 20 into eqn 19 therefore gives
∆S = [ θg max * BD( θg max) * 10] – [ θgx * BD(θg max) * 10]
OR

∆S =

(θ g max − θ gx )

ρH 2 O

* BD(θ g max ) * 10

(21)

Units of g soil solids/cm3 soil.
Equation 21 is exactly of the same form as the equation used to calculate water use in a rigid soil (eqn 18)
and provided we have an estimate of the BD at θg max many of our water use calculations are removed.
This introduces the third point in our favour in working with swelling soils in that at θg max the air
content (ε) of such soils is usually of the order of 0.05 cm3/cm3.
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From Figure 1, we can write for a unit volume of soil.
Vs + Vw +Va = VT = 1 cm3
and from equation 5 (Vw ≡ θv) and equation 8 (for Vs) we can express this relationship as
BD θ g * BD
+ ε =1
+
ρH 2 O
AD

which can be rearranged to read as

BD =

1−ε
1
+ θ g / ρH 2 O
AD

(22)

Units of g soil solids/cm3 soil
Equation 22 is applicable to any soil, either swelling or non swelling, for any combination of ε and θg for
a given BD. However, given the unique behaviour of swelling soils in which ε = 0.05 cm3/cm3 at θg max,
whilst drainage to gravimetric moisture contents less that θg max usually occurs only very slowly with
time, we can easily solve eqn 22 to give us the BD. For example, 2 days after a flood irrigation we
measure a θg of 0.5 g/g in a Black Vertosol. As the AD of a Black Vertosol is c. 2.65 g/cm3 we can write
eqn 22 as
BD =

1 − 0.05
0.95
=
= 1.08 g / cm 3
1
0.5 0.377 + 0.5
+
2.65 1.0

If we repeated this gravimetric sampling and calculation procedure for a range of swelling soils in which
θg max varies (due to changes in clay content and/or mineralogy) we could construct a table of a pairs
BD(θg max) and θg max.
A plot of such information is shown in Figure 3 and it is seen that our theoretical predictions of BDs
agree very well with the measured BDs obtained by destructive soil sampling (the soils were in the
Emerald Irrigation Area).
If we have erred in our estimate of ε (say the true value of ε is 0.03 cm3/cm3 rather than 0.05 cm3/cm3) the
BD – θg max curve will be displaced either upwards (ε < 0.05 cm3/cm3) or downwards (ε > 0.05 cm3/cm3)
but the effect on the calculated BD is negligibly small. For example, for a ‘true’ ε = 0.03 cm3/cm3 and
θg max = 0.5 g/g, the true BD is 1.11 g/cm3 compared with a predicted value of 1.08 g/cm3. This is an
error of less that 5%!!
In a subsequent section, we will describe how to estimate θg max from easily measured physio-chemical
properties and hence avoid the tedium of trying to sample a wet Vertosol. When this estimated θg max is
combined with eqn 22, this will provide us with much the same information that could be obtained in a
rigid soil ONLY by an extensive sampling program. Truly, this is about as close as one can get to a ‘free
lunch’ from Nature.
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Figure 3:

8.

The theoretical relationship between bulk density and gravimetric water content assuming
the entrapped air content, at the wettest field moisture content, θg max, is 0.05 cm3/cm3.
Also shown are the bulk densities measured in a range of vertosols at their θgmax values.

VOLUMETRIC WATER CONTENT IN SWELLING SOILS

In some situations, such as calibrating a Neutron Moisture Meter, there is a need to convert a gravimetric
moisture content into a volumetric value. In such cases correctly sampling for BD at dry θg's in swelling
soils is very difficult and it would be useful if a theoretical relationship between BD and θg, could be
developed. Fox (1964) did just that and showed that if a soil shrank normally (ie. soil volume loss =
water volume loss) three dimensionally and equidimensionally (same amount of linear shrinkage from all
three coordinate axes, ie. x, y, z) then the BD at any θg could be described as

BD θ gx

=

BD(θ g max )
 BD(θ g max ) BD(θ g max )

+
* θ gx + ε 

AD
ρH 2 O



(23)
1/ 3

There is now sufficient experimental evidence to state that the mode of swelling and shrinkage in
Vertosols in the field is a normal, 3D, equidimensional process over moisture contents from fully wet to
values well below the –15 bar moisture content (Berndt and Coughlan 1977, Gardner 1978, Yule and
Ritchie 1980).
Suppose we wished to calculate the BD corresponding to a θgx of 0.34 g/g (the –15 bar water content) for
the clay soil used in previous illustration. For this soil we know that:
θg max

=

0.5 g/g ; AD = 2.65 g/cm3

BD(θg max)

=

1.08 g/cm3

ε

=

0.05 cm3/cm3
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Hence from equation 23

BD (θ gx = 0.34) =

1.08
1.08 * 0.34
 1.08

+ 0.05
 2.65 +
1



1/ 3

= 1.15 g/cm3
Had we ignored such changes in BD and assumed it remained constant at a (wet) value of 1.08 g/cm3 the
relative error in θv would be -6%. Generally an error of this magnitude would not be considered to be
substantial.

9.

AVAILABLE WATER CAPACITY

One of the most important physical properties of any soil is the amount of water it retains which is
available for plant growth. This is termed variously the Plant Available Water Capacity, or the Soil
Available Water Capacity (SAWC) and is defined as the difference between (wet) Upper Storage Limit
(USL) and the (dry) Lower Storage Limit (LSL) summed over the plant rooting depth.
9.1

Upper Storage Limit

Rigid Soils
In freely draining rigid soils, the USL is estimated as the Field Capacity which is ‘the (volumetric)
percentage of water remaining in a soil profile 2 to 3 days after having been saturated and after free
drainage has practically ceased’. In practice, even after 3 days of drainage the rate of drainage from many
permeable soils can still be substantial as illustrated in Figure 4a for a Massive Red Kandosol profile.
Here the drainage flux, q (units of cm3 water/cm2 soil surface/day) from an 80 cm deep soil profile 3 days
after a saturating irrigation is 10 mm/day reducing to 1 mm/day (a negligibly small flux for irrigated
agriculture) only after 16 days of drainage. The θv profiles correspond to these two drainage rates are
shown in Figure 4b, and using equation 18, the difference in the profile water store corresponding to these
two rates, is 35 mm of water/100 cm of soil profile. Thus the use of the 3 day profile as an estimate of the
USL will overestimate the SAWC by 35 mm/100 cm soil depth. The relative importance of this error will
depend of course on the size of the SAWC, and using the –15 bar volumetric water content as an estimate
of the LSL, the data of Table 1a shows that 35 mm/100 cm soil corresponds to an error in the SAWC of c
20% (assuming the moisture profile corresponding to a q = 1 mm/day is a valid estimate of the USL in
this Red Kandosol profile). That is, 35 mm/100 cm soil is c 20% of a SAWC of 165 mm/100 cm soil
profile, which is an undesirable but not an unreasonably large error.

Figure 4a: Cumulative water loss and draining flux density of water at 0.8 m depth as a function of time
after saturation for a massive red kandosol profile (from Leuning and Talsma 1979).
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Figure 4b: Volumetric water content profiles at various times after saturation and at various matrix
potentials, measured in a massive red kandosol (after Leuning and Talsma 1979).
Table 1a:

The distribution of Available Water Capacity with soil depth in a Red Kandosol, calculated
as the difference between various estimates of the Upper Storage Limit and the -15 bar
moisture content. Upper Storage Limit estimates are: Moisture profile after 3 days of
drainage; Moisture profile at -0.1 bar; Moisture profile at -0.3 bar; Moisture profile when
profile drainage rate, q, falls to 1 mm/day.
Water Retained mm/10 cm

Soil Depth
Interval
cm

3 day θv
-15 bar θv

0.1 bar θv
-15 bar θv

0.3 bar θv
-15 bar θv

θv for q = 1 mm/day
-15 bar θv

0–15
15–25
25–50
50–75
75–100

27
25
23
20
18

24
24
21
18
15

19
18
16
13
11

21
21
19
17
16

200

183

135

165

Available Water
Capacity in a
100 cm deep
profile
Units of mm

However, Figures 5a and b report the same type of information for a Massive Yellow Kandosol profile
and in this case the drainage flux (from a 150 cm deep soil profile) did not reach 1 mm/day until about
30 days of drainage has elapsed; the difference in the profile water store for the two drainage rates (ie. at
3 days and 30 days) was 63 mm/100 cm soil depth and from Table 1b, it can be seen that using the 3 day
θv profile as an estimate of the USL would result in an unacceptably large error of c 100% in the SAWC.
That is 63 mm/100 cm soil depth is c 100% of 65 mm/100 cm soil depth, which is the SAWC assuming
the ‘true’ USL is that moisture profile corresponding to a q of 1 mm/day.
Considering that it took 10 days and 35 days for the drainage rates from the Red and Yellow Kandosol
profiles respectively, to reach 1 mm/day, one must be suspicious that a θv profile corresponding to a q of
1 mm/day really does represent the upper limit of soil water available for plant growth. Obviously whilst
this drainage is going on, plants growing in these soils will be transpiring and removing soil water which
would otherwise go into deep drainage. Hence the ‘true’ USL will lay somewhere between the 3 day and
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q = 1 mm/day soil moisture profiles. The only way to cope with these two simultaneous processes is to
construct a running water budget of the soil profile for which the transpiration loss is a function of the
atmospheric evaporative demand, crop cover and rooting depth whilst the drainage rate is often
represented as a function of the average soil water content of the soil profile. Consideration of these
aspects is beyond the scope of this paper but the interested reader can refer to Ritchie (1981).
Given the complexity of the problem, one can either throw ones hands up in horror or accept an
approximation of the real world behaviour. Such an approximation is accepting that the USL of a field
soil can be estimated as the θv corresponding to a matrix potential (Ψ)* of either -0.1 bar or -0.3 bar on
undisturbed soil samples. The most appropriate matrix potential is that which corresponds to a θv at
which the unsaturated hydraulic conductivity (ie. profile drainage rate) equals 1 mm/day.

Figure 5a: Cumulative water loss and drainage flux density of water at 1.5 m depth as a function of time
after saturation for a massive yellow Kandosol profile.

Figure 5b: Volumetric water content profiles at various times after saturation and at various matrix
potentials, measured in a massive yellow Kandosol.

An operational definition of matrix potential, Ψ (Greek psi), is the amount of pressure that must be applied to a soil in order for
its soil solution to be in equilibrium through a porous permeable wall, with a solution of free water which has an identical
chemical composition to that of the soil solution. Because work must be done on the soil solution to increase its potential to that
of free water, matrix potential is expressed in negative units eg. -bar; -cm H20, etc. Units are given in the appendix.
*
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Table 1b:

The distribution of Available Water Capacity with soil depth in a Yellow Kandosol,
calculated as the difference between various estimates of the Upper Storage Limit and the
-15 bar moisture content. Upper Storage Limit estimates are: Moisture profile after 3 days of
drainage; Moisture profile at 0.1 bar; Moisture profile at -0.3 bar; Moisture profile when
profile drainage rate, q, falls to 1 mm/day.
Water Retained mm/10 cm

Soil Depth
Interval
cm

3 day θv
-15 bar θv

0.1 bar θv
-15 bar θv

0.3 bar θv
-15 bar θv

θv for q = 1
mm/day
-15 bar θv

0–15
15–25
25–50
50–75
75–100

15
14
12
12
12

11
10
8
8
9

8
8
6
6
6

9
8
6
6
5

128

88

66

65

Available Water
Capacity in a
100 cm deep
profile
Units of mm

From inspection of Figure 4b it is easily seen that for the Red Kandosol, the ‘best’ Ψ to use lays between
-0.1 bar and -0.3 bar since the θv profile corresponding to q = 1 mm/day lays between the θv profiles
corresponding to -0.1 bar and -0.3 bar respectively. From Table 1a, the SAWC appropriate to these Ψ’s
deviate by + 18 mm to -30 mm/100 cm soil from the SAWC of the ‘drained’ profile (165 mm H20/100 cm
soil depth). Hence a θv corresponding to a Ψ of -0.1 bar will provide the best estimate of SAWC for this
soil.
In the Yellow Kandosol (Figure 5b) the best approximation of the ‘drained’ profile is that θv
corresponding to a Ψ of -0.3 bar and from Table 1b, use of this value will produce a negligible error in
SAWC whose value is 66 mm H20/100 cm soil depth. Had a Ψ of -0.1 bar been used, that SAWC would
be estimated as 88 mm/100 cm soil depth (Table 1) which overestimates the ‘true’ SAWC by 22
mm/100 cm or + 35%, which is starting to get appreciably large.
From the above discussion it should now become evident that the Field Capacity or USL profile is
determined by the unsaturated transmission properties of the soil and to the extent that a ‘small’ (ie.
c 1 mm/day) transmission rate corresponds to a Ψ of -0.1 to -0.3 bar, then so it is that the θv of
undisturbed cores corresponding to these matrix potentials, will approximate the drained field θv profile.
In coarse textured soils (sands to sandy loams) these low transmission rates tend to occur at moisture
contents corresponding to Ψ of c -0.1 bar, whilst in medium textured soils (loams to silt loams) Ψ of c
-0.3 bar provide the better estimates.
Such Ψ estimates ignore of course the amount of soil water available for plant use before soil profile
drainage rates fall to ‘small’ values and will be further in error if the profile drainage is impeded because
of a shallow water table; a slowly permeable layer at depth or a layer of soil at depth which has a
substantially coarser texture than that of the overlying profile.
Yet another estimate of the water retained at ‘Field Capacity’ is the gravimetric water content retained by
ground soil samples equilibrated at a Ψ of -0.33 bar. These θv values are then multiplied by the
appropriate field Bulk Density to obtain the volumetric figure (via eqn 5).
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Despite the widespread use of these disturbed ‘1/3 bar’ moisture contents by the QDPI, there is
surprisingly little evidence to support their validity as reasonable estimates of the USL of the drained field
profile, even in freely draining rigid soil, and their use is not supported by this author.

Figure 6:

Comparison of the -1/3 bar, -15 bar and drained upper storage limit gravimetric moisture
content profiles in a permeable, rigid, Red Chromosol profile.

The size of the error can be judged by inspection of Figure 6 where the -1/3 bar profile is compared with
the ‘drained’ moisture profile measured 2 days after flood irrigating a permeable Red Chromosol duplex
profile. Presumably, had a drained profile of negligibly small drainage rate (c 1 mm/day) been available,
the divergence between it and the -1/3 bar θg profile would even be greater than that reported in Figure 6.
Swelling Soils
In swelling soils, estimation of the USL can be either surprisingly easy for profiles which have little
restriction to subsoil water entry or exceptionally difficult for profile where the depth and degree of
subsoil wetting is limiting.

An example of the former behaviour is shown in Figure 7a for a strongly self mulching Black Vertosol in
which the gravimetric moisture profile measured 2 days after a flood irrigation is in excellent agreement
with the estimated fully wet profile (termed the theoretical USL) to a depth of c 120 cm. Unlike the
freely draining rigid soils of Figures 4 and 5, the concept of Field Capacity has little relevance in swelling
soils in that the drainage rate immediately after the removal of surface water is usually negligibly small.
This is not to say that deep drainage below the root zone does not occur in these soils, but rather it
appears to be confined to times when free water is ponded on the soil surface after the soil water deficit of
the active root zone has been satisfied.
It is also evident from Figure 7a that, with the exception of the top 10 cm, the -1/3 bar θg grossly
overestimates the USL. The reason for such large divergence seems relatively straightforward in that
when ground (≤ 2 mm) soil is immersion wet, prior to the -1/3 bar determination (in a pressure plate
apparatus), unrestrained swelling creates additional pore space which remain water filled at a Ψ of -0.33
bar. In the field the constraint caused by the overburden prevents such unrestrained swelling, except of
course for the surface 5–10 cm. It is generally found the divergence between -1/3 bar θg and the field wet
moisture contents increase with both increasing soil depth and increasing swelling potential of the soil
(which is well correlated with a soil’s Cation Exchange Capacity).
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Figure 7a: Comparison of the -1/3 bar and -15 bar gravimetric moisture content profiles with the
measured upper storage limit and the predicted upper storage limit gravimetric moisture
profiles for a black Vertosol.

Figure 7b: Comparison of the -15 bar gravimetric moisture content profile with the measured upper
storage limit and the predicted upper storage limit gravimetric moisture profiles for a
Sodosol.

163

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Figure 7c: Comparison of the -113 bar and -15 bar gravimetric moisture content profiles with the
measured upper storage limit and the predicted upper storage limit gravimetric moisture
profiles for a Sodosol.

A very different type of wetting behaviour is shown in Figure 7b for a strongly sodic Sodosol profile in
which the USL converges on the - 1 5 bar θg profile by 50 cm soil depth. It is clear that the depth and
degree of subsoil wetting is severely limited in the soil and even the theoretical USL grossly
overestimates the ‘normal’ wet profile unless the soil is subjected to a period of prolonged surface
ponding. The -1/3 bar θg profile is not available for this soil but almost certainly would be very much
larger than the measured ‘fully wet’ USL.
The type of wet profile shown in Figure 7b is typical of the wetting behaviour of grey vertosol clays of
low swelling potential (CEC < c 25 meq%) and many of the strongly sodic Sodosol profiles of North
Queensland (McCown et al. 1976).
Yet another type of subsoil wetting behaviour observed in heavy textured subsoils is shown in Figure 7c
for a Sodosol (upper B horizon has large columns).
Here the measured USL not only is substantially greater than the - 1 5 bar θg profile for all soil depth,
except the 30–50 cm layer, but also is in quite good agreement with the fully wet USL, except for the
30-50 cm layer, suggesting that water has ‘by-passed’ the upper columnar B horizon on its journey into
the better structured subsoil. As the measured rooting depth in this soil was c 50 cm, it is obvious that
lack of subsoil wetting has a substantial effect (c 30 mm of water) on the amount of soil water potentially
available for plant growth. However, it was found in a nearby soil of similar morphology, sodicitv and
CEC, that the simple expedient of shallow (c 20 cm) ripping ensured the profile wet up to its maximum
possible wetness (ie. the theoretical USL) to a depth of 150 cm (data not shown) illustrating that
measuring the USL for uncultivated conditions can be quite misleading in this type of soil.
We note yet again that the -113 bar profile of Figure 7c grossly overestimates the measured and
theoretical USL profiles, and when taken in combination with the results of Figures 6, 7a and 7b leads us
to conclude that -1/3 bar values are a grossly misleading estimate of the USL in heavy textured subsoils
and, indeed, for many freely draining rigid soils.
The information of Figures 7a–c shows a bewildering variety of wetting behaviours can occur in heavy
textured subsoils, but some sense can be made of this apparent confusion by remembering that the mode
of subwetting in these soils, under ponded conditions, is via shrinkage cracks. The longer the period of
time that free water in the cracks remain in hydraulic continuity with the free water on the soil surface,
the more complete will be the depth and degree of subsoil wetting. However, once the cracks near the
soil surface swell shut, the hydraulic connection is effectively broken.
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The width of surface and near surface cracks is a function of the soil water deficit (ie. θv wet – θv dry),
planting geometry, sodicity and macrostructure of the upper B horizon and it is not unusual to observe the
USL profile becoming increasingly ‘drier’ during an irrigation season, particularly in the Sodosol
profiles. That is especially the case if pasture is grown on soils of relatively low swelling potential
(including Vertosols), as the close plant spacing combines with relatively small, surface and near surface
soil water deficits, (ie. small compared with air dry moisture contents) to form many but narrow cracks
which swell shut quickly on flood irrigation. In extreme cases, variable USL profiles can lead to a
halving in the size of the soil water store available for plant use, which at best, is usually of the order of
only 50–80 mm for these soils.
In summary then, we can see that definition and measurement of the USL profile present difficulty in
many freely draining rigid soils and in some heavy textured swelling soils. In the former case, the
extended period of drainage after irrigation restricts the amount of soil water retained, whilst in the latter
case, permeability problems can restrict the water that enters the soil profile.
Prediction
To avoid the cost and tedium of wetting soil profiles in the field, it would be useful if the USL could be
correlated with more easily measured soil properties. In the freely draining rigid soils, we claim, with
some justification, that this easily measured value is NOT the -1/3 bar moisture content of ground, sieved
soil. The alternative of course is to take undisturbed soil cores and measure the volumetric moisture
contents corresponding to matrix potentials of either -0.1 bar (coarse textured soil) or -0.3 bar (medium
texture and finer). However, taking acceptable undisturbed cores actually involved excavating a pit and
sampling from carefully prepared ‘steps’, cut into the pit wall. Given the amount of work involved in
this, a more sensible alternative is to pond water in a 1 m diameter ring for several days, cover the ring
against evaporation and monitor the changes in the soil water profile with elapsed drainage time, using a
Neutron Moisture Meter. An approximate NMM calibration curve will do for this purpose. When the
drainage rate has materially decreased (c 1 mm/day) the ring can be sampled for θg and Bulk Density
using a readily available hydraulic sampling ring.

This approach will put the ‘field’ back into ‘Field Capacity’ since the drained θv profile will reflect the
water transmission and retention properties of the field soil and allow the effects on the USL of any
hydraulic discontinuities in the soil profile (eg. coarse layer, impermeable layer, etc.) to be expressed,
which will not be identified by undisturbed core data.
In swelling soils which have no serious water entry problem (eg. Figure 7a), field experimentation can be
avoided as the USL can be predicted by the equation given by Shaw and Yule (1978):
USL = θg max = 0.124 – 0.265D + 0.160D2 + 1.284 (15 bar θg)
where

(24)

θg max has units g/g
D is the soil depth in metres (but D cannot exceed 1 m)
-15 bar θg is the -15 bar moisture content in g/g

Using equation 22, gravimetric estimates of the USL via eqn 24 can be converted into volumetric units
(cm3 H20/cm3 soil).
Equation 24 has been validated in the field for soil textures which have a -15 bar percentage of > 0.13 g/g
and hence cannot be applied to many freely draining rigid soils whose -15 bar values are usually less than
0.13 g/g. Moreover, eqn 24 would not be expected to be valid in such soils as their USL is often strongly
influenced by the degree and fineness of the soil structure, whereas the implicit assumption underpinning
eqn 24 is that θg max is determined exclusively by the available (clay) surface per unit mass of soil, of
which, the -15 bar moisture percentage is a surrogate measure.
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There is a further difficulty in applying eqn 24 to heavy textured subsoils where the depth and degree of
subsoil wetting is severely limiting, as occurs for example in Figure 7b. In this case the USL will be
grossly overestimated by eqn 24, and this error will not be mitigated by a water entry response to shallow
ripping, as occurs for example for the soil of Figure 7c.
At this stage we are uncertain how to identify those (swelling) soils for which eqn 24 is an invalid
estimate of the USL, but our tentative criteria suggest that soils with:
•
•
•

low swelling potential (CEC < 25 meq %)
high sodicity (ESP > 15)
a salt bulge at shallow (< c 60 cm) depth with the EC remaining constant below the salt bulge depth

should be excluded from the calculation.
In further sections, it will be shown that failure to wet up the subsoil does not seriously detract from our
ability to predict the Plant Available Water Capacity of these soils.

10. LOWER STORAGE LIMIT AND AVAILABLE WATER CAPACITY
The Lower Storage Limit (LSL) is often equated as the moisture content corresponding to a Ψ of -15 bar:
this is called Permanent Wilting Point Percentage. In practice, equating the -15 bar percentage to the LSL
is not a bad approximation (in the upper half of the root zone) in many soils, not the least reason being
that at these low matrix potentials, small (0.01–0.03 g/g) changes in gravimetric moisture correspond to
large changes in the Ψ which are then well below the water potentials that can be generated in transpiring
agricultural plants. Hence whilst a Ψ of -15 bar may not represent the lowest limit of water available for
plant extraction, its corresponding moisture content is not far off the mark.
Available Water Capacity (AWC) may be defined as the difference in the (volumetric) moisture content
between the -15 bar percentage and the -0.1 bar percentage. It is a convenient standard method of
estimating the effect of soil texture and structure on the approximate amount of soil water available for
root extraction, and conventional wisdom has it that as clay content increases, so too does the AWC (units
of mm H20/10 cm depth of soil). Inspection of Table 2a shows that this viewpoint is a gross
simplification of real world behaviour where a well structured (loamy) sand can have an AWC of 16
mm/10 cm which is almost as large as the AWC of self mulching Black Vertosol. If this structure is
removed, however, (eg. by excessive cultivation) the sand’s AWC decreases to c 10 mm/10 cm and this
value changes very little as the structureless soil texture increases from a loamy sand to a medium to
heavy clay. It can also be seen from Table 2a that in the coarse to medium textured soil classes, structure
formation can result in a doubling in the AWC. The reason is the formation of an increasing volume of
pores which retain water in Ψ range of -0.1 to -1.0 bar rather than any substantial change in the -15 bar θv.
At matrix potentials below -1.0 bar (ie. more negative than) water is held in the soil by absorptive forces
(a function of the amount of active surface area per g soil) rather than capillary forces (a function of the
pore size distribution) and texture rather than structure then becomes the dominant factor determining the
amount of water retained per unit weight of soil. It is for this reason that the -1.5 bar θg is so well related
to a soil's clay content, after allowance is made for clay type (ie. Kaolinitic vs Montmorillinitic clays).
Table 2b shows similar information to Table 2a except this AWC data is for freely draining rigid soils of
the USA where USL was measured in the field (after drainage became negligibly small) rather than
approximated by -0.1 bar percentage used in the calculations of Table 2a.
However, the message is much the same - there is almost as much variation in the AWC for a given soil
textural class (reflecting structural differences) as there is between textural classes. Clearly it would be a
brave person indeed who claims that he/she can estimate the AWC of a soil by texturing it in the field.

166

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Table 2a:

Influence of field texture and structure on the water retained between -0.1 bar and -15 bar for
a range of Australian soils (after Williams 1983).
Water Retained mm/10 cm

Field Texture Class
Well Structured Soils

Structureless Soils

16
27
24
19
17
12
20

10
12
13
13
12
11
15

Sands
Sandy Loams
Loams
Clay Loams
Light Clays
Medium–Heavy Clays
Self Mulching Clays

Table 2b:

Influence of field texture on the amount of water retained between a drained field profile and
the -15 bar moisture content for a range of American soils (after Ratliff et al. 1983).

Field Texture Class

Sands, Loamy Sands
Sandy Loams
Loam, Silty Loam
Silty Clay Loam
Clay Loam
Sandy Clay Loam
Silty Clay
Light Clay

Water Retained* mm/10 cm

5
11
11
11
9
8
11
9

to
to
to
to
to
to
to
to

16
16
18
15
16
14
16
16

* Field structure not given by original authors. Presumably the range of water retained in
a given texture class largely reflects differences in field structure.

Table 2c:

Water retained between -0.1 bar and -15 bar by the B horizon of a range of Australian soils
of similar clay content but different field structure (from Talsma 1983).

Soil Type

Field Structure

Red Kurosol
Yellow Kurosol
Red Ferrosol
Red Kandosol
Yellow Kandosol

Strongly pedal
Pedal
Strongly pedal
Massive
Massive

Clay %

31
34
33
30
30

Water Retained mm/10 cm

9
30
16
24
8

167

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Table 3:

Influence of field texture on the water retained between the -15 bar and Air Dry moisture
content.

Field Texture Class

Loamy Sand
Sandy Loam
Loamy Fine Sand
Fine Sandy Clay Loam
Clay Loam
Silty Clay Loam
Light Clay
Medium Clay
Heavy Clay

-15 bar Moisture Content
g/g

0.02
0.03
0.06
0.07
0.08
0.13
0.10
0.14
0.33

Water Retained mm/10 cm

2
4
7
8
9
15
9
14
19

The perceptive reader could argue of course that a better estimate of a soil’s AWC could be obtained by
assessing both the field texture and the degree and fineness of field structure, and indeed some success
has been reported by Williams et al. (1983) in this regard. However, even this sensible approach can be
fraught with difficulties as the data of Table 2c shows. Here, the AWC is reported for the B Horizon of
Kurosol, Ferrosol and earth profiles and despite similarity in the clay content, one of the largest AWC
values occurs in the Massive Red Kandosol and one of the smallest in a well aggregated Red Kurosol.
Similarly, note the large disparity in the AWC of the Red and Yellow Kandosols, both of which have no
secondary aggregation (ie. not structure other than that inherited from the parent rock).
The message is clear! If one wants knowledge of the AWC of different soils, measure the USL in the
field (as per page 21) and take samples for subsequent -15 bar determinations. At these matrix potentials,
sample disturbance effects (ie. grinding, sieving) on water retention are negligibly small. An exception to
this field tedium are the swelling soils which wet up fully to depths > c 100 cm, in which case, the AWC
can be calculated from the -15 bar (gravimetric) percentage values via equations 24, 22 and 21. In some
ways then, assessing the hydrological properties of a self mulching Black Vertosol can be considerably
easier than that of a well drained Ferrosol, which is a challenge to the conventional wisdom.
It is to be appreciated that knowledge of the soil’s AWC is not sufficient information to make informed
statement on the size of the plant available soil water store, as no allowance has been made for differences
in rooting depth and activity between soils. These aspects will be considered shortly.

11. THE UNAVAILABLE WATER CAPACITY
In the surface 10–20 cm of a soil profile, there is strong competition for the soil water between plant root
water uptake and direct evaporation to the atmosphere. At matrix potentials more negative than c -15 bar,
direct evaporation dominates the water loss process and it is not uncommon to find the surface 10-15 cm
of soil dries down to its Air Dry Water content.
The water stored between the -15 bar and Air Dry moisture percentages is largely unavailable for plant
transpiration but nevertheless must be replaced (by rainfall/irrigation) before the soil water store comes
into the plant available water range. Since we are dealing with very low matrix potentials (Air Dry ≈
-1000 bar) the size of this unavailable water store should be well related to texture and this is confirmed
in Table 3 where the UAWC ranges from 2 m/10 cm for a loamy sand to 19 mm/10 cm for a heavy self
mulching clay.
As the A horizon of many of the (sodic) duplex profiles in Queensland are usually fine sandy clay loams
or coarser, it is not surprising that, after an extended dry spell, growth response to light falls of rain (say
25 mm) is much more noticeable on these soils than the cracking clays. In addition, direct evaporation
occurs from the walls of the shrinkage cracks in Vertosols, allowing air dry moisture contents to penetrate
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further into the profile, to depths of perhaps 30 cm. Hence the difference in UAWC on a ‘profile basis’
between rigid and swelling soils will often be considerably larger than that inferred from Table 3.
There is another reason why light textured soils often give a better pasture response to light rainfalls, and
this is associated with the Available Water Capacity and the mechanisms of infiltration and evaporation.
During a rainfall event the depth of penetration of wetting into the soil profile, Dwf, may be expressed as
D wf =

where:

PG
∆θ v

(25)

PG is the amount of gross precipitation (mm)
∆θv is the difference between the initial (dry) soil moisture content and the saturation
moisture content.

For example, if PG = 20 mm and ∆θv = 0.15 (ie. 15 mm/10 cm soil), Dwf equals 133 mm. After a few
days of drainage, the wetting front becomes deeper and the ‘effective’ ∆θv can be equated to the AWC if
the initial soil moisture content is say the -15 bar percentage. From Table 2a, a reasonable estimate of the
AWC for a sandy loam is say 10 mm/10 cm and Dwf = 200 mm (ie. 20/0.1). In contrast, the AWC of a
self mulching clay is of the order of 20 mm/10 cm and hence Dwf = 100 mm (ie. 20/0.2). The form of
these profile wetting shapes is shown schematically in Figure 8a, noting that the area under the curves is
the same for both soils and equals, in this example, 20 mm ie. the rainfall depth.

Figure 8a: Schematic diagram illustrating differences in the depth of penetration of the wetting front,
following a given amount of rainfall, for two soils with contrasting available water
capacities.

If we now impose an evaporative demand on the soils, a ‘drying front’ penetrates downwards from the
soil surface in a manner shown schematically in Figure 8b. This drying front has the interesting property
that the time required for any given moisture content (less than ‘Field Capacity’) to reach any depth, Z, is
proportional to Z2. For example, for a given soil, the time required for a soil depth of 100 mm to dry to a
moisture content of θi, is over four times as long as the time required for the same moisture content to
occur at a depth of 50 mm.
During this time, there is competition for the soil water by root water uptake and the greater the depth of
soil required to store a given amount of rainfall, the greater the opportunity time for the roots to take up
this water rather than it being lost as evaporation. The net result of this AWC–infiltration–evaporation
interaction is that a greater fraction of the rainfall will be used as plant productive transpiration rather
than as unproductive evaporation, as the depth of wetting increases.
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This process is, of course, in addition to the effects of differences in the UAWC between soils where
wetting front depths are largely irrelevant, as much of the soil water stored at Ψ's less than -15 bar are
largely unavailable for plant growth, irrespective of the period of time this unavailable water remains in
the soil.

Figure 8b: Schematic diagram showing the time course of the distribution of volumetric water content
with depth, for a soil subjected to a constant evaporative demand. Note that the initial
moisture condition is ‘field capacity’ whilst t is the time required for a given moisture
content, θi, to reach a specified depth, L.

It is to be appreciated that these differences in near surface hydrological behaviour between soils is a
short lived phenomenon and sustained pasture (or crop) growth requires a good subsoil water store. This
is often much larger in the self mulching clays than in the Sodosol profiles with light textured A horizons.
For these reasons, many graziers in Queensland prefer a mixture of fight and heavy soils on their
properties: light textures to get the pasture away quickly after small rainfall events; heavy textured soils
for the pasture to ‘hang on’ during extended dry periods.

12. PLANT AVAILABLE WATER CAPACITY
12.1 Measurement

The final arbiter of the lower limit of the soil water store available for plant growth (the Plant Available
Water Capacity – PAWC) is of course the plant, and for a given soil this value will be determined by the
depth and degree of subsoil drying (ie. rooting depth and root activity at depth) and complicated by the
degree of plant stress chosen to define the moisture profile corresponding to this lower limit of
availability. In quantitative terms we can say
RD

PAWC = ∫ O

(USL – LSL)z . dz

(units of mm H2O)

(26)

where the USL (z) is the volumetric moisture content profile of the drained field soil at any depth z cm,
and as such, reflects any restrictions to water entry or drainage; LSL(Z) is the volumetric water content of
the dry profile corresponding to a mature, stressed plant and as such, reflects any restriction to rooting
depth and activity, and RD is the maximum rooting depth defined as the soil depth when the USL
moisture content equals the LSL value.
Figure 9a shows the AWC (Field drained USL -15 bar percentage) and PAWC (field drained USL - LSL)
profiles for a freely draining rigid American loam soil. The LSL was measured when the crop (wheat)
had effectively stopped extracting water and was severely stressed. It is evident from Figure 9a that the
rooting depth is c 180 cm deep, and that plant roots have extracted soil water down to the -15 bar
percentage over most of the root zone except for soil depths > c 140 cm. At shallow depths, the LSL(Z) is
less than the -15 bar percentage (ie. PAWC(Z) depths > AWC(Z)) reflecting the effects of soil evaporation,
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whilst at depths > c 140 cm, PAWC(Z) is less than the AWC(Z) suggesting there are insufficient roots to
dry the soil down to the –15 bar value. The PAWC of the whole profile is a very large 230 mm which
differs little from summing the AWC over the same depth of soil, giving a value of 240 mm. That is,
overdrying in the upper part of the soil compensates for underdrying in the lower 1/3 of the root zone and
a reasonably accurate estimate of the PAWC can be obtained by combining the -15 bar values with a
valid estimate of the field drained USL, summed over 180 cm. Note that the average AWC of this soil is
a modest 7 to 12 mm/10 cm which is considerably less than the AWC of many self mulching cracking
clays (Table 2a).

Figure 9a: Distribution of the available water capacity and plant available water capacity with soil depth
in a well drained American loam.

Figure 9b: Distribution of the available water capacity and plant available water capacity with soil depth
in a black Vertosol.
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Figure 9c: Distribution of the available water capacity and plant available water capacity with soil depth
in a Sodosol.

Figure 9b shows similar types of information for a strongly self mulching Black Vertosol in the Burdekin
Irrigation Area which has few constraints on the depth and degree of subsoil wetting (see Figure 7a). The
irrigated PAWC profile was calculated using as the LSL, the soil moisture profile measured when a
mature irrigated sorghum plant crop was showing moderate water stress (midday wilt for 2 consecutive
days). It is clear the rooting depth is a modest 100 cm and that considerable amounts of ‘available’ soil
water have not been extracted by the sorghum in the lower 2/3 of its root zone, as PAWC(Z) values are
substantially less than AWC(Z) values. This unextracted ‘available’ water is denoted by the upward
hatched area of Figure 9b. The PAWC of this moderately stressed crop is 120 mm.
Also shown on the same figure is the water extraction profile of a mature dryland second ratoon sorghum
crop, grown on the same soil, where plant stress was sufficient to cause leaf death. Here the PAWC was a
generously large 290 mm, due to water extraction well below the -15 bar percentage to a depth of 150 cm
(ie. PAWC(Z) > AWC(Z) for all depth increments). The extra water ‘extracted’ below the -15 bar limits is
shown as the downward hatched area in Figure 9b. Almost certainly part of this extra water was due to
evaporation from the crack wall surfaces and adopting the 15 bar profile to 150 cm soil depth as a more
conservative estimate of the LSL, profile PAWC is still large at a value of 200 mm. Nevertheless this
‘extra’ 90 mm of water must be replaced in re-establishing favourable conditions for plant growth (via
irrigation/rain) and its value must therefore be explicitly considered in water balance calculations.
Yet another estimate of PAWC is available for this soil when a mature first ratoon irrigated sorghum crop
was subjected to a drying cycle causing severe plant wilting. Here the profile PAWC was 170 mm due to
a combination of a deeper rooting depth (to 120 cm cf. 100 cm for the moderately stressed plant crop) and
a more complete degree of water extraction in the lower 1/2 to 2/3 of the root zone (data not shown in
Figure 9b).
Similar responses in profile PAWC to drying severity were observed in a range of Vertosols in the
Burdekin Irrigation Area, but admittedly few were as dramatic as the soil of Figure 9b.
We are uncertain as to the soil morphological properties which best correlate with a substantial rooting
depth and activity response to plant water stress which, in turn, are the major reasons for differences in
PAWC both within and between soil types. Preliminary observations suggest this behaviour is more
likely to occur in those Vertosols with a strong, very fine (5 mm) to fine (5–10 mm) sub-angular blocky
subsoil structure, superimposed on which is a well developed secondary structure of large (500 mm by
200 mm) lenticular peds. Planar voids defined by these large structural units are thought to provide
pathways for gaseous exchange at depth, allowing roots to grow, water to be extracted, shrinkage cracks
to form, and thereafter, aeration becomes largely unrestricted.
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The surface morphological property often associated with this form of subsoil structure is a strong, finely
self mulching surface.
Interestingly, PAWC responses to drying severity were not observed in Sodosol profiles in which the
restriction of incomplete subsoil wetting (eg. Figures 7b and c) was removed by appropriate management
treatments. Invariably the rooting depth of these soils was less than 60 cm, and under conditions of
moderate plant stress, the form of water extraction pattern was similar to that of the irrigated Vertosol of
Figure 9b. That is, not all the available water in the bottom 1/3 of the root zone was extracted. Obviously
some other soil factor has overriding importance in restricting root growth in these soils and preliminary
work suggests high levels of soil salt cause osmotic drought in the growing root tips.
Figure 9c compares the plant water extraction and the AWC profiles measured in the irrigated Sodosol
soil shown in Figure 7b. In this case all the water which enters at an irrigation is extracted by plants
(ie. PAWC = AWC for all depths), but of course the amount of water entry is severely restricted by the
depth of wetting. The profile PAWC of this soil varied from 50–80 mm due to variation in the USL
during the irrigation season which, incidentally, was the same range of PAWC’s observed in a large
number of irrigated Sodosol with shallow A horizons (Gardner and Coughlan 1982).
Subsoil wetting and water extraction behaviour similar to that of Figures 7b and 9c were also reported by
McCown et al. (1976) for a wide range of dryland Sodosol profiles in North Queensland growing native
pasture. They found that although the maximum PAWC of the subsoil was only c 80 mm, this could
almost be equated by the PAWC of 30 cm of coarse textured A horizon (ie. PAWC of A horizon
≈ 25 mm/10 cm soil depth). Clearly the PAWC of the whole profile in these soils is strongly influenced
by the thickness of the A horizon and erosion will have substantial plant production implications due to a
combination of reduced profile PAWC and reduction of the soil nutrient bank. They are fragile soils!!
In summary then, we can say that for those rigid and swelling soils where the USL is not constrained by
the depth and degree of subsoil wetting, the size of the profile plant available soil water store is
determined largely by the depth and activity of the root zone with only second order responses to
difference in the AWC per unit soil depth.
In freely draining rigid soils, rooting depth is of the order of 150–200 cm for many agricultural plants
(unless rooting depth is limited by a layer of high soil strength or elemental toxicity such as aluminium)
and the soil is dried down to the -15 bar percentage, over most of the root zone, under dryland conditions.
In the ‘permeable’ Vertosols, the depth and degree of subsoil water extraction is responsive to the level of
plant water stress imposed. When changing from a moderately stressed irrigated situation to a severely
stressed dryland situation, profile PAWC can double due to increasing rooting depth and root activity at
depth. Similar PAWC behaviour probably also occurs in the freely draining rigid soils.
For the sodic to strongly sodic duplex profiles and Vertosols of low swelling potential, the USL is
constrained, to varying degrees of severity, by the depth and degree of subsoil wetting. However, even
when these wetting limitations are removed there is little root depth/activity response to the severity of
the drying cycle. Obviously other soil factors, not directly related to soil water, are limiting rooting
behaviour in these soils.
In many soils then, the key to understanding and changing the profile PAWC lies more in understanding
and manipulating rooting behaviour rather than being unduly concerned about the available water store
per unit depth of soil.
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12.2 Prediction

Prediction of profile PAWC in freely draining rigid soils is relatively straightforward to the extent that
USL can be defined by either field measurement or equilibrating undisturbed soil cores to Ψ's of -0.1 bar
to -0.3.bar; the LSL can be approximated by the -15 bar percentage, whilst rooting depth can be assumed
to be 160-200 cm. PAWC is then the AWC summed over the rooting depth.
In the Vertosols and Sodosols, difficulties are encountered using this approach either because of
incomplete and variable subsoil wetting so that USL predictions from equation 24 are overestimated (eg.
Figures 7b and c), or alternatively the degree of subsoil water extraction is incomplete (eg. Figure 9b) so
that the -15 bar percentage will overestimate the LSL in the lower 1/2 to 1/3 of the root zone.
However, inspection of Figures 9b and c shows that the water extraction by plant roots is essentially
triangular in these soils due either to incomplete extraction in the Vertosols (for moderate plant stress) or
incomplete subsoil wetting in the sodic duplex profiles (irrespective of plant stress levels) suggesting
profile PAWC can be readily calculated by geometry* provided the in situ AWC of the upper soil layer is
known, and rooting depth is known.

Figure 10: Distribution of 1:5 electrical conductivity with soil depth in the black vertosol profile of
Figure 9b.

Fortunately in many of these slowly permeable soils, the native salt profile often shows a distinct bulge at
a depth corresponding to the depth of wetting or to the depth of root water extraction. An example of
such a salt profile is shown in Figure 10 for the Vertosol of Figure 9b and it is apparent that the depth to
the salt bulge (110 cm) is in excellent agreement with the measured rooting depth (or a moderately
stressed irrigated sorghum canopy). Admittedly such excellent agreement is not obtained in all slowly
permeable soils but generally the error is within ± 15%, which implies a similar relative error in profile
PAWC.
Estimating the PAWC of an upper soil horizon is also relatively straightforward in that it can be
approximated by the (volumetric) difference between the -15 bar percentage and the in situ USL,
measured one to two days after an irrigation.
For duplex profiles, the appropriate soil layer to measure is the upper 10 cm of the B horizon whilst for
Vertosols, the 10–20 cm layer should be used.

*

The area of a triangle equals the product of half its base (≡ AWC) by its height (≡ Rooting Depth).
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Figure 11: Modelled probabilities of having more than a given pasture yield per season for three plant
available water capacities (from McCown 1973).

The advantages of field assessment of the USL and hence PAWC are most clear cut in those sodic duplex
profiles with deep (eg. > 20 cm) A horizons in which drainage after saturation is often severely limited by
the permeability of the wet upper B horizon. Here the volumetric moisture content measured in the
A horizon of an irrigated, covered plot after 2–3 days drainage will be the most reasonable estimate of its
USL. The effect of this impeded subsoil drainage is to increase the PAWC of the A horizon over and
above that which would have occurred had the whole soil profile been composed of A horizon. In
extreme cases, PAWC of coarse textured A horizons can double, which is of the same order as the AWC
response expected when going from structureless to highly structured conditions (eg. see Table 2a).
It is to be appreciated that these field estimates of the A horizon PAWC must be added to the PAWC of
the relatively impermeable B horizon to give an overall profile PAWC.
Finally, we note that estimating the profile PAWC of those Vertosols which demonstrate a marked
response to the level of plant water stress, can be difficult. At this stage, our suggestion is to take the
-15 bar percentage as the LSL and sum the difference between the USL (from eqn 24) and LSL over the
rooting depth estimated from the salt bulge depth. This is essentially the approach developed by Shaw
and Yule (1978) which worked quite acceptably in predicting the PAWC of severely stressed irrigated
sorghum growing on a range of Vertosols at Emerald.

13. USING PAWC INFORMATION
A question that should be addressed when trying to estimate the value of a parameter of any system is:
How important is the error in parameter estimation on the predicted outcome of the system? In our case
we can ask how important is error in estimating profile PAWC on say, subsequent plant growth? Figure
11 provides a partial answer to this question by showing the effect of three profile PAWC’s on the
probability distribution of dryland pasture growth in North Queensland over a 60 year period. In very dry
years (10% of years) differences in PAWC had little effect on pasture growth as there was little rainfall to
recharge the soil water store. Similarly in very wet years (about 10% of years) there is little difference in
expected yield between soils as the rainfall amount and distribution was sufficient to allow daily
evaporative demand to be met even in soils with a small PAWC. On average, however, (50% of years)
soils with a PAWC of 180 mm conferred a pasture yield advantage of 34% over that expected from a soil
with a PAWC of 75 mm and a 10% yield advantage over a soil with a PAWC of 150 mm. Obviously in
this climate (near Townsville), differences in PAWC are not very important once its value exceeds
perhaps 120 mm, but this may not be the case for the same PAWC range in a different rainfall
evaporation regime.
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Alternatively, if the same type of water use–growth simulation were applied to grain crops, which have
well established yield sensitive growth stages, yield response to differences in PAWC may be larger than
those shown in Figure 11.
Obviously statements on the PAWC of soils are necessary but not sufficient information to infer the
implications of water supply on crop growth and the interaction between climatic, agronomic and edaphic
aspects probably dampen the effects of differences in PAWC between soils. Consequently, seeking great
precision in measuring a soil's profile PAWC may not be a cost effective way of spending one’s research
effort.
References

Berndt RD and Coughlan KJ (1977). The nature of changes in Bulk Density with Water content in a
cracking clay. Australian Journal of Soil Research 15, 27–37.
Berndt RD and White BJ (1976). A simulation-based evaluation of three cropping systems on crackingclay soils in a summer rainfall environment. Agricultural Meteorology 16, 211–229.
Fox WE (1964). A study of Bulk Density and Water in a swelling soil. Soil Science 98, 307–316.
Gardner EA (1978). Techniques for evaluating suitability for irrigation of cracking clay soils in the
Emerald Irrigation Area. Masters in Agricultural Science thesis. University of Queensland.
Gardner EA and Coughlan KJ (1982). Physical factors determining soil suitability for irrigated crop
production in the Burdekin–Elliot River area. Queensland Department of Primary Industries,
Agricultural Chemistry Branch, Technical Report No. 20.
Leuning R and Talsma T (1979). Water movement and retention in a forest soil. Australian Journal of
Forest Research 9, 233–240.
Loveday J (1964). A study of the relationships between yield of irrigated lucerne and the properties of
some grey and brown soils of heavy texture in south-west New South Wales. Australian Journal of
Soil Research 2, 96–110.
Loveday J and McIntyre DS (1966). Soil properties influencing growth of subterranean clover in the
Collambally Irrigation Area, New South Wales. Australian Journal of Experimental Agriculture
and Animal Husbandry 6, 282–295.
McCown RL (1973). Soil water storage capacity of tropical pastures. Agricultural Meteorology 11, 53–63.
McCown RL, Murtha GG and Smith GD (1976). Assessment of the available water storage capacity of
soils with restricted subsoil permeability. Water Resources Research 12, 1255–1259.
Nix HA and Fitzpatrick EA (1969). An index of crop water stress related to heat and grain sorghum
yields. Agricultural Meteorology 6, 321–337.
Ratliff LF, Ritchie JT and Cassel DK (1983). Field measured limits of soil water availability as related to
laboratory measured properties. Soil Science Society of America Journal 47, 770–775.
Ritchie JT (1981). Soil Water Availability. Plant and Soil 58, 327–338.
Rose CW, Begg JE, Byrne GF, Torsell BWR and Goncz JH (1972). A simulation model of growth-field
environment relationships for Townsville stylo (Stylosanthes humilis H.B.K.) pasture. Agricultural
Meteorology 10, 161–183.
Shaw RJ and Yule DF (1978). The assessment of soils for irrigation, Emerald, Queensland. Queensland
Department of Primary Industries, Agricultural Chemistry Branch, Technical Report No. 13.
176

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Talsma T (1983). Soils of the Cotter Catchment Area ACT; Distribution, Chemical and Physical
properties. Australian Journal of Soil Research 21, 241–255.
Williams J (1983). Physical properties and Water relations; soil hydrology. In: Soils: An Australian
Viewpoint, pp.499–530. CSIRO Division of Soils (CSIRO: Melbourne/Academic Press, London).
Williams J, Prebble RE, Williams WT and Hignett CT (1983). The influence of texture, structure and
clay mineralogy on the soil moisture characteristic. Australian Journal of Soil Research 21, 15–32.
Yule DF and Ritchie JT (1980). Soil shrinkage relationships of Texas Vertosols. I. Small Cores, II.
Large Cores. Soil Science Society of America Journal 44, 1285–1295.

177

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Chapter 13. Measurement of deep drainage
Philippa Tolmie
Department of Natural Resources & Mines, PO Box 318 Toowoomba 4350
Abstract

The information below has been taken directly from two reports, freely available on the NR&M website
http://www.nrm.qld.gov.au/salinity/reports.html. Please acknowledge these reports when referring to this
material.
Tolmie PE, Silburn DM (2003) 'Estimating deep drainage in the Queensland Murray-Darling Basin.
Review of past research.' Department of Natural Resources and Mines, Coorparoo, Queensland,
QNRME04100.
Tolmie PE, Silburn DM, Biggs AJW (2003) 'Estimating deep drainage in the Queensland Murray-Darling
Basin using soil chloride.' Department of Natural Resources and Mines, Coorparoo, Queensland,
QNRM03020.
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1.

INTRODUCTION

The future extent of secondary salinity in the Queensland Murray-Darling Basin (QMDB) is uncertain.
Secondary dryland salinity may be expressed on the land surface, as increased salt loads in streams, or as
salinisation of groundwater systems. For salinity to occur in a particular landscape, all of the following
factors are required: a) a store of salt in the soil, regolith, surface water and/or groundwater, b) a soil or
groundwater flow system that can translocate the water and salt to the land surface or stream, and c) a
change in hydrology. This change in hydrology specifically refers to an increase in deep drainage of
water below the rooting zone, which will increase recharge to groundwater (by vertical flow or lateral
hillslope flow) and mobilise the stored salt. Assessing the risk of salinity actually occurring requires an
understanding of all these factors. Salt stores and soi/groundwater systems are inherent hazards, which
are being characterised in related projects (e.g. Gordon et al. 2002), while changes in deep drainage are
related to vegetation, land use and management.
Deep drainage provides water that recharges groundwater and becomes baseflow in streams, and is not
necessarily a bad thing. However, problems may eventually arise when excessive deep drainage
mobilises stored salts by leaching or groundwater rise (due to excessive deep drainage elsewhere in the
landscape). Deep drainage is often a small proportion of rainfall, but in the presence of the other inherent
hazards mentioned above, may still contribute to groundwater recharge and salinity risk. Seemingly
small rates of drainage (e.g. 10 mm yr-1 or 1-2% of rainfall for the eastern half of the QMDB) will leach a
large amount of salt from the soil over a period of say 50 years (Tolmie et al. 2003a, b). While leaching
of excess salts from the root zone is beneficial for agricultural production (Hillel 1980), the fate of these
salts, and the water which moves them is of concern. Where salts are not present, excessive deep
drainage is a loss of water that could be used by crops (Bell 2001; Tolmie and Silburn 2001).
Improved understanding of deep drainage rates is also needed to better inform soil water balance
modelling. These models are used to determine the likely impacts of changes in land use on deep
drainage (Keating et al. 2002; Yee Yet and Silburn 2003), salinity risk (Webb 2002; Biggs et al. 2003)
and water quality. An understanding of deep drainage is also important for understanding the movement
of soluble nutrients, harmful electrolytes and agrochemicals through the soil (Rose and Stern 1965).
Previous water balance research in the QMDB mainly focussed on infiltration, run-off and soil
conservation (Freebairn et al. 1996). There has been limited work dealing directly with deep drainage,
mainly relating to irrigation (Silburn and Montgomery 2004), at a time of increasing need for real data to
inform salinity risk, soil water balance and groundwater models.
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2.

FACTORS INFLUENCING DEEP DRAINAGE

Drainage occurs when the plant/soil system is unable to use or store the amount of water it receives over a
period of time (Walker et al. 1999). Climate, soil properties and vegetation affect the extent of deep
drainage.

2.1

Climate

The QMDB experiences average annual rainfall varying from 945 mm in the east (e.g. Toowoomba) to as
low as 300 mm in the southwest (e.g. Hungerford) (Map 1). Average annual rainfall and potential
evaporation across the QMDB are highly related to longitude and inversely related to each other (Yee Yet
and Silburn 2003). Potential evaporation exceeds rainfall (on average) by some 1900 mm in the west and
by some 1300 mm in the east (excluding Toowoomba where the excess is 700 mm). Potential
evaporation also exceeds rainfall on average in all months of the year at all locations in the QMDB.
However, rainfall is highly variable on an annual and monthly basis, and large daily falls occur. Rainfall
is summer dominant, with some 60% in Nov-Mar in the east, north and northwest, falling slightly to 55%
in the south to southwest (Goondiwindi westward) (Yee Yet and Silburn 2003). Still, a significant 4045% of rain occurs on average in Apr-Oct.

Map 1 Average annual rainfall in the QMDB

Summer-dominant rainfall areas such as the QMDB have traditionally been considered at lower risk of
deep drainage than the winter-dominant rainfall zones of the southern states, due to the majority of annual
rainfall coinciding with high evapotranspiration (SalCon 1997). However, if cumulative rainfall over any
period exceeds the amount the soil can hold in the root zone (soil storage capacity), drainage will occur.
Rainfall increases in variability and intensity (e.g. daily totals) with decreasing latitude in eastern
Australia. Put simply, rainfall distribution is more ‘lumpy’ as you move north. Over short periods (days,
months) rainfall can exceed evapotranspiration and soil storage capacity. Thus drainage can occur in
summer-dominated rainfall areas and is strongly episodic and dependent on the rainfall sequence (Walker
et al. 1999; Keating et al. 2001).
Zhang et al. (2001) found that, worldwide, rainfall in excess of catchment evapotranspiration (i.e.
apportioned to drainage or run-off) increases with increasing rainfall. Petheram et al. (2000), in a review
of studies in Australia, noted that recharge increases with increasing rainfall. Their data were mainly
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from areas of winter-dominant rainfall. However, Yee Yet and Silburn (2002, 2003) report similar trends
for the QMDB, based on water balance modelling. Keating et al. (2001) modelled drainage along E-W
(latitude 33ºS) and N-S (600 mm rainfall isohyet) transects in the Murray-Darling Basin. They showed
that drainage is sensitive to rainfall total (i.e. more rainfall, more drainage) and the rainfall pattern (i.e.
winter-dominant rainfall exacerbates drainage). Changes in rainfall quantity and variability across the
QMDB makes the task of determining drainage more complicated. Thus modelling plays an important
role in extrapolating results (Zhang et al. 2002; Yee Yet and Silburn 2003).

2.2

Soils

Soil properties are key determinants of drainage (Silburn and Freebairn 1992; Keating et al. 2001, 2002;
Yee Yet and Silburn 2002, 2003). Deep drainage is influenced by plant available water capacity,
drainable porosity, hydraulic conductivity and run-off potential (a combination of soil properties and
surface conditions). These factors are to varying degrees influenced by soil attributes such as clay
mineralogy, clay content (or texture), bulk density and soil structure.
Plant available water capacity (PAWC) is particularly important as it determines the ‘buffer’ between
rainfall inputs and evapotranspiration outputs. PAWC is the sum of plant-available water holding
capacity of soil layers (horizons) in the root zone. The depth of root zone and the lower limit of water
extraction in each layer are influenced by soil chemical (e.g. pH, salinity, sodicity) and physical
properties (e.g. density), but can vary between types of plants, and is therefore a property of the plants as
well as soil. Thus defining the PAWC (including root depth) of various types of plants (e.g. crops,
pasture, native vegetation) for a soil captures part of the potential difference in drainage under these
plants. In contrast, the upper limit of PAWC (drainable upper limit or DUL) and drainable porosity
(water content between DUL and saturation; larger pores that drain more rapidly) are properties of the
soil, related to attributes such as texture, bulk density and mineralogy (Gardner 1985).
The PAWC of some cropping soils in the QMDB is reasonably well quantified (e.g. Dalgliesh and Foale
1998). However, other vegetation types on these or other soils are poorly characterised, for instance, soils
mainly used for grazing. A large proportion of cropping in the QMDB occurs on Vertosols, notable for
their high PAWC (200 mm or greater). However, a diverse range of soils is used for cropping, including
soils of lower PAWC e.g. Sodosols, Kandosols, Dermosols, and indeed shallow Vertosols. The
properties of these soils, like soils in grazing lands, are less well characterised. Water balance modelling
(Yee Yet and Silburn 2003) indicates that drainage is greater from soils of lower PAWC. Thus they
potentially represent major high drainage and recharge areas in the landscape.
In contrast to PAWC, hydraulic conductivity is poorly characterised, because it is influenced by land use
and management (Connolly et al. 1997) as well as inherent soil properties, and because it is difficult to
measure. Under native vegetation, hydraulic conductivity is relatively stable but under agriculture may
be significantly modified (e.g. by compaction, dispersion and slaking) and vary over time (Connolly et al.
1997).
Soils with inherently higher run-off will tend to have less drainage and vice versa. Our understanding of
run-off potential is largely derived from catchment studies over the past 25 years on small (single land
use) and medium (multiple land use) sized catchments under cropping, grazing and native vegetation
across northern Australian, and extrapolation from these using modelling. Examples are Lawrence et al.
(1991) and Freebairn et al. (1996).

2.3

Farming systems

Farming systems alter the pattern of soil water use and storage (Freebairn et al. 1996, 1997), compared
with native vegetation, and therefore change the frequency and magnitude of drainage episodes. Deep
drainage is generally greater under annual crops and pastures than native perennial vegetation (Walker et
al. 1999; Cocks 2001; Heng et al. 2001; Petheram et al. 2000). In cropping areas of the QMDB,
fallowing is used to accumulate soil water and reduce the riskiness of cropping. Fallows generally occur
between annual crops (i.e. about a six month period), although a ‘long fallow’ (one year or greater) may
be used when switching between summer and winter crops or during drought periods. This practice
creates conditions suitable for drainage, that is, a ‘full’ soil profile (Tolmie and Silburn 2001). In contrast
with some cropping environments in southern and western Australia, summer fallows in Queensland
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coincide with the wettest part of the rainfall pattern. However, the region does have the advantage that a
range of both summer and winter crops can be grown.
Management of the soil surface (tillage) and crop residues (stubble) also affects drainage. Evidence of
greater solute movement, and inferred greater drainage, under zero tillage than under conventional tillage
has been noted in a number of studies (Dalal 1989; Turpin et al. 1998; Turpin et al. 1999; McGarry et al.
2000; Bell 2001; Tolmie and Silburn 2003). Turpin et al. (1999), used bromide to track water movement
under different fallow management systems on a Black Vertosol on the Darling Downs. They found that
improved aggregate stability and pore continuity under zero tillage enabled more water to be conducted
through the profile under wetter conditions than for conventional tillage.
With little previous research on deep drainage in the QMDB, differences in drainage with different land
uses are uncertain. Modelling studies (Walker et al. 1999; Paydar et al. 1999; Keating et al. 2001; Moss
et al. 2001b; Yee Yet and Silburn 2002) have compared farming systems in terms of their susceptibility to
drainage. They generally find drainage under annual wheat > annual sorghum > opportunity crop >
perennial pasture > native vegetation. These modelling studies are discussed in Tolmie and Silburn 2003.

3.

METHODS OF OBTAINING DRAINAGE VALUES

Deep drainage can be obtained by a) direct methods e.g. lysimetry, zero flux plane method, or b) indirect
methods e.g. salt balance, measured water balance, groundwater response or soil water modelling1.
Detailed descriptions of such methods and their relative advantages and limitations are provided by other
authors (e.g. Titus and Mahendrappa 1996; Bond 1998; Walker 1998; Petheram et al. 2000; Zhang et al.
2002; Walker et al. 2002; Foley et al. 2003). A brief summary of each method is given in Table 1.
Chloride mass-balance techniques are discussed in more detail in Tolmie et al. (2003b).
Accurate measurement of drainage directly or by measured water balance in field soils (especially slowly
permeable soils) over an appreciable time period is difficult, time-consuming and costly (Rose et al.
1979). This is particularly so when comparing different farming systems and management strategies
(Walker et al. 1999). Drainage is often only a relatively small component of the overall water balance,
can vary greatly between seasons and is quite episodic in the Australian environment (Walker et al. 1999;
Freebairn et al. 1997; Zhang et al. 2002), which further confounds measurement.

1

Petheram et al. (2000) divide deep drainage methods into physical and chemical approaches.
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Table 1 Summary of methods used to obtain deep drainage
Method1

Description

Reference

Lysimetry (D)

A device to measure the volume flow of water with or
without application of tension, or to obtain water samples
from the soil.

Titus and
Mahendrappa (1996)

Zero flux plane method
(D)

Measures drainage by soil water change over short time
intervals, above (ET) and below (drainage) the zero flux
plane.

Bond (1998)

Darcy’s Law methods (I)

Hydraulic conductivity and hydraulic gradient measured to
give flow rate.

Bond (1998)

Measured water balance
(I)

All other components of water balance measured and
drainage determined by difference.

Zhang et al. (2002);
Ward et al. (2001)

Modelled soil water
balance (I)

Rainfall is distributed into run-off, soil evaporation,
transpiration, drainage and soil storage, stepping through
time.

Zhang et al. (2002)

Groundwater response
(I)

Simplistically, drainage rate equals increases in water
height multiplied by aquifer porosity, however, aquifers
have other losses (discharge) and gains, cover large areas
(eg >5km2). A groundwater model is usually needed.

Cook and Herczeg
(1998); Allison et al.
(1983)

Artificial tracers e.g.
bromide (I)

Drainage inferred by monitoring tracer movement; useful
when drainage rates are high.

Petheram et al.
(2000)

Steady-state chloride
mass-balance (I)

Summary of all salt inputs and outputs for a defined
volume or depth of soil during a specified period of time;
uses equilibrium chloride concentration profiles.

USSL (1954); Hillel
(1980); Walker
(1998)

Transient chloride massbalance (I)

Compares time series or paired site chloride concentration
profiles to infer rate of water movement.

Rose et al. (1979);
Thorburn et al.
(1987, 1990)

Chloride front (or peak)
displacement (transient)
(I)

Traces movement of the chloride front with depth during
the drainage process; used to infer rate of water
movement.

Allison and Hughes
(1983); Walker et al.
(1991)

D and I are direct and indirect methods, respectively. ET, evapotranspiration.

3.1

Measured deep drainage rates

Prior to 2002
We found no examples of direct drainage measurement for dryland agricultural systems of the QMDB1,
however research underway within NR&M is addressing this gap. Indirect measurements had been
undertaken but were still limited in their extent prior to 2002 (Tolmie and Silburn 2003).

Most data, inferred from soil chloride profiles, relate to native vegetation. These mostly indicate low
drainage (0.1-1 mm yr-1) and high salt storage (consistent with catchment salt balances), but with several
notable exceptions that may represent significant recharge areas in the landscape. A considerable number
of studies indicate significant reductions in soil salinity (EC and/or chloride) under cultivation compared
with native vegetation, mostly in the upper 1.2 m of soil, which indicates an increase in drainage.
However, drainage rates were not quantified. Several studies indicated greater salt leaching for
conservation tillage (stubble retention) systems compared with conventional tillage.
The main studies of drainage rates under cropping relevant to the QMDB are: (a) Jolly (1989)—the only
drainage rates measured in the QMDB—giving rates of about 5 mm yr-1 for two sites under cereal
1

Drainage has been determined under irrigation in the northern MDB directly using lysimeters (Moss et
al. 2001a) and indirectly by measured water balance (reviewed by Silburn and Montgomery 2004),
chloride tracer (Moss et al. 2001a; Thorburn et al. 1990; Willis and Black 1996) and water balance
modelling (Connolly et al. 1999).
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cropping on Grey Vertosols, (b) Young and McLeod (2001) with drainage of about 10 mm yr-1 on Black
Vertosols in the Liverpool Plains, and (c) the on-going Brigalow catchment chloride study (B. Cowie
pers. comm.) on brigalow soil in the Fitzroy, started by Thorburn et al. (1991). The latter is a particularly
important study as it is a major land system, involves forest, pasture and cropping land uses, has
measured other water balance components and has been monitored since land clearing for over 20 years,
with good sampling protocols. Studies in the south Burnett and northern NSW give important insights
that drainage rates can be high (20-200 mm yr-1) where soil PAWC is low (e.g. 100 mm) and hydraulic
conductivity is high.
Drainage rates measured under cropping using soil chloride (e.g. 5-10 mm yr-1), are a small proportion of
average annual rainfall (~1-2%) and may be difficult to determine by other methods. Still, this new
drainage rate after clearing is sufficient to drive a large change in chloride and salt content in the soil and
regolith. These salts will move down to whatever impermeable layer or watertable exists below. For
example, for Black Vertosols, with drainage of 10 mm yr-1 instead of 1-2 mm yr-1, soil and regolith
chloride concentrations will be reduced from the current 500-1000 mg kg-1 towards a new, lower
equilibrium with rainfall. The resulting concentrations of chloride in the leachate are 1500-3000 mg L-1.
Total salinity of the leachate will be several times greater than this, as it includes other anions and also
cations. This equates to an EC of the order of 10,000 µS cm-1 in the leachate. Higher leachate
concentrations will occur where soil chloride concentrations are higher than in this example.
Post 2002 research
Tolmie et al. (2003b) investigated deep drainage rates under a range of dryland cropping systems in the
QMDB, using the transient chloride mass-balance method, based on sampled soil profiles. Each site
generally included native vegetation and cropping treatments. Some sites also included a pasture
treatment and some (the research trials) had contrasting cropping or tillage treatments. Each site
generally included native vegetation and cropping treatments. Some sites also included a pasture
treatment and some (the research trials) had contrasting cropping or tillage treatments.

The agricultural soils studied had stored considerable chloride under native vegetation (brigalow, belah or
coolibah), with 10-40 t ha-1 in the 0-1.5 m soil depth. Drainage rates under native vegetation were
typically low, averaging 0.3 mm yr-1 on Sodosols and Grey Vertosols, and up to 1 mm yr-1 on Black
Vertosols on the eastern Darling Downs. Reasonably large reductions in soil chloride (and primary
salinity) were found in soils cropped for 20-70 years, and to a lesser extent in soils under pasture, after
clearing of native vegetation. On average, cropped sites lost 0.2 t ha-1 yr-1 of chloride from 1.5 m depth
and 0.3 t ha-1 yr-1 from 3 m depth. In contrast, about 0.01 t ha-1 yr-1 of chloride is input via rainfall. These
changes in soil chloride indicate an increase in deep drainage after clearing.
Drainage rates estimated from chloride data for longer-term cropping sites are reasonably low (i.e. as a
proportion of rainfall) but are considerably higher than under native vegetation. Drainage under cropping
averaged about 8 mm yr-1 and ranged from 2 to 16 mm yr-1. Drainage increased with average annual
rainfall, with lower values at western sites and the higher values at eastern sites.

4.

MODELLED DEEP DRAINAGE RATES

Water balance modelling from various sources gives a diverse range of estimates of deep drainage for any
given farming system (e.g. comparing data for Black Vertosols). In addition, the relative differences in
deep drainage between farming systems vary, although the ranking is usually similar. However, it must
be remembered that each study modelled different specific conditions, for soil properties, time period and
in the representation of various cropping systems. With regard to cropping systems, drainage will depend
on the number and duration of crops simulated. One modeller’s ‘wheat/sorghum rotation’ may include
long fallows between crops, while another modeller may use ‘double crop’ (i.e. planting back-to-back
crops). Thus the drainage outcomes will be quite different. Similarly, using a rooting depth of 1.2 m will
give considerably more drainage than a 1.8 m rooting depth on the same soil due to the large difference in
PAWC (Yee Yet and Silburn 2003). Only one of the modelling studies specifically investigated the
effect of fallow stubble management practices.
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In reality, the results of all modelling studies depend on the parameters used to represent the soils and
cropping systems. Several studies were based on modelling hydrologic studies where measured rainfall,
run-off, soil moisture and agronomic data were available to test the model and obtain parameter values.
These modelling studies were ‘well informed’ about various elements of the water balance, whereas
others involved extrapolation, or hypothetical cases. Few studies used deep drainage data to test and
calibrate modelled drainage, as such data are rarely available, Lawrence et al. (1991) being one exception.
Models are very instructive, particularly for comparing the hydrology of various crop rotations under a
variable climate, where many years of field measurement are required to obtain a true comparison.
Models are also informative about variation over time, particularly for highly episodic variables such as
run-off and drainage. The limitation with many modelling studies is the lack of suitable data with which
to compare model estimates. Ironically this lack of data is partly the reason that models are used in the
first place. To have confidence in modelled drainage rates some points of truth are needed, where
drainage and preferably the other water balance components, are measured.
Modelled drainage rates of greater than 50 mm yr-1 for northern MDB dryland cropping systems
including summer crops appear high, though not necessarily incorrect. This equates to a potential
maximum (i.e. no discharge) rate of groundwater rise of 1 m yr-1 (assuming a specific yield of 0.05 v v-1)
and much greater rates of rise in the wetter decades when most drainage occurs. Such rates of drainage
would also result in low levels of soil chloride fairly rapidly, which can be confirmed in the field. Such
rates are probably realistic for cropping on soils of minimal PAWC though the factors that lead to low
PAWC may also cause sub-surface lateral flow. This is water that may be falsely attributed to deep
drainage and potential recharge. Such ‘high’ drainage rates should be seen as a warning flag for
situations requiring further investigation.
While water balance modelling is useful for ranking management practices, and has the advantages
discussed above, it is uncertain how reliable the absolute drainage estimates are when compared with
groundwater balance (Walker et al. 2002). The reliability of modelled drainage will remain uncertain
until the models are thoroughly tested against measured drainage data, preferably where other water
balance components are also measured.

5.

‘CLAY SOILS DON’T DRAIN’

A common assumption in the past was that drainage through cracking clay soils (Vertosols), which make
up a large proportion of the cropping soils in the QMDB, was negligible due to the soils’ low infiltration
rates and high PAWC. However, deep drainage can, and does, occur on Vertosols. In a review paper,
Silburn and Montgomery (2004) considered available water balance data for irrigated cotton in
Queensland and northern NSW. Drainage of 100-200 mm yr-1 (1-2 ML ha-1) is typical, although 3-900
mm yr-1 has been observed. Deep drainage varies considerably depending on soil properties and
irrigation management. Soils used for irrigated cotton have much more diverse properties and
management requirements than ‘clay soil’. Worked examples are given of how clay soils of perceived
low infiltration rates allow significant drainage when supplied with sufficient water by irrigation and/or
rainfall. The perception that ‘clay soils don’t drain’ is due to a number of factors, discussed below.
Firstly, drainage rates under dryland cropping appear to be reasonably small in comparison to other water
balance components (though not necessarily inconsequential). Uncertainties in other, larger terms in the
water balance such as evapotranspiration, mean it is difficult to determine drainage unless it is measured
directly. In contrast with dryland agriculture, drainage under irrigation on clay soils is large enough that
the measured water balance method does appear to give reasonable estimates of drainage (Silburn and
Montgomery 2004). Drainage under dryland cropping is also highly episodic, such that no drainage may
occur during periods as long as a decade (Yee Yet and Silburn 2003). Therefore short-term observations
can be misleading if not combined with long-term analysis such as modelling.
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Secondly, ‘low’ infiltration rates should be interpreted with care due to differences in time scales.
Infiltration rates of 1-5 mm hr-1 are indeed low in the context of an intense rainstorm (e.g. >25 mm hr-1),
leading to considerable run-off, but represent potential drainage rates1 of 24-120 mm day-1 in the context
of drainage events that may last for days during an extended rainy period. Some Vertosols have good
structure and stable aggregates, and infiltration rates under rain, even when wet and surface sealed, are
more likely to be greater than 20 mm hr-1 (Silburn and Connolly 1995).
Finally, past studies of soil hydrology in the QMDB often involved measurements of soil moisture
content, which is generally not particularly accurate or timely (prior to development of in situ recording
soil water instruments). Soil moisture content data are difficult to interpret in terms of drainage. This is
particularly so in the subsoil, which is under considerable overburden, unless they are accompanied by
measurement of soil matric potential (Silburn and Montgomery 2004) or direct measurement of drainage
(Foley et al. 2003). A common misunderstanding is that constant soil moisture content in the subsoil
indicates the absence of drainage, whereas in fact it may indicate continuous drainage (Rose and Stern
1965). Soil moisture content is a poor indicator of absolute wetness (or nearness to saturation),
particularly under overburden.

6.

WHEN DOES DEEP DRAINAGE BECOME RECHARGE?

Drainage does not become recharge until it travels through the unsaturated zone and reaches the
groundwater. Knowing deep drainage rates and knowing where the water will go and what effects it will
have, are different things, as illustrated by various studies in the Liverpool Plains (Zhang et al. 1997;
Ringrose-Voase and Cresswell 2000; Timms et al. 2001; Sun and Cornish 2003). The relationship
between drainage below the root zone and groundwater recharge can be complicated by factors such as
long or uncertain response times, lateral flow in the soil profile, multiple aquifer layers, groundwater
pumping and discharge, and multiple land uses contributing to a groundwater system (Silburn and
Montgomery 2004). Recharge can also occur from surface run-off in waterways and streams. The lack
of suitable water level data in shallow groundwater systems also confuses the issue.
There are several challenges to interpreting deep drainage. Firstly, changes in land use affect deep
drainage more or less immediately, but may not affect the aquifer recharge rate for a period of time, of the
order of <25 to >250 years (Cook et al. 2002). Secondly, some apparent deep drainage may be diverted
as lateral flow within the soil or above underlying rock. Few relevant measurements are available in
northern Australian and thus modelling the phenomena is difficult. Lastly, evidence of groundwater level
response is sparse (as monitoring is sparse or has short records) and/or poorly documented, except in
specific cases where salinity expressions already occur.
Whether, or when, these drainage rates will lead to salinity, will depend on local conditions. The total
deep drainage from all soil and land uses contributing to a groundwater system must be considered. This
leads to the question—do ‘low’ drainage rates mean lower salinity risk, or just a longer time until salinity
is expressed?
There is clearly a need for more deep drainage measurements to i) validate water balance models, ii)
provide more information about the mechanisms of water and salt transport, and most importantly, iii)
better understand the impact of changing land use on salinity risk and water quality.

1

Hydraulic conductivity of soil throttle layers (e.g. plough pan) will determine actual drainage rates.
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Chapter 14. A Brief Summary of the Distribution, Impacts and
Management of Acid Sulfate Soils in Queensland
KM Hey, B Powell, CR Ahern, AE McElnea and KM Watling
QASSIT, Department of Natural Resources and Mines, 80 Meiers Road, Indooroopilly Qld 4068
Abstract
There are an estimated 2.3 million hectares of acid sulfate soils (ASS) along 6500 km of the Queensland
coastline. Typically these soils are marine muds and sands and are found in low-lying areas. Often ASS
are impacted by urban or agricultural development projects. Problems occur when ASS are disturbed,
exposing them to oxygen in the presence of water, causing the formation of sulfuric acid and other toxic
products, including aluminium and iron.

When oxidation products are transported to adjacent waterways following rainfall events, adverse
environmental impacts can occur, both on- and off-site. Fish kills are an example of such an impact.
Economic impacts associated with ASS disturbance include concrete attack, corrosion of steel
infrastructure and subsidence of foundations.
The long-term prognosis for ASS management is favourable, providing sufficient funds are available for
ongoing research and statewide mapping programs. ASS can be successfully managed by adopting best
practices and following guidelines, but government, community and industry must collaborate to raise
awareness, avoid ‘hot spots’ and develop more cost-effective management solutions.
Key words: Acid sulfate soils, Distribution, Formation, Indicators, Management

1.

INTRODUCTION

Acid sulfate soils (ASS) is the name given to soils containing significant amounts of iron sulfides, such as
pyrite, FeS2. The soils are formed when seawater or other sulfate-rich water mixes with land sediments
(containing iron oxides) and organic matter under waterlogged anaerobic (oxygen-free) conditions. Such
conditions are ideal for (sulfate reducing) sulfide-forming, anaerobic bacteria to flourish. The growth of
these bacteria are favoured (up to a point) by warmer temperatures. Thus ASS found in tropical areas in
Queensland may contain higher levels of iron sulfides than ASS formed in the cooler conditions of
southern states, so long as other conditions aren’t limiting.
Common terms used with ASS are defined below.
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Acid Sulfate Soil (ASS) – soil or sediment containing highly acidic soil horizons or layers affected by the
oxidation of iron sulfides (actual acid sulfate soils) and/or soil or sediment containing iron sulfides or
other sulfidic material that has not been exposed to air and oxidised (potential acid sulfate soils). This is
the definition used in Queensland’s State Planning Policy 2/02. Acid sulfate soils are the common name
given to naturally occurring sediments and soils containing iron sulfides (principally iron sulfide or iron
disulfide or their precursors). The exposure of the sulfide in these soils to oxygen by drainage or
excavation leads to the generation of sulfuric acid.
Note: The term acid sulfate soil generally includes both actual and potential acid sulfate soils. Actual and
potential acid sulfate soils are often found in the same soil profile, with actual acid sulfate soils generally
overlying potential acid sulfate soil horizons.
Actual acid sulfate soils (AASS) – soil or sediment containing highly acidic soil horizons or layers
affected by the oxidation of soil materials that are rich in iron sulfides, primarily pyrite. This oxidation
produces hydrogen ions in excess of the sediment’s capacity to neutralise the acidity, resulting in soils of
pH of 4 or less. These soils can usually be identified by the presence of jarosite, an iron sulfate mineral
[KFe3(SO4)2(OH)6] that only forms below a pH of about 3.7.
Potential acid sulfate soils (PASS) – soil or sediment containing iron sulfides or sulfidic material, that
have not been exposed to air or oxidised. The field pH of these soils in their undisturbed state is pH 4 or
more, and may be neutral or slightly alkaline. However, they pose a considerable environmental risk
when disturbed, as they will become very acidic when exposed to air and oxidised.

2.

IMPACTS OF ASS

2.1 Environmental impacts
Acidification can reduce the conservation, commercial and recreational value of tidal streams and
estuaries. Major environmental impacts within waterways include fish kills, fish diseases, habitat
degradation and changes to aquatic plant communities. There is also some evidence of impacts on frog
populations and water fowl habitat. Over the past decade, fish kills directly attributable to ASS
disturbance have been observed in environmentally sensitive areas in both NSW and Queensland (Powell
and Ahern 2000).
2.2 Economic impacts
Destruction of fauna and flora are not the only adverse impacts of these soils. As ASS occur in coastal
areas, the region of greatest population pressure, a number of land uses can be affected by their
disturbance. These are listed in Table 1.
Table 1:

Common land uses in areas of acid sulfate soils.

Industry/Activity

Land Use

Urban development

Housing, resorts, marinas, canal estates, golf courses

Infrastructure

Roads, railways, bridges, flood gates, dredging, boat ramps

Mining

Sand extraction, gravel extraction, dredging

Aquaculture

Prawns, oysters, fish

Agriculture

Sugarcane, dairying, tea tree, grazing, cropping, ponded pasture

Mangrove swamps, salt marshes, national, state and local parks and reserves,
coastal wetlands, coastal lakes
Source: Powell and Ahern (2000).
Undeveloped areas

Acidified waters also have an economic impact by corroding concrete and steel infrastructure such as
culverts, pipes and bridges. The Tweed Shire Council has spent $4 million replacing infrastructure
caused by acid runoff (White et al. 1996). More recently, Maroochy Shire Council replaced concrete

192

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

water supply pipes attacked by ASS leachate with acid resistant pipe at a cost of $800 000 (Mark Hayes,
pers. comm.).
In some cases, multi-million dollar coastal developments have been stalled or abandoned, millions of
dollars worth of oysters, prawns and fish have been destroyed, aquatic breeding areas have been
devastated, and millions of dollars worth of infrastructure have had to be replaced due to acid attack. The
overall annual cost of ASS disturbance and management to Queensland is conservatively estimated to be
in excess of $185 Million (Sutherland and Powell 2000). Many find it difficult to appreciate that
naturally-occurring soils can produce impacts of this economic magnitude.

3.

FORMATION OF ASS

ASS require sulfate, iron, organic matter, anaerobic conditions and sulfate-reducing bacteria to form.
Protected, low-energy tidal areas such as mangroves and brackish swamps provide such conditions.
Under waterlogged conditions, sulfate from seawater is reduced to sulfide, which in the presence of
bacteria combines with iron from sediments to produce iron sulfides. The bacteria feed on the organic
matter to obtain an energy supply.
1
+
/2O2
4SO42- + Fe2O3 + 8CH2O
sulfate + iron oxide + organic matter + oxygen

→ 2FeS2 + 8HCO3- +
→ pyrite + bicarbonate +

4H2O
water

[1]

Although some ASS were formed millions of years ago and can be preserved in ancient marine rocks, the
ASS of most concern were formed within the past 10 000 years (the Holocene epoch), during the last
major sea level rise. ASS commonly occur on coastal wetlands as layers (or sedimentary facies) of
Holocene marine muds and sands deposited in protected low energy environments, such as barrier
estuaries and coastal lakes. Rarely are ASS present in elevated seepage areas fed by groundwaters and
associated with rocks of marine origin; an example of this situation is in the Mt Lofty Ranges, South
Australia which has been studied in detail by Fitzpatrick et al. (1996).

3.1

The essential acidification process and outputs

The acidity generated by ASS should not be confused with the long-term acid conditions induced by
natural leaching of soils (thousands of years), or with acidification induced by agricultural practices (see
for example Moody, this course 2005).
Many coastal and near coastal soils in Queensland are naturally acidic [pH in water (pHw) <6.5] (Moody,
2005), and it is estimated that within the >500 mm mean annual rainfall zone, more than 8 Mha of soils
have surface pHw <5.5 (Ahern et al. 1992). The source of this natural acidity is mainly from the leaching
effect of rainfall (causing the replacement of base cations such as calcium with hydrogen/aluminium) over
thousands of years. Moody (2005) reported that agricultural and pastoral production accelerates soil
acidification through activities such as removal of plant material as harvested product leaving residual
acidity in the soil, the input of ammonium-based fertiliser resulting in soil acidification as acidity is
produced during the conversion of ammonium to nitrate, and build-up of organic matter which may occur
under a pasture phase in a cropping system.
The above process differs to the processes put in train when ASS are disturbed. ASS need only
atmospheric oxygen and water to be release acid along with a variety of iron compounds. This chemical
reaction can be accelerated by orders of magnitude by bacteria such Thiobacillus ferrooxidans. The
overall oxidation process is described in Equation [2]. A simplified chemical equation summarises the
whole process.
FeS2 +

15

/4H2O + 7/2O2

pyrite + water + oxygen

bacteria

Fe(OH)3 + 4H+(aq) + 2SO42-(aq)

[2]

ferric hydroxide + sulfuric acid
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In ASS situations, often the actual acidity will cause immediate agricultural problems for productivity,
and the stored acidity is a potential ‘time-bomb’ for future activities such as deep ripping, laser-levelling,
drain construction and other activities that disturb the soil.

4.

ACID SULFATE SOIL OCCURRENCE AND DISTRIBUTION

ASS occur in low-lying areas (eg. wetlands, floodplains and estuaries) at elevations commonly <5 m
AHD (Australian Height Datum). Along the 6500 km of Queensland coastline, there is an estimated
2.3 Mha of ASS, some of which are buried as layers beneath more recently deposited sediments or soils
(Powell and Ahern 1999).

4.1

Probability of ASS occurrence

Based on geomorphic criteria there are an estimated 2.3 Mha of ASS along the Queensland coast. Many
of the areas containing ASS are coming under increasing pressure for agricultural and urban development
and therefore the probability of disturbance is increasing. Construction of canal estates, marinas,
housing/industrial estates, roads, golf courses, aquaculture ponds, sand/gravel extraction and drainage for
sugar cane can disturb ASS and release sulfuric acid—which with heavy rain may then drain into adjacent
waterways.
Figure 1 shows an indicative distribution in Queensland based on elevation and geological units. By
comparison, in New South Wales mapping by Naylor et al. (1995) has indicated the presence of about
600 000 ha of ASS.

4.2

Geomorphological processes

To understand why ASS form in some coastal areas and not others, a description of the geomorphological
processes that occur is needed. Across the world, conditions over the last 6000 years following the postglacial transgression were ideal for accumulation of pyrite. ASS are most common at low elevations
because pyrite (needed for sulfuric acid production) was formed as the sea level rose and deposited
marine sediment in valleys and along rivers, streams, and creek lines (Powell and Ahern 2000). Pyrite
still forms today in lowland mangrove forests, salt marshes, estuaries and tidal lakes.
Importantly, while most ASS occur in low lying areas which are <5 m above sea level (eg. <5 m AHD),
identification in the field is not always easy. ASS are often buried as layers beneath more recently
deposited soils and sediments of alluvial or aeolian origin, so that the presence of ASS is often not
suspected.
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Figure 1:

Indicative distribution of acid sulfate soils in Queensland.

5.

HOW TO TELL WHETHER ASS IS PRESENT – IDENTIFICATION AND IMPACTS

5.1

Vegetation

There are a number of vegetation species that can be used to identify areas that potentially contain ASS.
These include mangroves (marine), saltwater couch (salt tolerant), tea-trees (Melaleuca sp.)
(waterlogged), she-oaks (eg. Casuarina glauca) and Phragmites sp. (salt and acid tolerant). Stunted, sick
or dead vegetation, unexplained bare areas, and surface acid scalds are all indicative of acid sulfate
conditions.
Poor plant productivity – While ASS products impact on all types of vegetation, the severity of effect
varies between localities (land, freshwater, marine) and plant species. In general terms, plant growth is
stunted at low pH and the soil is more prone to erosion due to the decrease in vegetative cover. Acidic
drains, soil and scalds in a number of coastal swamps have remained unvegetated for years because of
low pH levels and affected farmlands are often only vegetated by acid-tolerant plants such as Polygonum
spp., if at all (Sammut et al. 1996). The effect on plant productivity can come from one or more of the
following:
•
•

toxic effects of aluminium, iron and manganese at low pH—the Al3+ ion in particular appears to
change the balance of ions of other metals;
low pH causes a deficiency in plant basic cations such as calcium, magnesium and potassium, or
a deficiency in plant nutrient availability—the latter is particularly so for phosphorus at low pH.
At low pH values, aluminium and iron can form relatively insoluble phosphates and so the
phosphate is ‘locked up’ and unavailable for plant uptake;
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•

5.2

indirect (non-chemical) effects adding to plant stress levels:
− an increase in attack of plant pathogens and a decrease in soil microbes, particularly those
responsible for nitrogen fixation;
− physiological damage to plants such as the stunting of roots; this can produce plant water
stress in situations even where the plant appears to have adequate water.

Fish kills

Fish kills are an obvious sign of a sudden change in water conditions. Although fish kills occur for a
number of reasons, many major kills in the last 5–10 years have been associated with the drainage of ASS
areas and subsequent export of toxic quantities of acid, aluminium and iron. Most aquatic life requires a
minimum pH of 6 to survive (Sammut and Lines-Kelly 1996). The pH of acid water can drop as low as
pH 2 and is typically pH 4 in the worst affected areas. Sammut et al. (1999) have reported on some of the
short and long-term aquatic impacts of direct and indirect affects of acidification caused by ASS drainage
and disturbance. In particular, acid and aluminium in toxic quantities has been shown to cause severe gill
and skin damage in exposed fish, increasing mortality and the probability of Epizootic Ulcerative
Syndrome (EUS). The health of oysters can also be effected by acidification (Sammut and Callinan
2000).

5.3

Iron staining

One of the by-products of the oxidation of ASS is the large quantities of ferrous ion (iron II or Fe2+)
which is soluble and not fully oxidised. An oxidised form is ferric ion (iron III or Fe3+), which is soluble
only in very acid water (pH <3.5–4). As the pH of the water increases toward neutral (via freshwater, or
a rain event, or as saltwater mixing occurs eg. tidal action, floodgates leaking, jammed or interfered with),
iron II oxidises to iron III (Fe3+). The iron III precipitates out of solution and liberates large amounts of
acid (the secondary oxidation or hydrolysis reactions produce further acidity and consume dissolved
oxygen from the water, leaving it anoxic in the process) (Hey 1998).
Equation [3] describes the initial reaction following buffering of acid water containing Fe2+, highlighting
the consumption of oxygen and production of iron hydroxides and additional acid.
+ 1/4O2 + 3/2H2O →
FeOOH
+ 2H+
Fe2+
ferrous ion + oxygen + water → iron hydroxide + acid

[3]

Equation [4] describes the oxidation of Fe2+ (ferrous) to Fe3+ (the iron ‘floc’ which commonly coats
drains and soil).
+ H+ + 1/4O2 →
Fe3+ + 1/2H2O
Fe2+
ferrous ion + acid + oxygen → ferric ion + water

[4]

If the pH is greater than 4, then the precipitation of ferric hydroxide and the liberation of further acid in
a reaction known as hydrolysis can occur, as illustrated in Equation [5].
Fe3+ + 3H2O →
Fe(OH)3
+ 3H+
ferric ion + water → iron hydroxide + acid

[5]

In summary, iron reactions are complex. Their solubilities are pH dependent, they consume oxygen and
can produce vast quantities of acid and rusty, suspended ‘iron floc’ (Ahern and McElnea 1999).
If large quantities of iron flocs collect in a water body, the flocs can coat the surface of the water,
preventing light penetration and adversely impacting on organisms and vegetation, or else it can sink to
the bottom where it can smother and subsequently kill aquatic organisms and vegetation. In the process
of iron floc formation, the oxygen is removed from the water, which can commonly result in death of fish
due to low dissolved oxygen levels.
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5.4

Concrete attack and destruction of infrastructure

Evidence of physical attack in concrete and steel infrastructure is a strong indicator of the presence of
ASS disturbance. Sulfuric acid can attack concrete structures. As the alkaline calcium carbonate
(CaCO3) in concrete attempts to neutralise the acid in solution, the CaCO3 is stripped from the concrete,
exposing the aggregate. Structural steel and iron can also be degraded. Destruction of infrastructure has
cost industry millions of dollars in repairs and replacement over the past decade (see Section 2.2).
5.5 Water quality
The colour of the water can be a useful indicator. Clear blue-green water can be an indicator of the
presence of aluminium. Toxic quantities of aluminium in water bodies have been associated with
increased fish mortality, chronic illness in aquatic organisms and potential health affects in animals or
humans using the affected water body as a drinking supply.

Soluble and toxic aluminium species are present at low pH as the sulfuric acid breaks down the aluminosilicates of the clay lattice, dissolving large quantities of aluminium (Ahern and McElnea 1999).

5.6

Low pH of water

Acidic water is usually a very good indicator of acid sulfate soil conditions. As the sulfuric acid moves
into a water body, it lowers the pH of the water body. Acid waters can be as low as pH 2. This acidity
can have significant impacts on vegetation and aquatic organisms.

5.7

Sulfide odours

A strong indicator of ASS can be the foul ‘sulfur’ smell which the soil emits. This is the characteristic
‘rotten egg’ odour from the hydrogen sulfide gases trapped within the soil. When ASS are exposed, the
hydrogen sulfide is released. This smell can be so overpowering that dizziness and headaches may be
experienced and exposure in a soil pit, drain or excavation could be fatal if adequate ventilation is not
available. A similar smell may be noticed in wetland areas, but may often be due to decomposition of
organic material such as mangrove seeds and leaves.

5.8

Jarosite

Jarosite (KFe3(SO4)2(OH)6) is the most convincing indicator of ASS disturbance apart from laboratory
analysis. Jarosite is a straw-coloured material which occurs in AASS but can be surrounded by potential
ASS, and is most commonly in areas when there has been a large disturbance (eg. in drains and spoil
heaps, and areas where there has been significant lowering of the watertable). Jarosite is formed as a byproduct of the pyrite oxidation process and as a result is most often observed in old root channels (where
the oxygen has reached the pyrite as the root decomposed), in soil cracks, and on banks or cuttings.

5.9

Collective evidence

There may be evidence from one or more indicators at a site. Some indicators are more conclusive than
others. Obviously, many positive indicators usually carry more weight than if only one or a few are
present. It is important to accurately identify the cause so an appropriate solution can be sought.
A trained ASS consultant or an accredited soil scientist with knowledge of ASS should be consulted
during this process.
It is important to note that factors other than ASS may be the sole or partial cause of individual indicators
and environmental effects described in this paper. However ASS should always be considered in coastal
areas below 5 m AHD and each site should be assessed on an individual basis.

5.10

Mapping program

The mapping of ASS in Queensland has only begun in earnest in recent times (Powell et al. 1996). Prior
to the 1990s these soils went largely unrecognised despite many Department of Primary Industries (DPI)
and CSIRO soil investigations of cane lands and other coastal lowland areas over the past 30 years. This
omission is explained by the essentially agricultural focus of these organisations at the time. In the case
of coastal lowland investigations, the objectives were to assess the land for potential sugar cane
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productivity to the relative exclusion of all other land resource issues except erosion and salinity. There
is a need, in many cases, to revisit these areas, resample the soils and map for ASS risk.
Since 1995, DNR has conducted mapping in a staged way, concentrating on areas where land uses are
likely to have greatest impact on ASS (Smith et al. 2000). An initial preliminary assessment based on the
Qm unit (Quaternary, coastal and estuarine sediments) of the Queensland Geology map (Geological
Survey of Queensland 1975) showed that the state has an estimated 2 263 000 ha of ASS (Figure 2).
Extensive areas were noted to occur along the coast of the Gulf of Carpentaria, Cape York, central
Queensland and the Moreton region, with relatively smaller areas in the wet tropics.
In terms of potential environmental impact however, the areas of most urgent concern are in south-east
Queensland, coastal towns (eg. Mackay, Rockhampton) and the wet tropics. The results of the 1:100 000
scale mapping program reveal the presence of 60 000 ha of ASS between Coolangatta and Noosa alone
(Doug Smith, pers. comm.). It is of concern that high risk areas on coastal plains are also being targeted
as development sites for canal estates, urban housing, industrial estates, major rail and road routes, tourist
resorts, golf courses, marinas and sand/gravel extraction. In addition, to keep ports and tidal waterways
open, dredge materials containing iron sulfides need to be dealt with.
Detailed mapping (1:25 000 scale) has also been completed for the specific lowland areas (<5 m AHD) of
the Gold Coast and on the Sunshine Coast. Areas under such enormous development pressure require
such detail in order to undertake effective planning and development assessment. Some areas of
sugarcane land in south-east Queensland has also been mapped at 1:50 000 scale. In recent years, further
work has been completed in selected areas of the Central Queensland Coast between Gladstone and
Mackay. A recently funded Natural Heritage Trust II project aims to continue this work.
One of the important consequences of ASS mapping is to put the issue in context for various
stakeholders. This allows them to assess its relative significance to them and also to plan future proposals
to manage/minimise ASS disturbance.

6.

LYNGBYA OCCURRENCE AND ASS

Over the past decade, toxic blooms of Lyngbya majuscula have increased in frequency and severity in the
subtropical waters of Moreton Bay (south-east Queensland, Australia). Adverse impacts of L. majuscula
on human health include contact dermatitis, asthma and eye irritation. L. majuscula also adversely affects
seagrass beds and reduces fish and crab numbers where it grows. Studies strongly suggest that blooms in
the north-west of Moreton Bay (Deception Bay/Pumicestone Passage area) are driven by dissolved
nutrients and organic carbon inputs from land-based sources. Terrestrial inputs of key nutrients such as
phosphorus, iron and chelating organics have been found to stimulate algal blooms in many coastal
estuaries and waterways (Bennet et al. 1986; Mallin et al. 1993).
In the Pumicestone Passage/Deception Bay area, the increased frequency and severity of L. majuscula
blooms is hypothesised to be the result of land-use changes in the surrounding catchment increasing
organic matter and dissolved nutrient loads to waterways and the Bay. Preliminary laboratory-based
biological assays conducted on soil extracts (Albert et al. 2004) and groundwaters (Ahern et al. 2003)
from a limited number of sites in the Pumicestone Passage/Deception Bay catchment indicate some
vegetation communities have the potential to stimulate L. majuscula productivity, specifically exotic pine
plantations and Melaleuca communities on acid sulfate soils (Ahern et al. 2003). Groundwater
experiments that have caused the highest L. majuscula response were typically associated with conditions
of low pH and/or high DOC with strong iron complexation properties, favouring high nutrient (especially
iron and phosphorus) bioavailability. Human induced activities such as drainage and/or disturbance
activities, particularly of acid sulfate soils, large scale clearing of exotic plantations or native forests,
changes in watertable and drainage lines etc. may exasperate/accelerate transport and/or export of
nutrients into groundwater and adjacent waterways.
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7.

HOW MUCH OF A PROBLEM IS ASS?

The first step in managing ASS is to identify them. This can be done through a combination of the use of
field indicators, field tests, and laboratory analysis. Field indicators have been discussed in Section 5.
7.1 Field tests
The field pH and field pH peroxide tests have been developed for a rapid field assessment of the
likelihood of ASS. These tests are easy to conduct, quick, and have a minimum set-up cost.
A combination of visual indicators of actual acid sulfate soils (AASS), potential acid sulfate soils (PASS),
and the field tests can be used in the preliminary identification of the presence of both soils.

The two commonly used tests are field pH (pHF) and field pH peroxide (pHFOX), which when used in
combination, can clarify whether actual or potential acid sulfate soils are present (Hey and Ahern 2000).
Adding hydrogen peroxide triggers the oxidation of the relatively stable iron disulfides (pyrites).
A combination of three values are considered in arriving at a ‘positive field sulfide identification’.
These are an exothermic (heat-producing) reaction with hydrogen peroxide, the pH decrease from pHF to
pHFOX and the final value of pHFOX. Depending on the operator’s experience and the soils involved, the
combined field pH tests predict ASS presence in many cases. The tests are influenced by many factors,
including shell content, organic matter content, manganese content, soil texture, moisture content,
strength of peroxide and accuracy of pH meters or other measuring equipment (see Ahern et al. 2004,
section H for the field pH tests procedure).
Whilst a useful exploratory tool, these tests are indicative only and not quantitative, so that a liming rate
to neutralise any acid generated from these soils cannot be calculated from the measured pH. It is
important to recognise that the only way to confirm the presence of sulfides is through laboratory
analysis. Attempts to use field tests alone in an ASS site assessment report or ASS management plan to
predict oxidisable sulfur levels are not acceptable.
7.2 Laboratory analysis
Field pH tests as an indicator of ASS should be used with caution and should always be supported,
initially at least, with the appropriate laboratory analyses as per the Acid Sulfate Soils Laboratory
Methods Guidelines (Ahern et al. 2004) (obtainable from NR&M).

The chemistry of ASS is complex and the soil’s sulfur constituents are variable. There are a number of
tests available for ASS analysis and so it is commonly the case that no one test will provide a reliable
result in all situations. Ahern et al. (2004) provide a comparative overview of current analytical methods.
Once the severity and extent of ASS has been determined, a management plan can be prepared to prevent
adverse environmental impacts. This also ensures that a development or activity (such as agriculture or
aquaculture) is carried out using the best management practices available and in accordance with existing
policies, legislation and local government by-laws.

8.
WHAT CAN BE DONE TO MANAGE THE IMPACTS AND DEVELOP BEST
PRACTICE MANAGEMENT?
The problems are often long-term and difficult, if not impossible, to reverse. For example, since 700 ha
of land within sight of Cairns was drained in 1976, CSIRO scientists estimate 72 000 tonnes of acid have
been washed into Trinity Inlet (Hicks et al. 1999). The implications are enormous for marine life, the
fisheries industries, the recreation industry, urban usage, agricultural land development on riverine or
delta areas and aquaculture.
The impacts of ASS in many areas can be managed if both the actual and potential problems are
recognised. Governments and industry are continuing to learn as new information and technology is
gained and applied in a practical context. Importantly, the problems in Queensland to date have been
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approached in a spirit of cooperation with effort being directed towards a common goal. It also needs to
be said that ‘Best Practice’ is an evolving set of practices, so that management techniques need to be
continually updated.

9.

PREFERRED MANAGEMENT OPTIONS

As could be expected, the selection of a particular management option or mixture of options depends
largely on site specific characteristics, including location of sulfides, concentration of sulfides, bacterial
activity, type and scale of proposed disturbance, hydrological characteristics, soil characteristics (eg. soil
texture, mineralogy, temperature, moisture content, inherent neutralising capacity), sensitivity of the
surrounding environment, and the past history of the site.
Avoidance, minimisation of disturbance, neutralisation, hydraulic separation and strategic reburial are
preferred management options available to proponents. There are a number of more higher risk
management options that have not been addressed in this paper. The Soil Management Guidelines, a
comprehensive document dealing with techniques for the management of ASS has been published by
NR&M (Dear et al. 2002).

9.1

Avoidance

ASS are benign when left in a waterlogged, undisturbed environment. Avoidance, by not disturbing or
developing in areas affected by ASS is often the most environmentally responsible and cheapest option.
A detailed assessment of the distribution of ASS in an area is recommended to avoid disturbing ASS—
and if this assessment indicates serious ASS on the proposed site, then total avoidance should be the first
option, ie. the most sensible option may be to find an alternative site as selection of alternative non-ASS
sites is preferred to remediation of impacts caused by disturbance of ASS.
Disturbance of ASS should be avoided unless it can be demonstrated that it can be managed effectively
and adverse impacts on the surrounding environs will not occur. If total avoidance is not feasible, than
alteration of proposed activities is the next best option, ie. re-design works to minimise the need for
excavation or disturbance of ASS.
ASS management plans should clearly document and define those areas to be totally or partially avoided.
Detailed maps and diagrams of ASS are a necessary component of management plans.

9.2

The ‘no action’ response

The excuse that the presence of ASS was not known about is not a defensible reason for disturbance
without due care. ASS without appropriate management is likely to trigger a punitive response by state
authorities. For example the State Planning Policy 2/02: Planning and Managing Development Involving
Acid Sulfate Soils and the associated State Planing Policy 2/02 Guideline captures ASS and requires
proponents to address the issue under a number of different circumstances. NR&M has recently
published a Legislation and Policy Guide (Dear et al. 2004), which outlines the legislation and policy
documents that can be applicable to ASS

9.3

Neutralisation

A tried and tested approach to managing ASS is to neutralise them with agricultural lime (AgLime).
AgLime has a slightly alkaline pH and reacts with any acid produced, raising the soil pH to safer levels.
According to Ahern and Watling (2000), neutralisation products such as AgLime are preferred due to the
lower risks of contaminating surrounding waterways or groundwater. Other neutralisation products
available are discussed in Ahern et al. (2000).
The most cost-effective, long-term approach to managing ASS is usually pH control. McElnea and Ahern
(2000) in long-term leaching column research have shown that pH control through AgLime application
controlled the leaching of iron and aluminium. If ASS are disturbed, management plans should include
treating them with AgLime at 1.5 to 2 times the theoretical acid production potential. Table 2 below
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describes conversion rates for calculating liming rates (adapted from Table 4 of the QASSIT Guidelines
(Ahern et al. 1998)).

9.4

Liming rate calculations

Liming rates will need to be calculated prior to actual disturbance of soil using information in Ahern et al.
(1998). The liming rate is calculated from estimation of net acidity using an acid base accounting (ABA)
approach (see Ahern et al. 2004). Determination of the amount of lime required is useful as it helps to
indicate the severity of the disturbance. Under State Planning Policy 2/02, the level of detail required in a
management plan is directly related to the amount of lime needed—the greater the amount of lime, the
greater detail required.
Tables 2 and 3 below describe by example typical calculations of liming rates and volumes for the
development of a drain or stormwater trench ie. a linear development.
When developing an ASS management plan, it is important to include the type of ameliorant to be applied
and also to include methods of incorporation of that material into the soil, as different alkaline materials
have different neutralising values, which affect the tonnage required. These methods should be realistic
and practicable taking into account limitations of certain soil types, available funds, equipment and
expertise.
Example calculations when constructing a drain or stormwater trench—minor disturbance.

Table 2:

Known dimensions and laboratory results
• 1.0 m wide, 3.0 m deep, 20 m long
• field tests and confirmatory laboratory analyses have found PASS >0.5 m to depth
• laboratory analysis (SPOCAS Method) indicates SPOS 0.2% (%S) and no existing
acidity
• bulk density 1.6 t/m3 (sandy material)
Calculate amount of soil to be disturbed
Calculate cross-sectional area (width x depth)
→ 1.0 m x 2.5 m = 2.5 m2 (top 0.5 m is non-ASS, so depth is 2.5 m)
Calculate volume of ASS (cross section x trench length)
→ 2.5 m2 x 20 m = 50 m3
Calculate weight of material to be excavated (volume x BD)
→ 50 m3 x 1.6 t/m3 = 80 tonnes
Calculate liming rate (amount of lime/amount of soil)
• consult Guidelines for sampling and analysis of lowland acid sulfate soils (ASS) in
Queensland 1998 (Table 4, p.16) to determine liming rate or Table 3 below
• amount of sulfuric acid (H2SO4) generated/tonne of disturbed soil = %S x 30.59
→ 0.2 %S x 30.59 = 6.12 kg H2SO4/tonne of soil
• since approximately 1 kg of fine lime neutralises 1 kg of H2SO4 then:
→ 6.12 kg H2SO4 requires 6.24 kg lime
• as a 1.5 SAFETY FACTOR is required:
→ 6.24 kg lime/tonne soil x 1.5 = 9.4 kg lime/tonne of soil
Calculate liming requirement (amount of lime)
• can use Table 3 or Table 4 of Guidelines for sampling and analysis of lowland acid
sulfate soils (ASS) in Queensland 1998 to determine liming requirement
• if using table 4, continue as above, then multiply kg lime/tonne of soil by tonnes of
soil
→ 9.4 kg lime x 80 tonnes = 752 kg lime = 0.75 tonnes of lime
•
•

if using table 3 (pg 14) (doesn’t allow exact determination if axes do not line up)
read across: amount of soil to be disturbed (80 tonnes) vs. oxidisable sulfur (0.2 %S)
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→

0.7 to 0.9 tonnes of lime is required (need to use Table 4 to calculate exact amount)

Calculate cost
• assume lime costs ≈ $75/tonne (delivered and spread)
→ 0.75 tonnes lime x $75/tonne = $56.25
It will cost $56.25 to lime the excavated material to prevent acid leachate

Table 3:
Oxid.
Sulfur
S (%)
0.01
0.02
0.03
0.05
0.1
0.2
0.3
1.0
5.0

Conversion rates for calculating liming requirements on acid sulfate soils.
moles H+/kg
(S% x 0.6237)
0.0062
0.0125
0.0167
0.0312
0.0624
0.1247
0.1871
0.6237
3.119

moles H+/t
or
moles H+/m3
(S% x 623.7)
6.237
12.47
18.71
31.19
62.37
124.7
187.1
623.7
3119

kg H2SO4/tonne
or
kg H2SO4/m3
(S% x 30.59)
0.306
0.61
0.92
1.53
3.06
6.12
9.18
30.6
153.0

kg lime/tonne soil
or
kg lime/m3
Safety factor = 1.5
0.47
0.94
1.4
2.3
4.7
9.4
14.0
46.8
234.0

Cost/ha/m depth
of soil
@ $70/t for lime
$
228
655
983
1778
3276
6552
9828
32774
163800

Note: Assumes a bulk density of 1.0 g/cm3 or 1 tonne/m3 (range can be 0.7–2.0 and as low as 0.2 for peats). Where bulk
density is >1 g/cm3 or 1 tonne/m3 then the safety factor will increase for lime rates/m3 soil (eg. if BD=1.6, then 1 m3 of soil
with 1.0% SPOS will require 75 kg lime/m3 instead of 47 kg). In some areas bulk lime delivered may be less than $70/tonne
but it can be considerably more in some areas due to transport costs.

9.5

Strategic reburial

It is important to note that this option is only available when dealing with potential acid sulfate soils. If
actual acid sulfate soils are placed below the watertable, the acid generation process can continue without
the presence of oxygen. Soils that have already begun to oxidise and generate acidity must be treated
with lime before placement below the permanent watertable.
Unoxidised material may be approved for burial in suitable deep holes or below the permanent watertable
provided some fundamental conditions are fulfilled. All material should be transported in appropriate
trucks etc. immediately from excavation to the burial site. The maximum allowable delay in unforseen
circumstances is overnight (18 hours) for sands and over a weekend (70 hours) for silts and clays.
The location of the buried material and the depth of burial should be recorded using AMG coordinates
and reported to the EPA/Local government.

10.

LONG-TERM PROGNOSIS

Any project which involves >100 m3 of soil disturbance may have a significant effect on an area; but even
small projects, if located in high-risk areas, can have a considerable effect. A proponent needs to take
into account both on-site and off-site impacts. Prior to any on-site works, and as part of the preliminary
assessment stage, accurate identification of ASS from a site inspection and sampling program is needed to
determine the risk of the proposal.
Some soil types are more sensitive to the disturbance of ASS than others. Coarse textured soils (sands)
for example, will have a higher permeability, resulting in accelerated oxidation processes with more
movement of lateral groundwater to transport leachate. Sands usually have little or no pH-buffering
capacity and often occur in sensitive environments. The result is a higher risk situation than may exist in
other soils with similar sulfide levels.
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In Queensland, action criteria define when ASS disturbed at a site will need to be managed (Table 1,
(Dear et al. 2002). Action criteria are based on the sum of existing plus potential acidity. As clay content
tends to influence a soil’s natural pH buffering capacity, the action criteria are grouped by three broad
texture categories: coarse, medium and fine. The action criteria for medium and fine textured soils is
reduced to 0.03% oxidisable sulfur (%S) for projects where greater than 1000 tonnes of soil is being
disturbed. A detailed management plan will be required for disturbances greater than 1000 tonnes.
10.1 Legislation and ASS
The Department of Natural Resources and Mines is the lead agency for ASS in Queensland. State
Planning Policy 2/02: Planning and Managing Development Involving Acid Sulfate Soils has been
adopted by the State of Queensland (State of Queensland 2002). This policy ensures that coastal
development involving ASS is planned and managed to avoid potential adverse effects on the natural and
built environment and human health. .

The Environmental Protection Agency (EPA) is the lead agency for environmental management in
Queensland, and has responsibilities for the management of environmental harm caused by ASS. Under
the Environmental Protection Act 1994, a proponent can be liable for causing environmental harm if ASS
are not managed appropriately. The categories for penalties under the EP Act vary from 835 penalty units
to 4165 penalty units or 5 years imprisonment (Draheim 2000).
Queensland legislation and policy relevant to ASS is detailed in the Legislation and Policy Guide (Dear et
al. 2004).

11.

CONCLUSIONS

Dealing with the management of ASS in Queensland has been and continues to be a challenge. With the
growing body of evidence of environmental harm, loss of agricultural productivity, and associated
economic impact, the issue has increased in significance. The message is clear. No longer will
government authorities accept ignorance of ASS management an excuse for mismanagement or causing
environmental harm.
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Chapter 15. Land Evaluation and Good Quality Agricultural Land
AJW Biggs1, AG Hamilton1 and LC Bell2
Queensland Department of Natural Resources, PO Box 318, Toowoomba Qld 4350
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Australian Centre for Mining Environmental Research Limited, Pinjarra Hills Qld 4069
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Abstract
Land suitability and land capability are the two main land evaluation methods currently used in
Queensland. The determination of limiting factors and requirements for land uses is the first step in land
evaluation. Land evaluation and the resultant determination of Good Quality Agricultural Land is an
integral part of many planning processes. Conversion to Agricultural Land Classes and determination of
Good Quality Agricultural Land require further input parameters. The preservation of Good Quality
Agricultural Land is implemented via State Planning Policy 1/92.
Key words: Land use limitations, Soil limitation, Diagnostic attributes

1.

INTRODUCTION

The type of land use possible in a given area is determined to a large degree by the natural resources of
the area viz. climate, geology, landform, hydrology, soil, vegetation and fauna. Most land uses involve
the growth of vegetation of one sort or another. Soil is the natural medium for the growth of plants,
supplying water, nutrients, oxygen and support, and thus it is not surprising that the nature of a soil is a
major determinant of land use.
The process of evaluating the interactions between natural resources and prospective land uses is a
complex one, relying heavily upon the quality of available information. Once completed though, a land
evaluation may produce information that is fundamental to land planning activities at many scales.

2.

LAND EVALUATION METHODS

The two methods of land evaluation traditionally used in Queensland are land capability and land
suitability. Capability assessment, as described by Rosser et al. (1974) concerns the allocation of classes
(I–VIII) on the basis of the severity of limitations for general agricultural use. It is usually applied to
broad scale land resource assessment eg. 1:250 000 scale land systems mapping. Land suitability
assessment follows the FAO (1976, 1983) method, and has been described in Land Resources Branch
Staff (1990—currently under revision). It is more detailed than capability assessment and is concerned
with specific use such as the production of a given crop (van de Graaf 1988). Suitability assessments are
typically applied to detailed (1:100 000 or better) land resource mapping. The sequence of steps involved
in a land suitability assessment are displayed in Figure 1.
Irrespective of whether capability or suitability is to be assessed, there are a number of attributes of land
which must be considered in the assessment, and soil is one of the most important of these. As with any
analytical exercise, garbage in means garbage out, so the accuracy of a land evaluation process is
determined largely by the quality of the input data and information. Field-measured properties such as
effective soil depth, colour, mottles, field texture, coarse fragments, soil structure, soil water status,
consistence, pans, concretions and soil reaction are usually available. McDonald (1988) discusses their
measurement and comments on their relationship to land use. Soil physical and chemical data is essential
to suitability assessment, but is not always available. In such cases where the data is limited, it may be
necessary to use pedotransfer functions or other methods (eg. a good guess) to provide necessary input
data.
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Determine land use requirements
⇓
Select limitations
⇓
Select diagnostic attributes (primary data)
⇓
Establish limitation categories and rules (secondary data)
⇓
Determine land suitability classes (tertiary data)
Figure 1:

Process of land suitability classification for a specified land use.

The steps involved in a land evaluation process are:
1.

Determine the requirements of the land use. These are called the land use requirements for
each specified land use and may be expressed as limitations. Limitations are simply land use
requirements stated in a negative sense (Dent and Young 1981). Thus, stone-free soils are a land
use requirement for root crops whereas stony conditions are a limitation. Limitations are measured
or estimated from land attributes, which include such variables as soil, landform, vegetation and
climate.

2.

Decide which of the limitations are relevant to the particular land use in the study area. For
example, where a land use requirement is for frost-free conditions, this limitation will not be
relevant in an area where frosts have never been recorded during the period of crop growth.

3.

Choose which land attributes (or primary data) are to be used in the particular study to
measure or estimate each of the relevant limitations. These land attributes are known as
diagnostic attributes for that limitation. For example, for the limitation 'wetness', the diagnostic
attribute could be the depth to mottles or gley colours.

4.

For each limitation, decide critical values of diagnostic attributes to rank the effects of the
limitation in terms of increasing degree of severity for the land use. The limitation may be
broken up into classes (called limitation categories) on the basis of these attributes. They should
be ranked from the least severe to the most severe effect. For each of these categories, assign a
corresponding land suitability class value (1–5). This is the suitability rules framework. The most
important boundary to consider is that between class 3 and class 4, that is, the boundary between
suitable and unsuitable for the land use in question.

Critical values are assigned in most cases by using modeling techniques, assessing local experience
or by adapting established standards. Critical values normally change over time as technology and
economic conditions vary. This may mean that the land suitability classification for a given area
could change in the future following a reinterpretation of the land resource information in the light
of changed conditions.
5.

The overall land suitability class on a 1 to 5 scale. This (tertiary data) is determined either by
the most severe limitation subclass or by combining the subclass ratings. The method of
combining the limitation subclasses may require the subjective weighting of limitations.
Weighting will depend on the significance of each limitation to the land use being considered.

Table 1 lists the limitations for agricultural land use and the diagnostic attributes which can be used to
evaluate these limitations. It is evident that soil measurements feature prominently in the evaluation of
land in terms of factors affecting plant growth, machinery use and land degradation. In using the listing
given in Table 1, it is important to realise that the number of diagnostic attributes listed for each limitation
is by no means complete; other chapters in this text give a comprehensive coverage of diagnostic
attributes for physical, chemical and biological limitations.
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Table 1:
1990).

Summary of diagnostic attributes used to evaluate limitations (Land Resources Branch

Code

Limitation

Description/Land use requirement

A

Wind erosion

Soil surface texture
% dry aggregates less than 0.84 mm

C

Climate

General climatic conditions

Cf

Frost

Frequency of damaging frosts
Landform
Landscape position

Cr

Solar radiation

Cloud cover
Sunshine hours
Nett radiation

Ct

Temperature

Mean monthly temperature during growing period
Mean monthly maximum and minimum temperatures during growing period
Number of days outside a critical range during growing period

Ch

Humidity

Relative humidity
Average raindays

Cw

Wind

Slope
Aspect
Wind run

D

Drainage water hazard

Depth to watertable
Texture, structure
Permeability
Substrate properties

Da

Drainage water hazard
(from acid sulfate/pyritic
soils)

Depth to watertable
Texture, structure
Permeability
Substrate properties
Presence of ASS conditions

E

Water erosion hazard

Slope/soil type combinations
Slope length
Amount, intensity and distribution of rainfall

Es

Subsoil erosion hazard

Depth to B horizon
ESP
EC
CEC

F

Flooding

Frequency of flooding
Period of inundation
Landform
Rainfall intensity/duration

I

Furrow infiltration

Infiltration rate/slope combinations
Surface horizon thickness, texture and structure
Slope
Depth to slowly permeable B horizon
Surface stability with irrigation
Degree of mottling

M

Water availability

Amount and distribution of rainfall
Evaporation
Plant available water capacity
Unavailable water capacity
Texture
Structure
Effective rooting depth
Gravimetric moisture contents at -33 and -1500 Kpa
Depth of watertable

209

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Code

Limitation

Description/Land use requirement
Height of capillary rise

1

N

Nutrient supply

General nutrient conditions

Nd

Nutrient deficiency

Chemical analysis of elements’ availability

Nf

Nutrient fixation

Al or Fe oxide content
Organic matter content
Nutrient sorption measurements
Soil colour

Nl

Nutrient leaching

Soil type
Soil colour
CEC
Soil texture
Soil base saturation
Soil organic matter content

Nr

Nutrient – soil reaction
trend

Soil pH

Nt

Nutrient toxicity

Chemical analysis of element levels
Soil pH

P1

Soil physical factors

General soil physical conditions

Pa

Soil adhesiveness

Consistence
Clay percentage
Clay mineralogy
Soil type

Pc

Susceptibility to compaction Soil types
Clay mineralogy
Compaction tests

Pd

Soil depth

ESP profile
Salinity profile
pH profile
Depth to watertable
Presence of roots
Soil texture, structure and consistence
Depth to impermeable horizon
Depth to hardpan or rock

Pm

Narrow moisture range

Soil types
Surface soil texture
Clay mineralogy

Pp

Excessive permeability

Field permeability measurements
Depth and texture of A horizon
Depth and texture of B horizon
Shape of salinity profile
Soil colour
Depth to and degree of mottling

Ps

Surface condition

Structure/texture/consistence and condition of soil surface

Pv

Vertic properties

Evidence of cracking
Texture
Clay type (measured or estimated via CAR)

R

Rockiness

Size and content of coarse fragments
Distribution of coarse fragments in the plough zone
% rock outcrop

S1

Salinity

General salinity conditions

Sa

Salinity

Mean root zone salinity ECse or EC1:5
Leaching fraction
Indicators of resricted drainage (refer permeability limitation)
Depth to saline watertable
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Code

Limitation

Description/Land use requirement

Si

Intake potential

Landscape position
Soil colour, texture and structure
Soil pH profile
Salinity profile
Field permeability measurement
Substrate
Vegetation type

Ss

Outflow potential

Landscape position
Soil colour, texture and structure
Soil pH profile
Salinity profile
ESP profile
Substrate
Depth to watertable
Vegetation type

T1

Topography

General topographic conditions

Tg

Gullies

Size and frequency of small gullies

Tm

Microrelief

Size and frequency of microrelief
Land levels

Ts

Slope

Slope %

V1

Vegetation

Vegetation type
Presence of specific species

Vr

Vegetation regrowth

Vegetation type
Presence of specific species
Propensity to sucker
Growth rates

W

Wetness

Depth to and degree of soil mottling
Soil colour
Soil drainage class
Field permeability measurements
ESP
Native vegetation
Time period with a redox potential (Eh) below 400 mV
Time period of water saturation
Soil structure and texture

X1

Landscape complexity

Size and shape of areas between large gullies
Size and shape of areas of suitable land types
Suitability of contiguous UMAs

Xs

Soil complexity

Variability of soil types

Xt

Topographic complexity

Variability of managerially different slopes

Z

Pests and diseases

Presence of pest or disease organism

1

May be a combination of individual limitations.

When a comprehensive set of data on soil (and other properties) has been assembled during a physical
inventory of land in a region, it is possible to compare the data set with known soil (and other)
requirements for various land uses, ie. a set of benchmark rules which link soil properties with land use
requirements. For example stone free soils are required for peanuts. There are many examples of such
assessments in Queensland eg. Wilson (1990), Murtha and Smith (1994), Grundy and Heiner (1998),
Harms and Pointon (1999).
Within Queensland, suitability assessment is conducted using the SALI suite of tools, specifically SALIUMA to perform calculations and manage data, and SALI-GIS to display data (Biggs et al. in pub.).
These tools are also used in the development of agricultural land class data and GQAL mapping.
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The outputs of capability and suitability assessments differ. The former uses a I–VIII scheme, whereas
the latter uses 1–5. Definitions are as follows:
2.1 Land capability classes
Class I
Land suitable for all agricultural and pastoral uses. It is suited to a wide range of crops
and is highly productive. It presents no limitations to use of machinery or choice of
implements. Wind and water erosion hazard are low even under intensive cultivation.

Class II

Land suitable for all agricultural uses but with slight restrictions to use for cultivation in
one or more of the following categories:
• Land with some limitation to the choice of crops and/or slight restrictions to
productivity.
• Land with some impediment to the use of cultivation machinery which limits the
choice of implements or restricts the conditions for successful operation.
• Land which under cultivation requires simple conservation practices to reduce soil
loss to an acceptable level. These include agronomic practices such as contour
working, strip cropping, stubble mulching.

Class III

Land suitable for all agricultural uses but with moderate restrictions to use for
cultivation in one or more of the following categories:
• Land with moderate limitations to the choice of crops and/or moderate restrictions to
productivity.
• Land with moderate impediment to the use of cultivation machinery which limits the
choice of implements or restricts the conditions for successful operation.
• Land which under cultivation requires intensive conservation practices to reduce soil
loss to an acceptable level. These include contour banking systems and intensive
residue management involving specialised machinery.

Class IV

Land primarily suited to pastoral use but which may be safely used for occasional
cultivation with careful management. Limitations arise from one of the following categories:
• Land on which the choice of crops is severely restricted and/or conditions are such
that productivity under cropping is severely limited.
• Land with severe impediment to the use of cultivation machinery, which limits the
choice of implements or severely restricts the conditions for successful operation.
• Land which cannot be used safely for permanent cultivation. If cropped, a pasture
phase must the major component in the cropping program to limit soil loss to an
acceptable level.

Class V

Land which in all other characteristics would be arable but has limitations which, unless
removed, make cultivation impractical and/or economic.

Class VI

Land which is not suitable for cultivation but is well suited to pastoral use and on which
pasture improvement involving the use of machinery is practicable.

Class VII

Land which is not suitable for cultivation but on which pastoral use is possible only
with careful management. Pasture improvement involving the use of machinery is not
practicable.

Class VIII

Land which has such severe limitations that it is unsuited for either cultivation or grazing.

2.2 Land suitability classes
Class 1
Suitable land with negligible limitations. This is highly productive land requiring only
simple management practices to maintain economic production.
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Class 2

Suitable land with minor limitations which either reduce production or require more than
the simple management practices1 of class 1 land to maintain economic production.

Class 3

Suitable land with moderate limitations which either further lower production or require
more than those management practices of class 2 land to maintain economic production.

Class 4

Marginal land, which is presently considered unsuitable due to severe limitations. The
long term significance of these limitations on the proposed land use is unknown. The use of
this land is dependent upon undertaking additional studies to determine whether the effect of
the limitation(s) can be reduced to achieve sustained economic production.

Class 5

Unsuitable land with extreme limitations that preclude its use.

Land is considered less suitable as the severity of limitations for a land use increase, reflecting either (a)
reduced potential for production, and/or (b) increased inputs to achieve an acceptable level of production
and/or (c) increased inputs required to prevent land degradation. The first three classes are considered
suitable for the specified land use, as the benefits from using the land for that land use in the long term
should outweigh the inputs required to initiate and maintain production. Decreasing land suitability
within a region often reflects the need for increased inputs rather than decreased potential production.
Class 4 is considered presently unsuitable or is used to classify marginal land where it is doubtful that the
inputs required to achieve and maintain production outweigh the benefits in the long term. Additional
studies are needed to determine whether the effect of the limitation(s) can be reduced to achieve sustained
production.
Class 5 is considered unsuitable, having limitations that in aggregate are so severe that the benefits would
not justify the inputs required to initiate and maintain production in the long term. Some class 5 lands
however, such as escarpments, will always remain unsuitable for agriculture.
Following the calculation of agricultural suitability data, it is often necessary to generate Agricultural
Land Class (ALC) data for use by local authorities in the determination of Good Quality Agricultural
Land (GQAL).

3.

GOOD QUALITY AGRICULTURAL LAND

Land suitability and capability assessments are important in determining the long-term sustainable
productivity for current production techniques and technology. This production is also influenced by
current market situations.
The Queensland Government has recognised the importance of land that is capable of sustaining longterm agricultural practices for present and future agricultural commodities. State Planning Policy 1/92
Development and Conservation of Agricultural Land (SPP 1/92), provides the policy framework for
conserving good quality agricultural land (GQAL), which the State considers a finite national and state
resource to be conserved and managed for the longer term, regardless of market conditions for the present
use of that land. In essence, this process and the intention of SPP 1/92 aims to achieve the principles of
Ecological Sustainable Development. The conservation of GQAL maintains current economic
development together with the social and physical well being of communities and also offers the greatest
flexibility to future generations to seek new opportunities in agricultural production.
3.1 Principles of conserving GQAL
Development should not alienate GQAL. In order to demonstrate that a development will not alienate
GQAL, a land resource assessment is required as set out in Planning Guidelines: the Identification of
Good Quality Agricultural Land (DPI/DHLGP 1993). The intention of these guidelines is to define what
1

Where more than simple management practices are required, this may involve changes in land preparation, irrigation
management, the addition of soil ameliorants and the use of additional measures to prevent land degradation
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is GQAL and to ensure the land resource assessment is compatible with the intention of SPP 1/92. These
guidelines are under revision to clarify the definition of GQAL and the intent of SPP 1/92 with respect to
the Integrated Planning Act 1997.
SPP 1/92 directs decision makers, which may include local authorities, the Planning and Environment
Court and the State Government to refuse development proposals that alienate land identified as GQAL
unless that proposal can demonstrate a specific locational requirement or overriding community need.
For example an aerodrome or a coal mine have specific locational requirements, however, most urban
developments have no locational requirements.
Agricultural productivity should not be limited by land use conflict. To ensure that agricultural
operations and normal farming practices are not inhibited by other land uses, particularly urban land uses,
that do not appreciate farming activities such as spraying and operating farm machinery, SPP 1/92
requires the separation of land uses that have the potential to conflict. The Planning Guidelines:
Separating Agricultural & Residential Land Uses (DNR/DLGP 1997) provide technical advice and
guidance on ways to minimise conflict between farming activities and residential land uses. The
objective of SPP 1/92 is to ensure that GQAL is not alienated by impaired use as a consequence of
adjacent issues. The planning guidelines suggest that this principle of SPP 1/92 for limiting conflict
between agricultural uses and incompatible use can be extended to all agricultural land and agricultural
practices regardless of agricultural land class.
3.2 Determination of GQAL
The determination of Good Quality Agricultural Land (GQAL) is the result of a stepwise process that
follows on from agricultural suitability calculations (Figure 2). The interim step produces agricultural
land classes (ALC), as listed in Table 2.

Figure 2:
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Table 2:

Agricultural land class definitions.

Class

Description

Class A

Crop land—Land that is suitable for current and potential crops with limitations to
production which range from none to moderate levels.
Limited crop land—Land that is marginal for current and potential crops due to
severe limitations; and suitable for pastures. Engineering and/or agronomic
improvements may be required before the land is considered suitable for cropping.
Pasture land—Land that is suitable only for improved or native pastures due to
limitations which preclude continuous cultivation for crop production; but some areas
may tolerate a short period of ground disturbance for pasture establishment.
Non-agricultural land—Land not suitable for agricultural uses due to extreme
limitations. This may be undisturbed land with significant habitat, conservation and/or
catchment values or land that may be unsuitable because of very steep slopes, shallow
soils, rock outcrop or poor drainage.

Class B

Class C

Class D

3.3 Implementing SPP 1/92
To ensure that the conservation of GQAL is considered when a development is proposed, SPP 1/92
provides the policy framework for local government planning schemes to become the primary
implementation mechanism for the conservation of agricultural land. Planning schemes are a useful tool
for implementing SPP 1/92 as they operate at the property scale for individual development proposals and
also indicate the future intended sequences and distribution of development for different areas of a shire.
This planning process relies on the land resource assessment conducted in accordance with the planning
guidelines to determine decisions at the property level and broad scale land resource assessments provide
by DNR to guide the shire’s overall development patterns to minimise impacts on GQAL.
3.4 The Integrated Planning Act 1997
The Integrated Planning Act 1997 (IPA) establishes a planning framework to achieve ecological
sustainability through coordinated and integrated planning.

The IPA coordinates and integrates planning by significantly increasing the role of local government
planning schemes as the principle instrument to consolidate State, regional and local interests. SPP 1/92
is recognised by IPA as a statutory instrument that must be reflected as a state interest by a planning
scheme.
The IPA also identifies GQAL as a valuable feature of economic value that must be included in a
planning scheme. This recognition of GQAL by the IPA as an economic resource strengthens the
agricultural land classification process and also creates the opportunity to include further economic
analysis. For example, the use of economic analyses is very useful in determining GQAL where
limitation analysis does not account for viable horticultural areas as most agricultural land classification is
benchmarked against broad hectare cropping.
As an IPA planning scheme integrates and coordinates State, regional and local interests, the intent and
principles of SPP 1/92 will be reflected within an IPA planning scheme rather as a separate state policy
document. The outcome of an IPA planning scheme with the principles SPP 1/92 included within the
scheme is a far greater appreciation and awareness of the State’s intention to conserve GQAL by
developers, local government councillors and other State Agencies.
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Chapter 16. An Introduction to Water Balance Modelling
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Abstract
Water balance modelling is a tool to describe the most important processes operating in natural systems.
Model are not precise tools, but can provide answers when used in conjunction with experimental
methods. Importantly, water balance models can function as an interdisciplinary meeting point,
encouraging more holistic approaches.
Key words: Water balance modelling, Hydraulic, PAWC, Drainage

1.

Water Balance and Models

The key principle of water balance modelling is that water volume must be conserved within a defined
system. Water typically originates in a system from rainfall or irrigation, and is controlled by infiltration,
redistribution within the soil profile, evaporation from the surface (soil or plant surfaces), and
transpiration by plants, becoming soil water, runoff or drainage to groundwater. A system can be a soil
pot, a 6 m3 lysimeter or a 1 million ha catchment, but the principle of conservation of mass must hold at
all scales. Calculations for a dynamic water balance can be done on [seconds, hours, days, weeks, months
or annual] time steps. An important issue in designing a water balance modelling exercise is to match
time and temporal scales to the data available, and the resolution with which a problem is to be solved.
The water balance equation is typically written as:
∆ water store = Rainfall – Evaporation – Transpiration – Runoff – Drainage
where ∆ water store is the change in water status at a specific time and space scale. Typically this would
represent a soil profile, or catchment (Figure 1) and operate at a daily time step, although shorter time
intervals are common in more mechanistic models.
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Figure 1:
A schematic diagram of the water balance, representing a soil profile on the left and a
catchment on the right.

A water balance model is any scheme that calculates all elements of the water balance on a defined time
step, through a sequence of rainfall and/or irrigation events. The arithmetic is generally done using a
computer program, although applications such as irrigation scheduling have been done using simple
paper-based spreadsheets.
A simplistic representation of some components of a water balance model is shown in Figure 2. Water
balance models can be configured to simulate sequences of crops and fallows, and are typically referred
to as cropping system models [examples include EPIC, Williams 1983; PERFECT, Littleboy et al. 1992;
APSIM, McCown et al. 1996]. Alternatively, they may focus on issues such as hydrology and erosion
(CREAMS, Knisel 1980) or land disposal of waste (MEDLI, Gardner et al. 1995). There are a wide
range of models and potential applications. A comprehensive review of models is presented by Hooke
(1997).

Figure 2:
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Simple representation of the interrelationships between processes and stores in a simple
water balance model. This structure would be used to predict runoff, erosion, groundwater
recharge and crop yield.
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2.

Where to Use Models?

In a highly variable climate, experimental approaches to gaining an understanding of systems responses to
management are constrained by the weather sequence that may be encountered during the period of field
study. Results from one period may not be representative, leading to misleading results if applied more
generally. Similarly, specific soil characteristics at one location will often mean that it is difficult to
extrapolate results to other soils. For example, measurements of runoff or drainage from a deep, well
structured soil will not be applicable to a shallow soil or a soil with different surface characteristics. This
time and space constraint requires a methodology where soil conditions and management response can be
explored using weather sequences for any location. Water balance models allow for this capability.
Typically, a model will require a functional description of a soil’s water holding attributes, how fast water
can move into the soil and between soil layers, and how the soil responds to management actions such as
tillage, waste applications or weathering. Since water is lost from soils either as evaporation or
transpiration, these processes need to be described. Weather parameters such as rainfall, evaporation
demand, temperature and radiation may be required to drive the crop component of a model.
Models allow us to examine questions about complex systems that are not amenable to traditional
experimentation. In natural systems, there are many inter-related processes. Comparisons between
systems generally involved several aspects of a system being modified, making design of ‘balanced’
experiments prohibitively expensive and analysis using traditional statistics impossible. Models are
efficient tools for combining knowledge from a range of disciplines (eg. soil physics, crop physiology,
soil chemistry, meteorology) and are ideally suited to exploring interactions and defining risks associated
with variable weather, a particular characteristic of semi-arid and sub tropical agriculture.

3.

Soil Parameters Most Important for Water Balance Models

The important functional soil elements that need to be defined in a water balance model are demonstrated
in Figures 3 and 4.
These soil parameters are measured by a range of methods, some of which can be done in a laboratory
(moisture characteristic which describes the various soil stores described in Figures 3 and 4), while some
of the rate parameters are measured in the field. Figure 5 presents some field methods.
Obtaining soil property data to use in a water balance model can be time consuming and expensive.
Indirect methods of estimating soil water values are being developed (eg. PAWCER, M Littleboy pers.
comm.), and in some cases, databases of previously measured values are available (eg. Soil Matters,
Dalgliesh and Foale 1998).
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Figure 3:
A diagram showing some key soil parameters for a soil layer in the context of a
cascading bucket model. As water arrives at a soil layer, the plant available water (PAWC) fills. If water
volume is greater than PAWC, the drainable porosity fills, and this water is able to drain to the next layer,
with a rate described by the hydraulic conductivity Ks. Water entry to the soil is described by an
infiltration characteristic, and water loss by evaporation characteristics. Therefore water movement is
controlled by the size of various soil stores (store parameters), and the rate with which water can move
between stores (rate parameters). Bound water is that water held in the soil that is unavailable for plant
use, but may be extracted by evaporation.

Figure 4:
A schematic diagram of a soil profile showing important soil water properties. AD refers
to Air Dry water content, WP refers to the wilting point or lower limit a plant can extract water. FC refers
to the field capacity or amount of water held in the soil after it has had time to drain after being saturated
(SAT), the maximum capacity of water storage, excluding air filled pores. Water between WP and FC is
referred to as Plant Available Water Capacity (PAWC) while the water between FC and SAT is often
referred to as the drainage porosity. Ks refers to the rate water (in drainage porosity) can move between
layers, with high values used to describe well drained soils. The functionality of these parameters is more
fully described in the technical notes at the end of this paper.
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Climate data to drive water balance models can be obtained from www sites (for example
http://silo.dnr.qld.gov.au/silo). In summary, considerable investment in time and effort is required before
a water balance model can be used at a new location. Much of this effort is in determining realistic values
for soil properties, weather data, and in developing a capacity to run a computer model that may be
variously refined for no specialist users. A simple ‘entry level’ water balance model to consider is
HOWWET? (Freebairn et al. 1997).

Figure 5:
Three field operations where soil properties are being characterised: (a) a rainfall
simulator for estimating infiltration properties, (b) disc permeameters for measuring hydraulic
properties—rates of water movement between layers, and (c) hydraulic soil sampling to collect soil
samples at depth to describe antecedent conditions of soil water, and to obtain samples for physical and
chemical analysis.

4.

Examples of Applying Water Balance Models to Add Value to Soil
Data

4.1 Effect of land capability on productivity
Land capability is a function of both climate and soil properties. Crop yields for a range of soils with
differing plant available water content (PAWC) were simulated using a water balance model. Results
presented in Figure 6 demonstrates that either soil or climate may be limiting factors for wheat crop
production, to varying degrees, depending on the environment. In the drier cropping areas (eg. Maranoa),
climate is more commonly limiting to the yield of wheat, with only a small increase in median yield for
soils with (PAWC) greater than 150 mm. Climate becomes limiting for soils with PAWC greater than
200 mm on the eastern Darling Downs. One deduction from the data in Figure 6 is that the so-called
poorer or lighter textured soils in the Maranoa have a similar productive capacity to clay soils that have
greater PAWC—the reason being that the higher water capacity is rarely used because of lower rainfall.
Also, lighter textured soils make better use of small falls of rain, and can perform better than heavy
textured soils in some situations.
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While this data has not been validated by field studies explicitly, the results are in agreement with farmer
yields. These results, while initially somewhat counter intuitive, put soils data in context with climate
data. Productivity is the interaction between soils, weather and management.

Figure 6:
Estimated influence of soil plant available water capacity (PAWC) on median wheat
yield for two contrasting climates—the eastern Darling Downs and the Maranoa. Yield expectations do
not increase as much in a drier environment due to yields being rainfall limited.
4.2 Leakiness of farming systems
Runoff has been measured on numerous catchment studies, and is a sufficiently well understood process
to be confidently predicted using water balance models. Runoff has been the focus of many studies
because of the obvious erosion problems in the northern cropping zone. For most soils, infiltration is a
surface controlled process and is amenable to characterisation using rainfall-runoff relationships from
catchment studies and rainfall simulation. Drainage, or loss of water below the root zone, has not
attracted the same level of attention, partly because it was assumed that high clay soils did not have any
significant internal drainage when wet, and also the small spatial extent of dryland salinity as an issue.
With the increased public awareness of salinity as a potential hazard in all areas of modified water
balance, there is currently new emphasis being placed on drainage losses.

Experimentally, drainage is difficult to measure since the volumes of water are relatively small compared
to other components of the water balance, and drainage appears to be even more sporadic than erosion.
Water balance provides one means by which to quickly scan potential hazards resulting from alternative
land uses.
To demonstrate what might occur under two land uses, hypothetical rooting depth and water use patterns
are shown in Figure 7.
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Figure 7:
A diagrammatic representation of hypothetical rainfall and water use patterns under
natural vegetation (perennial trees and shrubs, deeper root water extraction) and a winter crop-summer
fallow. Note that the water use pattern of the perennial closely matches rainfall, while the winter crop
system has a period of fallow to store water, followed by a crop phase where water use is greater than
rainfall. Winter cropping in a semi-arid environment requires such tactics for reliable and profitable
production.

A series of crop types and intensities were simulated using a cropping system model to explore drainage
scenarios. Cumulative drainage below the root zone for a 75 year period are presented in Figure 8.
Drainage was predicted to occur in <10% of the years with bare fallow-wheat cropping (which also had
high runoff losses); this increased to 60% with zero-tillage wheat (stubble-retained fallows). Sunflower
(zero-till) and wheat (bare fallow) had similar patterns of drainage. Drainage was predicted to occur in
six of the 75 years simulation (1912–1986) for opportunity cropping with wheat and sunflower.
The main message is that while zero-till wheat production appeared to present higher drainage risks, this
could be moderated with the inclusion of an opportunity summer crop that maintained higher water
deficits and reduced the probability of drainage losses. This analysis has been carried out without a single
field experiment, using known soil properties, crop water use, and long-term climate records. At this
stage there is little verification of the quantities being estimated, but the analysis points toward systems
that are of high risk, and also provide a framework for verifying some of these estimates through direct
measurement.

Figure 8:
Estimated cumulative drainage below the root zone for four cropping scenarios on the
eastern Darling Downs (1912–1986). Derived using the PERFECT (Littleboy et al. 1989) cropping
system model.
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In an attempt to derive some more general rules of thumb for discussing drainage (and associated salinity
risk), the model was configured to predict drainage for a range of cropping intensities, in this case for the
Liverpool Plains in northern NSW (Figure 9). Drainage losses range from approximately 20 mm/annum
with a 35% crop: fallow ratio (this equates to a winter crop–long fallow–summer crop–long fallow
rotation), to <5 mm/annum with a 60% cropping ratio. While the volumes of drainage are relatively
small, such losses could be contributing to a salinity hazard. Once again, these numbers are only
estimates, and require verification through direct measurement of all components of the water balance.
Water balance modeling has been used to focus on the issue, and explore options before expensive field
experimentation. There are many more hypothetical options that can be explored at minimal cost.

Figure 9:
Predicted mean annual drainage for a series of cropping intensities, derived from a water
balance model. A range of crop systems with varying periods of crop and fallow are simulated for a
Black Earth near Gunnedah (M Littleboy, pers. comm.).
4.3 Determining the representativeness of short duration experiments
Our view of the world is biased by the relatively short range of our experience or memory. Models allow
us to extrapolate through time and allow us to see where our experience fits in with a longer term
perspective. For example, what relation does soil loss from a short duration of experimentation
(Figure 10) have to the longer term average? In the case of soil loss measured at Greenmount, the 11 year
mean over the experimental period was slightly higher (51 t/ha/yr) than the estimated long-term soil loss
(39 t/ha/y). However, if the four years 1984–1987 were the only years when soil loss was measured,
mean annual soil loss would be 12 t/ha/yr, close to the ‘acceptable’ level proposed by the USDA. By
carrying out a simulation analysis, the length of expensive field experimentation may be reduced.
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Figure 10:
Annual soil loss measured at Greenmount on the eastern Darling Downs. Means for the
period 1978-89 (measured) and 1898–1984 (predicted) are also marked.
4.4 Effect of erosion on productivity
While it is a widely held view that soil erosion results in loss of productivity, little information is
available on the degree to which erosion reduces yields and profitability. Such information has been
difficult to obtain because erosion is a slow and sporadic process, and its effects are often masked by
climatic variability and technology.

The PERFECT model was used in two modes to estimate erosion effects on yield: (i) through loss of soil
depth and PAWC; and (ii) through loss of both PAWC and mineral N. Data in Figure 11 show that
shallow soils (PAWC 125 mm) on the eastern Darling Downs suffer from large yield declines with
erosion, and that the decline in yield increases rapidly after 10–20 years. Deeper soils (PAWC 250 mm)
do not show yield declines greater than 10% for up to 100 years. This analysis does not consider off-site
effects of erosion or in situ degradation of soil structure that may reduce the infiltration capacity. If data
were available to quantify such effects, these could be added to the model. Thus a model becomes a
repository of summarised knowledge on a particular process or issue.

Figure 11:
Predicted changes in production for an eroding shallow soil on the eastern Darling
Downs. Production is influenced by a) loss of soil water holding capacity and b) both loss of soil water
capacity and mineral N availability.
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5.

CONCLUSIONS

Water balance modelling is an important tool in the application of soil science to production and resource
management problem solving. Models are just another tool in the practitioner’s kit bag.
Models cannot be relied upon to provide reliable answers without effort in verification and validation.
When used in conjunction with experimental methods, models add functionality and the ability to
generalise, and then to customise to specific conditions. This iterative approach has been shown to be a
powerful tool in analysis of soil-crop-pasture systems. Importantly, water balance models have proven to
be effective tools in creating a meeting point for different disciplines to interact. Each discipline can have
its own special interest, with a model as a common or linking technology, encouraging more holistic
approaches.
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TECHNICAL NOTES ON WATER BALANCE
The following is provided for readers seeking greater detail about the operation of a water balance model
(Littleboy et al. 1989). Further information is available in the PERFECT manual (Littleboy et al. 1999)
PERFECT Version 3.0 Manual. A computer simulation model of Productivity Erosion Runoff Functions
to Evaluate Conservation Techniques.] Excellent online descriptions of water balance and crop models
are available from the ASPIM help files on www.apsim-help.tag.csiro.gov.au.
The water balance submodel calculates the volume of water in the soil on a daily time-step. It simulates a
one-dimensional (vertical) water balance, averaged over a field sized area. PERFECT contains a water
balance submodel that was developed from the concepts proposed by the Williams and La Seur (1976)
runoff and soil water submodel and the Ritchie (1972) soil evaporation submodel (cf. CREAMS, Knisel
1980). In PERFECT, interactions between crop residue, crop cover and surface roughness, and
components of the water balance are considered.

Runoff
The original Williams-Ritchie submodel calculates runoff as a function of rainfall and soil water deficit.
In PERFECT, runoff depth is predicted using a modified form of the CREAMS curve number technique
(Knisel 1980). Runoff is estimated using the following equation.
Q=

(P − 0.2S) 2
P + 0.8S

P>0.2S

(Q=0.0 if P≤0.2S)

2.1

Q is runoff volume (mm)
S is the retention parameter
P is daily rainfall (mm)

The retention parameter S is analogous to the maximum potential infiltration in 24 hours or the soil water
deficit. Therefore, a larger volume of runoff occurs at a low soil water deficit and little runoff occurs at a
high soil water deficit. Predicted runoff will equal the daily rainfall when the soil water deficit is zero (ie.
the soil is saturated)
In PERFECT, the estimation of the retention parameter S involves a series of functions initially based on
the input curve number parameter (CN2(bare)) as depicted in Figure 2.1. This CN2(bare) parameter
represents the rainfall versus runoff response for average antecedent moisture conditions and for bare and
untilled soil. This curve number is modified within PERFECT to account for crop cover, surface residue
cover and surface roughness. The retention parameter is related to available soil water using a modified
form of the equation from Knisel (1980):

S = S mx 1.0 −


∑ WF

i

m ax(SWi ,0.0) 

SWMAX i 

2.2

Smx is the maximum value of the retention parameter S (dry antecedent conditions)
SWi is the current available soil water for layer i (mm)
SWMAXi is the soil water capacity at porosity for layer i (mm)
WFi is the weighting factor for layer i

The soil water content used in runoff calculations is summed over the total profile depth. The weighting
factor WFi is determined from Knisel (1980) as:
DEPTHi

DEPTHi+1
− 4.16
 − 4.16 DEPTH
DEPTH
ndeps
ndeps
WFi = 1.016 e
−e











WFi is the weighting factor for layer i
DEPTHi is the depth at bottom of profile layer i (mm)
ndeps is the number of profile layers in the soil
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The weighting factor allows for more emphasis to be placed on the upper soil profile layers when
determining S from the current soil water status. The maximum value of S is determined from Knisel
(1980) as:
 100

Smx = 254
− 1
 CN1 

2.4

Smx is the maximum value of the retention parameter S
CN1 is the curve number for driest antecedent moisture conditions

The following polynomial expression from Knisel (1980) relates CN1 to the input parameter CN2.
CN1 = −16.91+ 1.348 CN2 − 0.01379 CN22 + 0.0001177CN23
2.5
CN1 is the curve number for driest antecedent moisture conditions
CN2 is the curve number for average antecedent moisture conditions
Previous attempts to determine curve number for different soil types and management strategies have
been undertaken by different authors. For example, USDA-SCS (1972) described procedures to derive
curve number for a range of soils, while Rawls et al. (1980) attempted to adjust curve number for surface
cover. However, in these examples, any adjustment in curve number to account for surface cover is
constant during the simulation. Hence curve number is often considered as a static parameter. In
PERFECT, effects of cover on curve number are estimated from a relationship originally developed from
rainfall simulator data (Glanville et al. 1984). Since PERFECT maintains a daily balance of both crop and
residue cover, curve number is a dynamic parameter that changes on a daily basis during the simulation.
Effects of surface and crop cover on runoff are estimated using a generic form of the function developed
in the original PERFECT model.
CNcov = CNbare− CN RED . COVER
2.6
CNcov is the curve number adjusted for cover
CNbare is the curve number for soil with no cover
CNRED is the maximum reduction in curve number at 100% cover
COVER is combined surface and crop cover (%)
In the COVER term, it is assumed that standing crop cover has half the effectiveness of surface cover to
reduce runoff. That is,
COVER = COVM + 0.5 CCOV
2.7
CCOV is percent crop cover
COVM is percent surface residue cover
In addition, we have defined a relationship between curve number and surface roughness. Tillage type
and rainfall since tillage are used as predictors of surface roughness. The influence of roughness on runoff
was incorporated into PERFECT by developing a relationship between curve number and cumulative
rainfall since tillage (Littleboy et al. 1996a)

∑


Rain 
− 1
CNtill = CNcov + Ro u ghnessRati o . CNrough 
 CNrain




∑ Rain < CNrain

2.8

CNtill is the curve number adjusted for surface roughness
CNrough is the maximum reduction in curve number due to roughness
CNrain is the cumulative rainfall required to remove surface roughness
ΣRain is the cumulative rainfall since tillage (mm)
RoughnessRatio is the effect of different tillage implements (Table 4.1)
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Curve number

CN2(bare)

Reduce curve number due
to cover (Equation 2.6)

Curve number

Cover

Reduce curve number due
to roughness (Equation 2.8)
Rainfall since tillage

Calculate CN1 from CN2
(Equation 2.5)

Calculate Smx
(Equation 2.4)

Smx
S

Calculate the effect of soil
water on S (Equation 2.2)
Dry

Soil water

Wet

Runff

Rain
Calculate Runoff
(Equation 2.1)
S

Figure 2.1

Flow diagram of the curve number method in PERFECT

The relationship in the Equation 2.8 shows that following tillage, curve number is reduced by CNrough
multiplied by RoughnessRatio units. Subsequent rainfall increases curve number linearly at a rate
dependent on the value of CNrain. Effects of tillage on curve number occur until cumulative rainfall since
tillage exceeds CNrain after which it is assumed that rainfall energy has removed all surface roughness.
The basis of this relationship was the work of Freebairn and Gupta (1990) who reported that cumulative
rainfall since tillage is an appropriate index of the energy input from rainfall to the soil surface.

Soil evaporation
Evaporation of water from the soil surface is based on Ritchie's two-stage evaporation algorithm (Ritchie
1972). After infiltration, drying occurs at potential rate up to a specified limit (Stage I), then at a rate
reflecting diffusion processes that are assumed proportional to the square root of time (Stage II). This
relatively simple model was originally developed by Ritchie using lysimeter data. Although the model is
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conceptually simple, it is quite complex in an operational sense. Readers are referred to the original paper
by Ritchie (1972) which provides a flow diagram of all the interactions between Stage I and Stage II
drying.
In PERFECT, soil evaporation removes water from the two upper soil horizons and drying can continue
below wilting point until air-dry. The soil in layer 1 dries to the defined air-dry moisture content. In layer
2, the soil dries to a moisture content at the mid point between air-dry and wilting point. PERFECT
includes two modifications to the original Ritchie model. Firstly, Stage I drying recommences after any
rainfall event but is limited by the amount of infiltration. This contrasts with the original algorithm
(Ritchie 1972), where all cumulative Stage II drying had to be replenished by infiltration before Stage I
drying could recommence. Secondly, effects of crop residue on potential Stage I drying rate have been
incorporated, based on data reported in Adams et al. (1976). Potential soil evaporation is calculated from
pan evaporation and crop cover. Pan evaporation is used within PERFECT rather than techniques such as
Penman-Monteith or Priestly-Taylor because the dynamic wheat and sunflower crop models were
developed using pan evaporation as the potential evaporative demand factor.
PAN.(100 − CCOV )
100
PAN.(100 − GCOV )
E pot =
100
E pot =

LAI > 0.3

2.9

LAI < 0.3

2.10

Epot is potential soil evaporation (mm)
PAN is the daily pan evaporation (mm)
CCOV is total crop cover (%)
GCOV is the crop cover effective for transpiration (%)
LAI is the leaf area index (cm2 cm-2)

Potential soil evaporation rate is further modified for crop residue effects using the relationship given by
Adams et al. (1976). PERFECT assumes that different types of crop residue have the same effect on soil
evaporation.
Epot = Epot . e −0.22CRES
2.11
Epot is potential soil evaporation (mm)
CRES is the weight of crop residue (t ha-1)
Stage I drying commences after infiltration. Stage I soil evaporation will equal the potential soil
evaporation rate until the cumulative Stage I drying exceeds the value of the parameter U (the upper limit
of Stage I drying). Cumulative Stage I drying is reduced by any amount of infiltration that occurs. When
this limit is exceeded, Stage II drying commences based on Ritchie (1972).

(

)

SE 2 = CONA t − t − 1

2.12

SE2 is Stage II soil evaporation (mm)
CONA is an input parameter
t is days since rainfall
Stage II drying on any day can not exceed the daily potential soil evaporation rate. In very dry profiles,
Stage II drying can be limited by soil water deficit in the top two layers of the profile. CONA represents
the slope of the Stage II drying curve when cumulative soil evaporation is plotted against the square root
of time.

Soil evaporation parameters, CONA and U
CONA and U can be estimated from clay content using a modified form of the procedure described by
Ritchie and Crum (1989). Recommended values for CONA and U are presented in Table 7.2.
Alternatively, CONA and U can be calculated directly from lysimeter data if available (cf. Ritchie 1972).
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Table 7.2

Soil evaporation parameters CONA and U expressed as a function of Clay content
Clay (%)

CONA

U

10

3.5

6.75

20

3.75

8.5

30

4.0

9.0

40

4.0

9.5

50

4.0

9.0

60

3.75

8.25

70

3.5

7.5

80

3.5

7.0

Soil water redistribution and deep drainage
Soil water status is updated daily after accounting for runoff. Infiltration is added to the top layer of the
soil profile. Soil water redistribution is calculated using a linear cascading technique based on the
procedure developed for CREAMS (Knisel 1980). Redistribution of water from the lowest soil horizon is
assumed lost to the soil as deep drainage. A simplified structure of the linear cascading model is presented
in Figure 2.2. In this idealised structure, each soil horizon is represented by a bucket. A pipe in each
bucket allows water to drain only when the level of water is above the pipe. A tap in the pipe limits the
rate at which water moves from one bucket to the next. Capacity of each bucket is equivalent to the
saturated water content (SAT) of the soil horizon. Height of the pipe in each bucket represents the drained
upper limit (UL) of the soil horizon while a tap in each pipe symbolises the saturated hydraulic
conductivity (Ksat) of the soil horizon. This type of water balance model is appropriate for the daily timestep rainfall data that are readily available. More detailed soil water balance models exist but such models
invariably require rainfall data measured at more frequent intervals (eg. hourly data).
Soil water redistribution and deep drainage is calculated using the following functions from
CREAMS (Knisel (1980).
D i = Ti (FC i − SWi )

SWi > FCi

2.13

Di is the daily drainage from layer i (mm)
Ti is the drainage factor for layer i (0.0 to 1.0 range)
FCi is the available field capacity of layer i (mm)
SWi is the current available soil water for layer i (mm)

This equation assumes that drainage from a layer only occurs when soil moisture status is above field
capacity. The drainage factor Ti determines the proportion of soil water above field capacity draining to a
lower profile layer (Knisel 1980). This factor is based on the input saturated hydraulic conductivity and
assumes that the drainage factor equals unity when (SWMAX – FC ) ≤ 12 Ksat).
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Figure 2.2
Idealised structure of the cascading bucket model for soil water redistribution and
drainage in PERFECT
Ti =

48
SWMAX i − FCi
2. 0
+ 24
Ksat i

2.14

Ti is the drainage factor for layer i (0.0 to 1.0 range)
FCi is the available field capacity of layer i (mm)
SWMAXi is the soil water capacity at porosity for layer i (mm)
Ksati is the saturated hydraulic conductivity of layer i (mm hr-1)

In PERFECT, we have a further limitation to the amount of drainage occurring from a single layer as
estimated using equation 2.13. Drainage can also be limited by the value of Ksat. We assume that
drainage within a single day cannot exceed the value of Ksat over 12 hours. That is, drainage is the
minimum of the values estimated using Equations 2.13 and 2.15. The arbitary value of 12 hours was
selected because it is inherent in the calculation of the drainage factor in Equation 2.14.
D i = 12 Ksat i

2.15

Di is the daily drainage from layer i (mm)
Ksati is the saturated hydraulic conductivity of layer i (mm hr-1)

Drainage can be limited by the soil water deficit in the layer immediately below the draining layer. If the
layer immediately below cannot hold the extra water then drainage is reduced. In the case of a soil layer
with restricted drainage, the algorithm allows infiltration to be routed upwards towards the soil surface.
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Any excess water at the soil surface is added to runoff. Any drainage of water from the lowest profile
layer is assumed to be deep percolation. PERFECT does not consider any restrictions to water movement
below the soil. That is, any deep drainage is lost instantaneously.

Infiltration
Infiltration is the amount of rainfall left after all runoff has occurred. An additional algorithm to
determine water infiltrating to lower profile layers through cracks has been included. This algorithm can
be optionally invoked by the user and should only be used when there is evidence of soil cracking. The
following criteria must be satisfied for infiltration via cracks to occur:
•
the maximum amount of rainfall can be infiltrated into cracks is a user-defined parameter;
•
rainfall must be greater than 10mm;
•
the top two profile layers must be less than 30% of field capacity;
•
cracks will extend down through all layers less than 30% of field capacity;
•
cracks are filled from lowest layers first; and
•
any layer can only fill to 50% of field capacity.

Crop growth models
This section provides an overview of the crop growth models in PERFECT. Further information
regarding any crop model can be obtained from the recommended references. In PERFECT, crop growth
and water use can be modelled at different levels of complexity ranging from a simple crop factor water
use model to a dynamic crop growth and yield prediction model.
Crop factor model

This is the simplest level of crop model within PERFECT. Transpiration is calculated from the userdefined annual distribution of green cover and a crop factor.
TRANS i = DFAC i . POTT . CF
3.1
TRANSi is daily transpiration (mm) from profile layer i
DFACi is the root density and penetration factor for layer i
POTT is potential plant transpiration (mm)
CF is the user-defined crop factor

Transpiration will be reduced under conditions when available soil water is limiting. Potential
transpiration is calculated from pan evaporation and crop cover.
POTT = CCOV . PAN

3.2

PAN is the daily pan evaporation (mm)
CCOV is total crop cover (%)

Transpiration is removed from the individual layers of the soil profile using a generic root penetration and
root density equation. The root penetration factor (ROOT) simply represents whether the roots have
penetrated individual soil layers. The root density factor (DENSITY) assumes:
• root density does not limit transpiration to a soil depth of 30cm;
• beyond 30cm, root density decreases linearly;
• at the maximum root depth (DWEMAX), root density limits transpiration from that soil layer
on any single day by 90%.
The functions to calculate the root penetration and root density factors are:
 DWE − DEPTH i 
ROOTi = 

 DEPTH i+1 − DEPTH i 

DEPTHi < DWE < DEPTHi+1
ROOTi = 1.0
ROOTi = 0.0

DEPTH i − 300 

DENSITYi = 1.0 − 0.9
DWEMAX − 300 
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DWE > DEPTHi+1
DWE < DEPTHi

DEPTHi > 300mm

3.4
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ROOTi is the root penetration factor for layer i
DENSITYi is the root density factor for layer i
DEPTHi is the depth at bottom of profile layer i (mm)
DWE is the current root depth
DWEMAX is the maximum root depth

The density factor DFACi in Equation 3.1 is calculated from the product of these factors:
DFAC i = ROOTi . DENSITYi

3.5

DFACi is the root density and penetration factor for layer i
ROOTi is the root penetration factor for layer i
DENSITYi is the root density factor for layer i

The crop factor model estimates biomass from the concept of water use efficiency where biomass is
linearly related to transpiration.
DRYM = WUE . TRANS

3.6

DRYM is total above ground biomass (g m-2)
TRANS is total daily transpiration (mm)
WUE is the water use efficiency (g m-2 mm-1)

At harvest, a proportion of total above-ground biomass is removed using the harvest index.
YIELD = DRYM . HI

3.7

YIELD is the harvest yield (g m-2)
DRYM is total above ground biomass (g m-2)
HI is the user-defined harvest index (0.0 to 1.0 range)

Phenology for this model is specified by the user-defined input of the number of days from planting to
harvest. In summary, the crop factor model is a very simple crop growth model that has been included in
PERFECT primarily to act as a water use model. It requires inputs that can be derived from field data or
relevant literature (eg. Doorenbos and Pruitt 1977).
Generic crop model
A simple, generic crop growth model has been included in PERFECT Version 3.00 to enable the
simulation of any crop. The user must specify a range of parameters describing leaf area development,
biomass accumulation, phenology and root growth. This model is also capable of growing crops in a
multiple harvest or ratoon sequence for crops such as sugar cane or lucerne.
Leaf area index (LAI) development is based on the functions from the EPIC model (Williams 1983) and
is determined from user-defined inputs; viz, maximum LAI, proportion of growing season at which
maximum LAI occurs, two pairs of points (LAI and proportion of growing season) that determine the
shape of the LAI curve, and a senescence parameter. LAI development is driven by thermal time. An SCurve function is used to define LAI development up to the time when maximum LAI occurs. After that
time, a leaf senescence algorithm is used to reduce LAI. Daily increment in LAI development is
calculated from maximum LAI, heat units, stress factors and shape parameters.
∆LAI = ∆HUF . LAIMAX . REG
3.8
∆LAI is the daily increment in LAI (m2 m-2)
LAIMAX is the user-defined maximum LAI (m2 m-2)
∆HUF is the daily change in heat unit factor
REG is the most limiting stress factor (water or temperature)
The heat unit factor is:
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HUI
HUI + e AH(1)− AH(2).HUI

HUF =

3.9

HUF is the heat unit factor
HUI is the current proportion of growing season
AH1 and AH2 are shape parameters to ensure an S-shaped LAI development curve

The proportion of the growing season is calculated by:
HUI =

AHU
PHU

3.10

HUI is the current proportion of growing season
AHU is accumulated degree days (oC)
PHU is the user-defined degree days for crop maturity
Accumulated degree days are calculated from the commonly applied concept of accumulating daily
temperature after subtracting a user-defined base temperature.
AHU =

 Tmax − Tmin

− BASE 
2


∑ 

3.11

AHU is accumulated degree days (oC)
Tmax is the maximum daily temperature from weather data (oC)
Tmin is the minimum daily temperature from weather data (oC)
BASE is the user-defined base temperature (oC)

The senescence of LAI is calculated using the function from Williams (1983):
 1 − HUI 
LAI = LAI MAX 

 1 − PLAI 

AD

HUI>PLAI

3.12

LAI is the leaf area index (m2 m-2)
LAIMAX is the maximum LAI achieved during the crop (m2 m-2)
HUI is the current proportion of growing season
PLAI is the user-defined proportion of growing season for maximum LAI
AD is the user-defined senescence parameter

Biomass accumulation is determined from intercepted radiation, radiation use efficiency, stress factors
and a day length factor (Williams 1983).
DRYM = REG . PAR .RUE .(1 + HRLT ) 3
3.13
PAR = 0.5 . RAD . (1 − e −0.65 LAI )

3.14

DRYM is biomass accumulation (g m-2)
REG is the most limiting stress factor (water or temperature)
PAR is intercepted radiation (MJ m-2 day-1)
RUE is the radiation use efficiency (g m-2 MJ-1)
HRLT is the difference in day length between the current and previous day
RAD is the daily radiation (MJ m-2 day-1) from weather data
LAI is the leaf area index (m2 m-2)

This crop growth model estimates water and temperature stress factors on leaf growth and biomass
accumulation. The minimum value of these factors (ie. the most limiting) is always used:
REG = min( TSI, WSI)
3.15
TEMP − BASE 

TSI = sin0.5π
TOPT − BASE 
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WSI =

TRANS
POTT

3.17

REG is the most limiting stress factor (water or temperature)
TSI is the temperature stress index
WSI is the water stress index
TEMP is the average daily temperature from weather data (oC)
BASE is the user-defined base temperature (oC)
TRANS is total daily transpiration (mm)
POTT is the potential daily transpiration (mm)

Transpiration is calculated from the potential transpiration, root depth and leaf area index.
PAN . LAI
3
POTT = PAN
TRANS i = DFAC i . POTT
POTT =

LAI<3

3.18

LAI>3

3.19
3.20

TRANSi is daily transpiration (mm) from profile layer i
POTT is the potential daily transpiration (mm)
LAI is the leaf area index (m2 m-2)
DFACi is the proportion of root in layer i (Equations 3.3,3.4 & 3.5)
PAN is the daily pan evaporation (mm)

Grain yield is estimated by multiplying dry matter at maturity by a harvest index.
YIELD = DRYM . HI

3.21

YIELD is the harvest yield (g m-2)
DRYM is total above ground biomass at maturity (g m-2)
HI is the user-defined harvest index (0.0 to 1.0 range)

Root growth is estimated by:
DWE = DWE + ∆DWE

3.22

DWE is the current root depth (mm)
∆DWE is the user-defined root growth (mm day-1)

Root depth is constrained by either the maximum user-defined root depth or the maximum soil profile
depth. The model also allows the user to grow crops in a ratoon sequence, with the user specifying the
number of ratoons. For a ratoon sequence, at each harvest above-ground biomass and cover is removed.
Root depth is unaffected. The crop parameter representing potential maximum LAI and degree days to
maturity can be optionally adjusted by a liner scaling factor.
Dynamic crop models
The Woodruff-Hammer wheat model in PERFECT V3.0 originally documented in Hammer et al. (1987),
simulates accumulation of above and below-ground biomass in the plant, growth of leaf area, grain filling
and final grain yield, and phenology (rate of development of a plant). The model assumes that wheat yield
is closely related to crop growth around anthesis (Woodruff and Tonks, 1983). A range of more detailed
crop models are available, with the most developed being in APSIM (McCown et al. 1996).
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Residue and tillage
The residue and tillage submodel is comprised of three related components; residue decay through time,
residue reduction by tillage and a cover weight vs percent cover relationship. A daily balance of the
weight of crop residue on the surface is maintained. Crop dry matter remaining after harvest is added to
the residue pool. Residue incorporation during tillage operations and rates of residue decomposition are
related to previous crop type and tillage implement using the functions developed by Sallaway et al.
(1989). Percentage of the ground surface with residue cover is estimated from residue weight on a daily
basis.
The residue submodel is a critical component within PERFECT because it allows the model to quantify
the effects of different land management practices. For example, changing a tillage implement will affect
both surface cover and surface roughness which in turn affects runoff, soil evaporation and erosion.
Changing crop types will produce varying amounts of residue with different levels of effectiveness which
in turn affects hydrology and erosion. Maintaining a surface residue and surface roughness balance is a
crucial component of any cropping systems model. Specifically, estimates of surface cover are used to
modify the curve number parameter for runoff prediction, the potential evaporation rate in the soil
evaporation algorithm and the amount of soil erosion. Tillage also creates varying amounts of surface
roughness, dependent on tillage type, which affects the prediction of surface runoff.
The residue decay submodel estimates the natural decay rate (weathering) of stubble after harvest
(Sallaway et al. 1989). This model assumes an initial high residue decay rate of 15 kg ha-1 day-1 for 60
days after harvest followed by a lower rate of 3 kg ha-1 day-1. That is:
CRES = CRES − 15
CRES = CRES − 5

within 60 days of harvest
after 60 days since harvest

4.1
4.2

CRES is the weight of crop residue (kg ha-1)

Factors for residue reduction by tillage are shown in Table 4.1 and were based SOILOSS (Rosewell and
Edwards 1988), Sallaway et al. (1989), EPIC (Williams 1983) and SWRRB (Williams et al. 1985).
Residue weight is reduced by the appropriate percentage for the specified tillage implement.
Table 4.1

Residue reductions and surface roughness ratios for different tillage implements
Tillage Implement

Residue reduction
(%)

Roughness ratio
(Equation 2.8)

Stubble burnt

95

0.0

Disc Plough

60

1.0

Planter

50

0.0

Scarifier

40

0.7

Chisel Plough

35

0.6

Blade plough

20

0.3

Sweep plough

18

0.3

Rod Weeder

10

0.2

Herbicide

0

0.0

The weathering and tillage submodels modify residue weight. PERFECT relates percent cover to residue
weight using a generic form of the relationships developed by Sallaway et al. (1989). An asymptotic
relationship residue weight and percent cover is assumed
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COVM = MAXRESID (1 − e− CRES )

4.3

MAXRESID is the user-defined maximum residue cover (%) for each crop type
COVM is surface mulch cover (%)
CRES is the amount of crop residue (t ha-1)
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Chapter 17. Rainfall Infiltration and Solute Transport
RD Connolly
(ex) Department of Natural Resources, PO Box 318, Toowoomba Qld 4350

Abstract
This paper discusses the processes and issues related to infiltration of rainfall, redistribution of soil water
in the profile, and drainage below the crop root zone in soil-crop systems in north-eastern Australia. The
processes of infiltration and soil water redistribution are complex and dynamic, affected by a number of
processes at any one time. A major limitation to infiltration is surface crusting, which varies from day to
day depending on rainfall intensity, surface cover and roughness, tillage and soil properties and
condition. Soil that sets hard near the surface is a substantial limitation to infiltration on some soils.
Compaction and tillage disturbance form plough-pans that can restrict water movement and change soil
water holding capacity. Intrinsically low hydraulic conductivity deeper in the profile also restricts
drainage on many soils.

Recognising that degradation in soil condition is a serious issue, a range of management systems, such as
conservation tillage and improved crop rotations have been developed.
Key words: Infiltration, Drainage, Leaching, Solute transport, Soil structure

1.

INTRODUCTION

Infiltration of rainfall, redistribution of water within the soil profile, drainage and solute transport below
the crop rooting zone is a complex and dynamic processes, affected by how the rain falls, conditions on
the soil surface, soil hydraulic and water holding characteristics and management. The rate of solute
transport and leaching is determined by this water movement and by solute properties.
This paper presents a summary of the processes and soil properties that affect infiltration, internal
redistribution of water in the soil profile and drainage below the root zone. It does not discuss the
chemical characteristics of solutes, but focuses on the transport mechanism—water movement. The focus
is on conditions found under cropping in southern Queensland and northern New South Wales, but the
concepts are relevant to different environments.

2.

HOW IMPORTANT IS INFILTRATION AND LEACHING

Infiltration is an important contributor to the efficiency with which rainfall is utilised by crops,
particularly in the grain cropping areas of southern Queensland and northern New South Wales. Even
small increases in infiltration can increase crop profitability if the extra water is used in transpiration
(Table 1, Waring et al. 1958, Freebairn et al. 1986, Radford et al. 1992). The amount of rainfall used by
the crop is low, varying between 20 and 30% (Figure 1). Runoff varies from 0 to 15% of rainfall, and the
rest is lost to evaporation or drainage. Evaporation is the greatest loss, commonly accounting for more
than 65% of rainfall.
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Runoff 8%
Drainage 4%

Transpiration
19%

Evaporation 69%

Figure 1: Typical water balance for a winter crop, summer fallow system on the Darling Downs
(Connolly et al. in prep).
Table 1:

Simulated effect of reducing runoff by changing management practice on crop transpiration,
yield and gross margin. Soil is a black cracking clay near Dalby.
Runoff

Management treatment

(% of rain)

Intense tillage, wheat fallow
Zero-tillage, wheat fallow

2.1

7.0
2.2

Transpiration
(% of rain)
22.6
27.8

Yield
(t/ha)
2.0
2.3

Gross margin

($/ha)

235
261

Pesticide movement

Leaching of soluble pesticides, nutrients and salts is an important consequence of the internal
redistribution of soil water. Figure 2 shows migration of atrazine down a Te Awa silt loam at Hawkes
Bay on the North Island, New Zealand. The soil has 0.3 m of silt loam overlying coarse sand and gravels.
Atrazine was applied at the start of the experiment at 22 kg/ha and the area lay fallow with some
irrigation applied during the experiment. The atrazine moved down through the soil profile, but degraded
before reaching 120 cm. Bypass flow was evident at 85 cm after 200 days.
Atrazine (ug/kg)
0

200

400

600

800

0

30

Depth
60
(cm)

90

80 days
200 days
300 days
400 days
640 days

120

Figure 2: Movement of atrazine through a New Zealand soil. Adapted from: Close et al. (1998).
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3.

PROCESSES OF INFILTRATION AND WATER REDISTRIBUTION

3.1 Soil hydraulic and water holding properties
Two important properties of the soil profile that describe infiltration are the moisture characteristic and
K(Ψ) relationship (Figure 3). The moisture characteristic is a measure of how much water is retained by
the soil. Change in water content between saturation, or a soil matric potential of 0 to about 100 cm
(0.1 bar) give an indication of the amount of macroporosity in the soil. Water held between 100 cm and
15 000 cm (or 15 bar) indicate the amount of water that plants are likely to be able to access. Below
15 bar is water that is extracted to the atmosphere as evaporation.
The K(Ψ) relationship shows change in hydraulic conductivity with matric potential and moisture
content. Effects of macroporosity can be seen mainly at matric potentials between 0 and 30 cm, then K
declines sharply as the soil dries. Most infiltration and internal redistribution of soil water occurs for
matric potentials between 0 and 1000 cm, though slow rates of water movement occur at much lower
potentials.
10

0.6
Macropores

Macropores
0.5

1

Plant
available =
0.078 v/v

Water
content
(v/v)

Hydraulic
conductivity
(mm/h)
0.1

Plant
available =
0.119 v/v

0.4

Uncropped
Cropped 50 years

Uncropped
Cropped 50 years

0.01

0.3
0

10
1000
Matric potential (cm)

0

100000

10

1000

Matric potential (cm)

Figure 3: Moisture characteristic and K(Ψ) relationships for a black cracking clay.

3.2 Limitations to infiltration
Infiltration is affected by rainfall characteristics, surface conditions, and properties of the soil profile and
is highly dynamic. Generally, infiltration declines with cumulative rainfall because the soil’s water
adsorption capacity declines and infiltration becomes limited by the rate that water can be passed deeper
into the soil profile (ie. by hydraulic conductivity) (Figure 4).
100
80

Constant K
Crusting

Infiltration 60
rate
(mm/h) 40
20
0
0

20

40

60

Cumulative rainfall (mm)

Figure 4: Decline in infiltration rate with
cumulative rainfall volume on soil with constant
hydraulic conductivity and with decreasing
hydraulic conductivity as a crust forms.
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Figure 5:

A surface crust.
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In the field, soil hydraulic conductivity, and infiltration characteristics often change dynamically from
day to day. Crusting (Figure 5) is a good example of the dynamic changes seen in cropping systems.
Raindrop impact on bare soil forms crusts (Figure 4), often having a hydraulic conductivity much lower
than soil deeper in the profile. Conductivity of the crust declines with cumulative rainfall, eventually
reaching a steady state. Surface cover either from crop stubble, other vegetative matter or rocks, protects
the soil from raindrop impact or causes crust discontinuities, thus increasing the effective crust
conductivity. Clods or other surface roughness elements on the soil surface also disrupt crust continuity
and tillage destroys the crust. As a result, crust conductivity during a cropping season is highly variable
(Figure 6).
Surface roughness and cover is temporally variable. Tillage reforms roughness elements and rainfall
breaks them down. Tillage also incorporates stubble into the soil, breaks up the stubble and reduces
surface cover. Microbial action leads to the decomposition of stubble.

100

10
Crust hydraulic
conductivity
(mm/h)
1

0.1
1/09/1976

23/02/1977

17/08/1977

8/02/1978

2/08/1978

Date

Figure 6: Simulated change in crust hydraulic conductivity during a cropping season, as affected by
rainfall, tillage, surface cover and roughness.

Properties of the soil profile are also important. Surface soil layers have most effect on infiltration, while
deeper layers influence internal redistribution of water and drainage below the root zone.
Hard-setting (when soil loses its structure on wetting and sets hard on drying) is an important limitation to
infiltration in many soils (Figure 7, So and Aylmore 1993). Hard-setting affects surface soil and occurs
on sodic soil or soils with low Ca/Mg ratios.
Compaction occurs from trafficking with heavy machinery on wet soil, resulting in reduced permeability,
increased density and changed water holding capacity (Figure 8, Gupta et al. 1989, McGarry 1990). Soils
with higher clay contents are susceptible to compaction and effects can extend to 60 cm deep, though
most damage tends to occur in the 10–30 cm deep layer (Connolly in prep.).
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Figure 7: Hard-set soil.

Figure 8:

4.

Compacted soil under a wheat crop.

MANAGEMENT

Management influences soil condition and infiltration in both the short and long term. Tillage disturbs
surface cover, changes roughness, disrupts macropores and shatters aggregates on a day-to-day basis.
Reducing surface cover increases crusting. Changing the surface roughness affects crusting and
movement of runoff. Disruption of macropores and aggregates has the effect of reducing the number and
size of larger pores available to transport water into the soil.
Long-term run down in soil physical condition is an insidious form of land degradation. Intense tillage
and changed organic matter cycling in continuous monoculture systems runs down the organic matter
pool and changes the composition of organic matter in the soil (Dalal and Mayer 1986, Golchin et al.
1995). This can also reduce aggregate stability in surface soil layers, increasing crusting (Haynes and
Swift 1990, Connolly et al. 1997). Effects of wheel-track compaction can accumulate, leading to a steady
decline in permeability of sub-surface soil layers and development of ‘plough pans’ (Allmaras et al. 1982,
Connolly et al. 1997).
Further, this run down in soil physical condition can lead to increased runoff and reduced yield, with
indications that soil condition and crop productivity will continue to decline if intense tillage continues to
be used (Figure 9).
Management has a good deal of leeway in influencing how cropping impacts on soil condition and
infiltration. A number of conservation tillage systems have been developed with the aim of reducing
tillage and trafficking and retaining surface cover. Minimum tillage systems keep tillage to a minimum,
use less aggressive tillage implements, and use herbicides where possible to control weeds (Freebairn
et al. 1993). Zero-tillage eliminates all tillage, planting directly into stubble (Freebairn et al. 1986).
Controlled traffic farming confines traffic to predefined tracks (Tullberg 1998). Incorporating leys into a
cropping rotation can improve soil organic matter levels and physical condition (Figure 10, Bell et al.
1997, Connolly in prep.).
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Figure 9: Simulated effects of changing soil condition on runoff and wheat yield for a black cracking
clay near Dalby (Adapted from Connolly et al. in prep.).
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Figure 10: Simulated effects of a ley rotation on runoff and wheat yield (during the cropped phase) for a
black cracking clay near Dalby (Adapted from Connolly et al. in prep.).

This paper has discussed the processes and issues related to infiltration of rainfall, redistribution of soil
water in the profile, and drainage below the crop root zone in soil-crop systems in north-eastern Australia.
The processes of infiltration and soil water redistribution are complex and dynamic. A major limitation to
infiltration is surface crusting, which varies from day to day depending on rainfall intensity, surface cover
and roughness, tillage and soil properties and condition. Hard setting is also a substantial limitation to
infiltration on some soils. Compaction and tillage disturbance form plough-pans that can restrict water
movement and change soil water holding capacity. Management of these soils will influence soil
condition, infiltration, and ultimately productivity. A number of conservation tillage systems have been
developed with the aim of reducing tillage and trafficking and retaining surface cover.
By gaining an understanding of soil physical and chemical properties, appropriate management practices
can continue to be developed which help reduce soil degradation whilst maintaining or improving
productivity.
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Chapter 18. Erosion Processes and Contaminant Transport
RJ Loch
Landloch Pty Ltd, 19 Peace St, Toowoomba Qld 4350

Abstract
Erosion processes of common concern include splash, interrill, rill, gully, and tunnel erosion. Each
process has characteristic “drivers” and controlling factors. The rate and distance of sediment transport
in runoff is a function of sediment settling velocity, with a common distinction being made between
suspended load and bed load. Sediment properties vary greatly, depending on soil properties and
erosion process. Contaminants may move in solution and/or adsorbed to soil particles. Important
considerations are the solubility, adsorption, and persistence of contaminants. Erosion control methods
– if effective – will impact on the component of the eroding system to which the erosion process of
concern is most sensitive.
Key words: Soil erosion, Erosion processes, Erosion control methods, Sediment and contaminant

transport

1.

INTRODUCTION

Erosion is of concern for two reasons:
• on-site damage; and
• off-site impacts on both land and water.

On-site impacts can be of concern if there is loss of topsoil and reduction of site productivity. For example,
vegetation growth may suffer if topsoil is lost, creating areas prone to continuing erosion. Subsoil layers of
reduced productivity or increased erodibility may be exposed.
Off-site impacts can include sediment deposition in areas such as roads, drains and aquatic ecosystems. Also
of concern however, is not simply movement of sediment, but also movement of nutrients and pesticides
associated with sediment. Therefore, a primary aim of any ‘erosion control’ activity is to identify
precisely the problem that is to be controlled. A secondary aim should be to ensure that the erosion
control program developed does not (a) create other (unforeseen) problems or (b) fail to address all of the
aspects of erosion of concern.

2.

EROSION PROCESSES

Erosion by water occurs via a number of distinct processes. Identification of the dominant
process(es) is an essential first step in planning erosion control methods.
Splash erosion occurs when raindrop impact detaches and moves soil particles. Rates of splash erosion
decline rapidly if the soil surface becomes covered by water, so widespread splash typically occurs early in
a rainfall event, before runoff develops. During runoff, splash is restricted to areas of soil that (due to surface
roughness) project above overland flow. It is the major process occurring on highly permeable soils or on
steep slopes or embankments where the chance of ponding is minimal. This type of erosion is readily
observed by the presence of erosion pedestals, where the soil is protected from erosion by leaves, twigs or
stones and gravel. The height of the pedestals provide an estimate of the extent of erosion that has
occurred on these soils. Net downslope movements of sediment by splash are generally insignificant unless
slopes are extremely steep, as the net downslope component of raindrop energy is generally small, and factors
such as wind may have greater influence on the direction of net splash transport.
Interrill, sheet, or rain-flow erosion occurs when raindrops impact shallow overland flows. The
proportion of erosion occurring by this mechanism varies greatly, but can be 30-40% of total erosion.
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Rill erosion occurs where overland flow concentrates and develops characteristic turbulence patterns.
Rills are defined as flow channels that can be readily corrected by tillage. In agriculture, they typically
do not exceed tillage depth. On uneven surfaces, overland flow tends to concentrate into a number of
preferred pathways which may or may not become rills, depending on the cohesion of the material and
the turbulence of the flow. This process is generally dominant on steeper slopes, and may account for 6070% of erosion from hillslopes.
Gully erosion is effectively a larger form of rill erosion. Gullies are usually > 0.3 m deep with a cross
sectional area large enough such that over-bank flows rarely, if ever, occur. Gullies are too deep to be
obliterated by normal tillage operations. In many catchments, gully erosion tends to undergo periods of
intense activity (producing high rates of erosion), followed by relatively long periods of quiescence or
stability.
Tunnel erosion is a mechanism that eventually forms gullies, but should be considered as a process in its
own right. Tunnels form when flow through soil is able to remove fine particles and eventually form a
tunnel through the soil. As the tunnel increases in size, the overlying soil eventually collapses into it and
a gully forms. Tunnel erosion is strongly influenced by soil stability (clay dispersion) and particle size,
and by flow accumulation and flow pathways. Tunnel erosion is commonly associated with engineered
structures and attempts to “control” flow.

3.

SEDIMENT TRANSPORT

Eroded soil particles vary considerably - in size, density, shape, and roughness. These differences determine
not only the manner and rates at which particles are transported, but also the distances over which particles
may be carried by a particular erosive event. The sediment properties listed above control the velocities at
which particles settle in water, with settling velocities being greatest for large, dense, smooth, round particles.
Depending on settling velocity, particles ejected into overland flow may remain in the flow rather than settle
to the bottom. This occurs when flow turbulence is sufficient to counterbalance the tendency of the particles
to settle. Such particles are described as being in suspension, and are referred to as suspended load. Because
flow turbulence can vary, particles that are suspended under some conditions may not be so under others.
Under all conditions, particles <0.002 mm (such as dispersed clay) will be suspended load, and particles 0.020.002 mm would also commonly function as suspended sediment.
If particles carried in flow do not remain in suspension, they will regularly settle to the bed (of the flow line)
or to the soil surface, to be re-entrained if sufficient lift force is applied by flow turbulence (including raindrop
impacts) or impacts of other particles. Such particles are referred to as bedload, and typically move by
saltation, rolling, or sliding. In some instances, all bedload sediment may be referred to as contact load, but
some authors use contact load to refer specifically to particles moved by rolling and sliding. Bedload particles
move in a bedload layer, close to the bed and regularly exchanging particles with it. Individual bedload
particles move by a series of quick steps with relatively long intermediate rest periods. This means that
bedload sediment will move at a lower velocity than the flow that transports it, and hence, eventual deposition
is inevitable. Suspended sediment, however, can move considerable distances in runoff.
The relative proportions of bed and suspended sediment can vary greatly, depending on the material being
eroded, and on the turbulence of the erosive flows that occur. However, for many soils, as much as 80% of
the eroded sediment is bedload, made up of aggregates and sand grains (Young 1980, Loch and Donnollan
1983b, 1988). Other materials vary greatly. Some sewage sludges can be quite coarse (Loch et al. 1994), but
up to 50% of feedlot manures can be made up of particles that settle very slowly (Lott et al. 1994).
For soils, suspended load tends to be relatively rich in clay and organic matter, whereas bedload may be
more dominated by sand and coarse aggregates.

4.
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Contaminants carried by runoff include nutrients (either directly eroded from soils, or dissolved from
fertilisers or other soil amendments) and a range of other organic and inorganic compounds (with sources
ranging from pesticides to industrial effluent). Galland and Moore (1992) noted that "The key chemical
characteristics governing contaminant transport in the environment are water solubility, adsorption, and
persistence. The solubility of pesticides varies greatly ranging from virtually insoluble .... to soluble .....
Generally, the greater the water solubility, the more potential there is for pesticides to leach from the soil,
either moving to the water table or being removed in surface runoff...... Adsorption, which results in physicalchemical interaction or bonding of pesticides with soil retards leaching by holding pesticides in the active
surface soil where most rapid breakdown occurs. Persistence is the ability of the pesticide to resist
degradation, and is usually described by the half-life..."
Potential contaminants vary greatly in their solubility, adsorption, and persistence, and this can greatly affect
the management strategies that could be required to minimise environmental problems. As an example, the
potential for spreading sewage sludge in a forest area can be considered.
Firstly, some solutes in the sludge are slowly-soluble, and will continue to be released from the sludge for 1-2
years. These solutes include phosphates and heavy metals, which are strongly adsorbed by some soils. If the
sludge is spread on the soil surface, there is potential for these contaminants to move in surface runoff, and
reach aquatic ecosystems during the following 1-2 years. But, if the sludge is incorporated into the soil,
phosphates and heavy metals leached out of the sludge will be adsorbed by the soil, and immobilised.
(Erosion of the soil, however, would then mobilise those adsorbed materials.) Because the heavy metals are
not degraded or in any way destroyed, there will be a finite limit to the amount of sewage sludge that can be
added to any area of soil.
In contrast, nitrate and ammonium in the sludge are highly soluble, and are largely removed from the sludge
in the first rainfall event that causes significant leaching. If the sludge is spread on the soil surface, the nitrate
and ammonium that move into aquatic ecosystems via surface runoff would be rapidly degraded, though
possibly causing some short-term problems. If the sludge is incorporated into the soil, however, nitrate and
ammonium will not be adsorbed, and may leach into the groundwater where their residence time could be
quite long. There may be potential for soil conditions to cause denitrification and gaseous losses of N to the
atmosphere, and hence, the persistence of nitrate and ammonium in the soil/groundwater system would be a
major consideration.
One point from the example of sewage sludge disposal is that the location of the source of contaminant and
the subsequent pathways of contaminant movement can be quite important. In some instances, there is
potential to greatly reduce specific problems. It should also be noted that the presence of impermeable or
impeding layers in soils can have large effects on contaminant pathways.
Where erosion causes movement of contaminants originally resident in soils, there are commonly both
dissolved and adsorbed components. Adsorption of contaminants to clay and organic matter particles means
that the contaminants are carried dominantly by suspended sediment. Selective transport of suspended
sediment can result in concentrations of contaminants in sediment being higher than in the soil from which
they came. These increases in concentrations are referred to as enrichment ratios, and are sometimes used to
estimate the amounts of nutrients or other contaminants removed with eroded sediment.
There have been successful studies of enrichment of nutrients in a range of sediment classes using settling
columns to partition the sediment into relevant fractions.
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5.

EXAMPLES OF EROSION CONTROL APPROACHES

Options for dealing with erosion are to either:
• reduce or prevent detachment and transport; or
• to cause deposition of some or all of the entrained sediment from an area.
Most erosion control measures are aimed at achieving one or both of these effects.

5.1

Contour banks in cropping land

Contour banks (actually graded banks) have been widely recommended and constructed on sloping
cultivated land in Queensland and New South Wales.
These banks were installed for erosion control, but research showed that considerable erosion occurred
between the contour banks (Freebairn and Wockner 1986). Nor was this surprising, as erosion process
studies (Loch and Donnollan 1983) showed that rill erosion in tilled soils was initiated at quite small flow
rates and therefore at relatively short slope lengths.
From further consideration, it is apparent that one of the primary aims of contour bank construction was
to prevent gully erosion, which had been widely prevalent prior to their construction and which rapidly
rendered land impossible to farm. In terms of preventing gully erosion, contour banks were a success.
The error was to equate control of gully erosion with control of all forms of erosion. However, the effort
was not wasted, as research by Freebairn and Wockner (1986) also showed that erosion between contour
banks could be controlled by retaining crop residues, with the result that the combination of contour
banks and residue retention was a very stable system.

5.2

Contour mounds for forestry plantings

In the coastal lowlands of south-east Queensland, planting of Pinus plantations on sites subject to periodic
saturation, at one stage involved the construction of continuous across-slope mounds. Mounds formed
during site preparation were typically 2 m in width, with centre-lines of adjacent mounds spaced at 4.5 m.
The mound profile was bordered by furrows and outside furrows of adjacent mounds defined an intermound zone. Mounds and furrows were placed across slope with a designed grade of 1.5% (range 1–2%)
to transfer runoff from hillslopes into natural watercourses. This system was designed to minimise
erosion losses as well as provide drainage for seedling growth in a waterlogged landscape.
Rainfall simulator studies of this system (Costantini and Loch 2002) showed that: (a) the mound/furrow
system gave very low rates of sediment loss, but (b) nutrient concentrations in runoff were unacceptably
high.
The high rates of nutrient movement in runoff were surprising, given the sandy and infertile soil that was
studied. However, examination of results showed that:
• the mound/furrow system was actually a high erosion/high deposition system, with high rates of
detachment on the furrow sideslopes and high deposition in the low-gradient furrows;
• nutrient was linked to the finer sediment size fractions; and
• the system effectively winnowed large quantities of sediment, thus allowing significant quantities
of fine particles and associated nutrient to be accumulated in runoff.
These planting practices have since been changed. However, this example illustrates thatt:
(a) control of one problem can sometimes simply create another; and
(b) any system that contains points where there are high rates of detachment is inherently unstable or
unacceptable.

5.3

Use of berms on rehabilitated post-mining landforms

Currently, post-mining landforms in some areas of Australia are commonly constructed in 10 metre high
lifts, with batter slopes of 20°. Each lift is drained by a ‘berm’. Some berms are simply level areas, 5–10
metres wide, with no provision to pond, retain or control runoff flows. Other variants include berms with
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a small earthen wall at their outer edge to contain water, and at best berms are constructed as inwardsloping channels, in some cases drained by rock chutes. Cross-banks may be placed in some berms to
prevent lateral movement of runoff, thus minimising accumulation at points and potential for overflow.
Given the high failure rate of these structures, the strong regulatory support for them is remarkable.
Short-term failure is associated with:
• level berms concentrating runoff flows and triggering gullies;
• berms with an outer wall failing to retain water—usually because of a piping failure of the outer
wall, either because of the use of dispersive spoil in its construction, a lack of compaction or
both. Flows may also simply tunnel through the berms themselves. In all instances, concentrated
flows cutting through berms have disastrous impacts on lower batter slopes; and
• tunnel erosion of the entire landform if constructed of dispersive materials (which is not
uncommon).
Long-term failure is almost certain, with accumulation of sediment and loss of water storage capacity
being inevitable in all but extremely low-erosion situations.
Issues illustrated by this approach are:
(a) engineered structures have potential to cause considerable damage if they fail;
(b) engineered structures that trap runoff and sediment have an on-going need for maintenance, and
are therefore best suited to sites that either receive constant management, or for which the period
over which erosion must be controlled is short;
(c) engineered structures must be built to proper engineering standards; and
(d) a failure to characterise the materials (soils, spoils) of concern is a major cause of failure of many
rehabilitated landforms and of many land rehabilitation projects.

5.4

Use of silt fences and other sediment trapping methods

In some cases, off-site sediment trapping/deposition is useful. If a site is likely to yield large quantities of
sediment that could be expected to deposit in surrounding roads, drains and driveways and be a major
nuisance, then sediment trapping is highly desirable. The aim is to cause deposition in locations that are
convenient, rather than have it occur where it may be an extreme nuisance or cause damage. However, if
there are concerns with movement of suspended clay and nutrients to aquatic ecosystems then sediment
trapping may achieve little.
For example, contour banks in cropped land are on low gradients (eg. 0.3%) and trap much of the
sediment eroded to them. For a site on the eastern Darling Downs, Freebairn and Wockner (1986) found
that 80–90% of the sediment eroded from tilled areas (which were on 6–7% slope) deposited in the
contour bank channel. The proportion of sediment passing through the channel was consistent with
measurements of the proportions of suspended sediment eroded from the soil studied. Although
deposition of 80–90% of sediment may seem to be an acceptable reduction in erosion, the concentration
of particles <0.02 mm in runoff likely to exit the contour banks is in the order of 2.6–5.2 g/L for bare,
cracking clay soil (Loch and Donnollan 1983). Those concentrations are high relative to concentrations
of suspended load reported for many Australian streams.
Recent research on filter strips has shown similar results. Meyer et al. (1995) found that vegetative strips
trapped 90–100% of sediment >0.125 mm but only trapped about 20% of material <0.02 mm. A similar
low rate of trapping of suspended sediment could be expected for silt fences.

5.5

On-site erosion control – prevention rather than cure

The alternative approach is to try to prevent erosion at its source.
One very simple and effective approach is to schedule site disturbance for times when erosion hazard is at a
minimum. At most locations in Australia rainfall erosivity is strongly seasonal, being a function of rainfall
intensity rather than of rainfall amount. In terms of direct input costs, scheduling site disturbance for periods
of low erosion hazard is the cheapest and simplest way to reduce erosion problems.
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Alternatively, a range of approaches can be used to protect the soil surface from runoff and overland flow.
These can include:
• Retention of crop/pasture residues.
• Spreading of straw mulches (currently used on areas prepared for revegetation on some open-cut coal
mines in Queensland). After the straw is spread, a spray of bitumen is used to anchor it in place.
• Various surface mattings or coverings. These could include the option of having seeds attached to the
matting so that surface protection and site revegetation are carried out concurrently.
• Surface amendments, which can cover a range of compounds. On some sites, polyacrylamides to
stabilise the soil surface and reduce erosion may be useful and are now becoming relatively cheap.
• Hydromulching.
The impact of on-site erosion prevention was shown for an agricultural situation by Freebairn and Wockner
(1986) for cracking clay soil on the eastern Darling Downs. Although contour banks trapped 80–90% of the
soil eroded from bare hillslopes, the concentration of sediment discharged to a grassed waterway averaged 13
g/L. In comparison, where stubble was retained on the soil surface as a mulch, concentrations of suspended
sediment reaching the waterways were reduced to 2 g/L. The presence of a stubble mulch also greatly
reduced the amounts of sediment deposited in the contour banks, thus reducing maintenance costs for the bank
channels.
Many of the methods available for erosion prevention are associated with surface cover by vegetative
material. This may involve establishment of vegetation, or management of crop residues.
If a site is to be stabilised by vegetation there is the rather obvious requirement that the materials left
exposed on the soil surface at completion of the work should be suitable for plant growth. Issues to be
considered include not only chemical fertility and possible physical instability, but also soil water-holding
capacity. Some reconstituted soil profiles formed in cuttings and construction areas are unable to sustain
plant growth due to one or more of these factors. The need for adequate soil water holding capacity
becomes greater in drier areas and where there are pronounced periods of water stress within each year.
Management of plant/crop residues requires a clear understanding of periods of greatest erosion risk to
ensure that residues are present when they are most needed.

5.6

Overview of erosion control

Efforts to control erosion in a range of industries and locations show consistent causes of failure. These
include:
• failure to accurately define the problem that is to be addressed;
• failure to fully appreciate consequences of some practices and procedures;
• adoption of inappropriate practices from other environments or industries;
• failure to characterise the materials of concern; and
• a tendency to adopt practices of high visual/emotional impact rather than practices that genuinely
target the problem of concern.

6.

CONCLUSIONS

Control of erosion and contaminant movement is not always simple. It does require careful thought,
understanding of erosion processes and of the situation being managed.
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Chapter 19. Soil Erodibility and Stabilisation of Steep Disturbed
Hillslopes
HB So
School of Land & Food Sciences, The University of Queensland

Abstract
Soil erosion is a source of concern to resource managers. Erosion by water comes in different forms, but
affects 80% of the cultivated land in Queensland and is a major concern for landform design of postmining landscapes. Various models have been developed to assess the severity of soil loss and some of
these are examined within the context of the stabilisation of steep disturbed hillslopes, such as postmining rehabilitation.
Key words: Soil erodibility, Stabilisation, Run-off, Universal Soil Loss Equation, Disturbed slopes, Inter-

rill erosion, Rill erosion, MINErosion

1.

INTRODUCTION

Erosion can be classified based on the agent causing soil movement as wind erosion, water erosion and
mass movement—with the last caused by a combination of excess water and gravitational forces. In this
paper we will confine ourselves with the most common form, which is erosion by water.
Erosion by water comes in different forms. The ability to recognise the various forms and its responses to
various environmental factors can be useful when we need to make measurements or when we need to
manage the land to minimise or avoid erosion. It is also important when we need to obtain appropriate
parameters for modelling and planning.
Erosion by water can also be classified according to the erosive agent and these are:
1. Splash erosion, where raindrop impact act as both the detaching and transport agent in the absence of
ponded water. It is the major process occurring on highly permeable soils or on steep slopes or
embankments where the chances of ponding is minimal. Splash erosion occurs before ponding and
run-off is initiated. The distance of transport is typically small. This type of erosion is readily
observed by the presence of erosion pedestals, where the soil is protected from erosional forces by
leaves, twigs or stones and gravel. The height of the pedestals provide an estimate of the extent of
erosion that has occurred on these soils. Given that 1 mm of uniform removal of the surface soil is
approximately equivalent to a soil loss of 12.5 t/ha/year, the presence of pedestals is an indication of
very high rates of erosion from that surface.
2. Sheet erosion, where the detaching agent is raindrop impact and the detached soil is transported by a
thin and more or less uniform layer of overland flow. This type of erosion is also referred to by
various other terms such as inter-rill erosion, rainflow or rain induced flow transport. The latter term
refers to the fact that in the absence of raindrops, thin overland flows are not able to detach, entrain or
transport soil to any significant distance. Sheet erosion is often the dominant process on low slopes
such as agricultural land.
3. Rill erosion, where the detaching and transporting agent is concentrated overland flow and there is
high energy and shear stress associated with such flow. Rills are defined as flow channels that can be
readily corrected by tillage. They are typically shallow and do not generally exceed tillage depth. On
uneven surfaces, overland flow tends to concentrate into a number of preferred pathways which are
severely eroded into rills. This process is generally dominant on steeper slopes such as post-mining
landscapes.
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4. Gully erosion, where rills become large and are not readily corrected by tillage. Gullies develop from
rills and are the result of a large quantity of concentrated surface water.
5. Mass movement, where soil movement is caused by the force of gravity. A pre-condition for mass
movement is the development of a slip-plane with a low shear strength. Examples are sloping
saturated soils above a less permeable layer, or clay layers at depth that becomes saturated and
weakened. Soil may move as moist soil (eg. landslides) or as mudflows at the base of long postmining hillslopes.
In this paper we will concentrate on the processes of inter-rill and rill erosion which are the most common
erosion processes and has been the subject of most erosion models.

2.

THE EROSION PROCESSES

When we examine the process at a point in the landscape during an erosion event, the fundamental
process that gives rise to erosion is conceptually very simple as shown schematically in Figure 1.
A typical pattern of ponded water infiltration into a soil is shown against time of infiltration. This curve
represents a typical infiltration capacity of an initially dry soil. If we superimpose on this graph a simple
case of constant rainfall intensity, water will pond when the rainfall intensity exceeds the soil’s
infiltration capacity. Prior to this point, all rain will infiltrate into the soil. The ponded water becomes
run-off, which carries with it the detached soil particles as sediment.
If we progress to a hillslope consisting of a series of point processes, the run-off water accumulates in the
downslope direction and carries with it the soil that was detached by the raindrop impact energy, or by the
kinetic energy of the run-off water itself. During this process, soil particles and aggregates are
continually detached from the soil surface associated with the turbulence created by raindrops.
Simultaneously, particles are repeatedly entrained and deposited down the slope. Moss et al. (1979)
showed that sediment are entrained and transported due to the combined action of raindrops and flow.

R a te

Rainfall
rate

Soil’s infiltration rate

Run-off

Time
to runoff

Time
Figure 1:

Schematic diagram of the generation of run-off.

Despite the simplicity of the basic processes, the integration into a cumulative soil loss from a paddock,
catchment or a landscape is a highly complex process. Cumulative soil loss is the main expression of
erosion that we are all familiar with. The complexity is associated with the spatial and temporal
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variability of the various components of that process and some of these are discussed in the following
paragraphs.
The soil’s infiltration capacity varies with soil type, soil physical characteristics (texture and structure),
soil water content and location on the landscape. Figure 2 shows how structural degradation, structural
improvement and soil water content affect the infiltration capacity and how this will impact on the run-off
generation from that soil. There is large variability in soil structural stability across a landscape and
hence the detachability and transportability of soil particles also vary across the landscape, associated
with the soil’s physical and chemical properties. These properties will be modified by the pattern of
surface cover from vegetation, litter and rocks or gravel.
Rainfall intensity varies with time, space and season. Figure 3 shows the effect of different patterns of
rainstorms, which affect run-off generation in terms of the quantity, rate and pattern of distribution. The
variation in rainfall intensity leads to variable energy of raindrop impact. This variation is considered to
be the main factor controlling the amount of sediment available for transport and is referred to as the
rainfall erosivity (the energy available for detachment). The roughness of the surface soil will affect the
pattern of overland flow and hence the rilling pattern from a rainstorm.
There is an additional temporal variability in vegetation cover as it grows—in that growth is dependent on
the distribution of soil and infiltration, which in turn will affect the pattern of raindrop impact and runoff
water.
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Time
Figure 2:
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The effect of soil structural improvement on the partitioning of rainfall into infiltration and
run-off.
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Figure 3:

The effect of rainfall distribution on the rate and distribution of run-off.

The unpredictability of some of these parameters leads to a situation where essentially there are no two
similar erosion events. Therefore, it should be stressed that the measurement of erosion losses from a plot
or catchment does not provide a measure of erosion that can be expected next month or from the next
erosion event. However, measurements made over long periods may provide an average annual soil loss.
Therefore, we need a reasonably simple framework to relate past measurements to possible future events
and to estimate the erosion from such events. This is where erosion models becomes a very useful tool.
We can therefore expect that there will be a range of models developed based on opinions how these
complex processes can be usefully rationalised, and on the type of outcome expected from a model.

3.

EROSION MODELS AND THE SOIL ERODIBILITY

3.1

Average annual soil loss

The Universal Soil Loss Equation (USLE) is the first and major conceptual model that was developed for
the purpose of estimating the mean annual soil loss and is the most widely used model. The USLE
expressed erosion as the average annual soil loss from a simple hillslope with a uniform slope. Assuming
that all soil particles detached by raindrops will be transported by sheet erosion to the bottom of the slope
within a sufficiently long time frame (one year), then erosion from a uniform paddock with a uniform
slope can be expressed as the product of the capacity of rain to dislodge and transport soil particles
(erosivity) and the soil’s susceptibility to erosion (erodibility):
Mean annual soil loss = (Rainfall erosivity) x (Soil’s erodibility)
A

=

E

x

K

[1]

As slope and surface conditions will affect the final rate of soil loss, these can be expressed relative to a
standard condition, which can be assigned a value of unity (1.0). Hence other conditions can be
expressed as a ratio (factor) to that standard. Under agricultural practices, the most important factors are
slope (S), length of slope (L), surface cover conditions (C) and soil conservation practices to control runoff water (P). In the development of the USLE, the standard plot was set up to represent the worst case
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scenario at the time, which is a bare plot, cultivated up and down the slope. The standard plot was 76 feet
long (22.1 m) at a slope of 9%.
When these factors are included, the USLE can be written as:
A

=

*E *K *LS *C *P

(tons/ha/year)

[2]

The original equation was derived by Wischmeier and Smith (1978) based on 10 000 man years of data
and the parameters were given as sets of tables and nomograms to derive appropriate values for each
parameter. E is expressed as EI30 (Total energy of rainstorm x highest 30 min intensity) and K is the
measured annual erosion rate from a standard plot (22.1 m long, at 9% slope) per unit EI30. Being a
totally empirical model, the USLE had to be adapted for use in different regions of the US and also in
other countries.
The Revised USLE (RUSLE)
More recently, the USLE was revised based on experience with the USLE over 30 years to take into
account new information in the form of fundamentally based relationships between the relevant
parameters and to cope with more complex slopes. RUSLE1 was a web-based version was released in
1996 and the latest windows version of RUSLE2 is released in 1999 and is now available on the web
from:
http://www.sedlab.olemmiss.edu/rusle or http://bioeng.ag.utk.edu/rusle2

USLE and RUSLE was derived as a planning tool to predict the approximate changes in soil loss that can
be expected if management is modified. It is based on a large database covering 33 US soils with a large
amount of detailed information on the effects of different managements on soil loss. It should not be used
for accurate predictions. It predicts the mean annual soil loss based on an average erosivity from longterm historic weather data.

3.2

Soil loss from an erosion event

In the estimation of an annual rate of soil loss, the USLE/RUSLE does not consider detachment
associated with run-off as a separate component. Because it is interested in the long-term mean annual
soil loss, it is reasonable to assume that all soil particles detached by raindrops will be measured as soil
loss at the bottom of the slope. This will not be the case with an event soil loss. During an erosion event,
the energy of run-off water can be the major cause of soil detachment particularly when rilling is the
dominant mechanism such as on steep slopes. Therefore, it is appropriate to include the energy
associated with run-off into the parameter E for a particular event and use the modified equation to
represent soil loss from a rainstorm event.
The Modified USLE (MUSLE) derived by Onstadt and Foster (1975) provides an estimate of an event
soil loss:
A

= (0.5 EI30 + Qq0.33) *K *LS *C *P

(tons/ha )

[3]

Or replace the rainfall erosivity by a run-off erosivity (Williams 1975)
A

= 11.8 [(Q. q)0.56] *K *LS *C *P
Area of catchment

(tons/ha)

[4]

Where Q = total event run-off (m3)
q = peak run-off rate (m3 sec-1)
Area is expressed in ha

Note that KMUSLE is not the same as KRUSLE or KUSLE. Neither are the two K in the above equations
similar. K is be defined by the equation used in the calculations.
Therefore, soil erodibility K should be reported with the method of calculation.
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The WEPP (Water Erosion Prediction Project) model
The need for a better process based model that can be used for more accurate prediction of erosion events,
resulted in the development of the WEPP model.
This can be downloaded from the following website:
http://www.topsoil.nesrl.purdue.edu/weppmain/wepp.html

4.

LANDSCAPE DESIGN FOR EROSION CONTROL

The USLE was designed to be used for management planning of agricultural land and to resolve
questions such as ‘What will be the effect on erosion if I change tillage practice from conventional to
conservation tillage’. It provides information on the relative changes in soil loss from different soil
management practices. It is not designed for accurate prediction and should not be relied on for accuracy.
The options available to an agricultural land manager are limited to the modification of slope length using
soil conservation structures, and the use of surface soil management practices such as the number and
type of cultivation and crop residue management. However, the situation is quite different on a minesite
where the post-mining landscape needs to be stabilised against geotechnical failure and erosion, before a
sustainable ecosystem can be developed on these spoils as part of the rehabilitation process. With open
cut mining, much of the cost of rehabilitation is in the reshaping of the landscape, associated with the
amount of material that has to be shifted. A recent survey shows that an average cost of rehabilitation
today is $22 000/ha (range from $7 000 to $45 000/ha) and rehabilitation failures will be costly. Hence
erosion predictions will need to be reasonably accurate.
Mine-spoil varies significantly in its susceptibility to erosion (erodibility) and therefore, some material
can be left at steeper slopes than others affecting the cost of rehabilitation. The final slope design can
significantly affect the mine profitability. The relevant questions asked are:
• how steep is too steep?
• can some material be left at higher slopes?
• what slope do we need, to keep erosion at acceptable levels?
To answer these questions, we need to know:
• the acceptable level of erosion. The current guidelines specify that erosion should not exceed
40 tons/ha/year or the natural rate of erosion, whichever is the higher. So how do we know what
the natural rate of erosion is?
• the relationship between slope gradient and slope length vs rates of soil loss.
• what kind of vegetation cover will reduce erosion to acceptable levels.
This information can then be put together into an appropriate model which can be used to guide the
choice of slope for particular sets of materials. Two such models are described here.
The PGM (Perfect-Grasp-Musle) model

This model provides information on the potential soil loss from a combination of grass cover achievable
under the prevailing climate and slope gradient–slope length combinations.
•
•
•

The hydrology component of the PERFECT model provides an estimation of the available soil
water content of the root zone throughout the year. This component of the model uses the curve
number approach to determine the soils infiltration rates.
The grass growth model GRASP provides the grass biomass that can be grown on that soil or
spoil with the available soil water predicted by the Perfect model. This biomass then provides an
estimate of the ground cover throughout the year.
The MUSLE component can then be used with the ground cover from Grasp, to predict the
potential soil erosion from the prevailing climatic conditions. To estimate annual soil loss,
individual soil loss events are integrated. Using the PGM model, appropriate combinations can
be selected to provide erosion rates that are less than the prescribed acceptable levels.
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To achieve accurate predictions, values of KMUSLE (Onstadt and Foster 1975) were derived from field
rainfall simulators (12 m x 1.5 m plots) or from field erosion plots. In both cases, plots are sufficiently
long for rill erosion to reach approximate steady state conditions.
The MINErosion model: from laboratory to field

The collection of the soil erodibility parameter in the field can be a very costly exercise. Logistically it is
difficult, labor intensive and requires expensive equipments. It would be much easier if K can be
determined in the laboratory or from soil physical and chemical properties.
In the field, erosion occurs as a combination of inter-rill (sheet) erosion as well as rill erosion. In a
laboratory flume the distance is too short to allow adequate development of rills. However, the use of the
laboratory flume allows the separate measurement of inter-rill and rill erodibilities, which can then be
combined using an appropriate model.
In MINErosion, erosion is modeled as a steady state process on a uniform, bare slope of low surface
roughness. Rills are assumed to flow perpendicular to the contour and the default rill density is assumed
as 1 rill per m width. The steady state run-off rate Q (m/s) is calculated as the difference between rainfall
rate R (m/s) and the steady state infiltration rate I (m/s) estimated from laboratory rainfall simulation data:
Q

=

R-I

[5]

Sediment movement downslope is described by the steady state continuity equation (Foster et al. 1977)
as:

∂Et
∂L

Er

Ei

[6]

where Et (kg/m.s) is the sediment load, L (m) the distance downslope, Er (kg/m2.s) is the rate of rill
erosion and EI (kg/m2.s) the rate of inter-rill erosion. The total sediment load can be derived from the
integration of equation [2].
L2

( Er

Et

Ei )dL

EtL1

[7]

L1

where EtL1 = sediment load at L1.

The inter-rill erosion rate is calculated from (Kinnell 1993):

Ei

Ki * R *Q * S f * C f

[8]

where KI (kg.s/m4) is the inter-rill erodibility, and Sf and Cf are non-dimensional slope and cover
adjustment factors, and may be calculated from:
Sf = S10 * {c1 + {c2/[1+ exp(-(S2 – c3)/c4)]}} (Sheridan et al. 2000b)

[9]

Cf = exp (-2.5 C).

[10]

(NSERL 1995)

S2 is the slope in radians, and C is value equal to the rock content of the media (fraction by volume
>2 mm). S10 is the WEPP slope adjustment factor at 10 % slope and is equal to [1.05–0.85 exp(-4 sin
10o)].
The coefficients for the slope adjustment factor are determined by fitting to flume data derived from 5,
10, 15, 20 and 30 % slope experiments. KI is estimated from rainfall simulation at 10% slope where rills
are absent.
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The rill erosion rate is calculated as the rate of erosion per rill multiplied by the number of rills.
Following Kemper et al (1985) and Gilley et al. (1992), the rate of erosion per rill is calculated as a power
function of flow rate per rill (qr in l/min) and rill slope S3 (slope expressed as fraction):

Er

a

1.5a

Kr 2 * qr * S3

[11]

(Kr2) and (a) were estimated from the overland flow experiment at 20% slope in the absence of rainfall.

5.
THE RELATIONSHIP BETWEEN ERODIBILITY AND SOIL PHYSICAL AND
CHEMICAL PROPERTIES
To estimate erodibilities in the absence of measured data, the relationship between inter-rill and rill
erodibilities and soil physical and chemical properties were determined using the stepwise multiple
regression analysis. The best relationships are (Sheridan et al. 2000a):
Soils

Ki = 3.72 – 0.889 (OC) (r2 = 0.59)

[12]

Kr3 = 63.96 + 0.000086 (% 0.02-1 mm)3–3.2(pH)–30.47(BD) (r2 = 0.71)
[13]
Overburden
Ki = -2.8307 + 0.11089 (Clay) + 4.13 (D20)

(r2 = 0.82)
(r2 = 0.61)

Kr3 = 25.02 – 30.55 (D20) – 0.18 (ESP) + 4.80 (EC)

[14]
[15]

Equations 5 to 15 form the basis for the model MINErosion which is available in an Excel spreadsheet
format as well as a user friendly windows version in visual basic. Both are available as free software.
MINErosion was used to predict sediment delivery (soil loss) rates from the 12 m x 1.5 m field rainfall
simulation plots on the same materials (soils and overburden materials from 16 open cut coal mines). The
results in Figure 4 show that predicted sediment delivery rate from a 12 m long plot is a good estimate of
actual sediment delivery rates with an r2 of 0.73. The slope (0.94) is not significantly different from 1.0
and the intercept (0.003) not significantly different from zero. Sediment delivery can be predicted for any
selected slope length, eg. 22.1 m which is the length of the standard erosion plot. We have successfully
used this prediction to slopes lengths of 125 m (So et al. 2000). Therefore, these predicted sediment
delivery rates can be used to derive appropriate values of KMUSLE without the need for field plots.
0.15

(b)

0.10

0.05

y = 0.80x + 0.005
2

r = 0.70
n = 32
0.00
0.00

0.05

0.10

0.15

Comparison between predicted and actual soil loss rates from a 12 m x 1.5 plots on 32
Figure 4:
different materials.
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6.

HOW STABLE IS THIS REHABILITATED LANDSCAPE?

The stability of the rehabilitated landscape against erosion by water is a critical issue in the
decommissioning of many open-cut mines. It is often the major hurdle that must be overcome to progress
the mine’s EMOS (Environmental Management Overview Strategy). The mine is required to demonstrate
that their rehabilitation strategy has resulted in landscapes that are stable with acceptable erosion rates.
The vulnerability to erosion can be viewed in two ways, first as susceptibility to individual rainstorms and
secondly as a long-term susceptibility expressed as mean annual soil loss.
The susceptibility to individual rainstorm events can be estimated for storms with a known recurrence
interval calculated from long-term weather data. For example, for Emerald in Central Queensland, a
100 mm/h rainstorm with a duration of 6 minutes occurs once in 2 years, at 10 minutes it will be once in
5 years. These rainstorms can be used with the estimated KMUSLE to estimate the potential soil loss from
such an event (Table 1), which provides an assessment of the risk of erosion on post-mining landforms.
The susceptibility to long term accumulated erosion can be estimated using RUSLE with the estimated
KMUSLE and erosivity calculated using daily rainfall data with the method of Yu (1998) as shown in
Table 2. RUSLE estimates erodibility K from the texture of the soil which is too high for our soils and
overburden materials. RUSLE does not provide K values that represent different states of consolidation.
Predicted soil loss (t/ha) for Kidston from 100 mm/h storm with known recurrence interval.

Table 1:

Treatment
o

Bare, 20 slope
Veg, 20o slope
Veg, 37o slope

Table 2:

1:2 years

1:5 years

1:10 years

1:20 years

1:50 years

35.4
4.5
6.2

65.4
8.1
11.3

84.7
10.4
14.5

112.4
13.7
18.9

152.8
18.3
25.3

Predicted and measured annual soil loss rate at Kidston.

Treatment
Bare, 20o slope
Veg, 20o slope
Veg, 37o slope
Veg, 17o slope
Veg, 37o slope

Established in

Predicted annual soil
loss (t/ha)

Measured annual soil
loss (t/ha)

1996
1996
1996
1991
1991

421
86
129
14.5
24

425
68
19.5
11.3
9.6
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Chapter 20. FILTER — A Land-Based System for the Tertiary
Treatment of Sewage Effluent
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Abstract
FILTER is an innovative, CSIRO developed system for treating effluent using high rate land application
and subsequent effluent recapture via a closely spaced, sub surface drainage network. We report on the
summer performance of a FILTER system established in a subtropical environment on a relatively
impermeable swelling clay soil underlain by a deep regional watertable. Using secondary treated
sewage effluent, the FILTER system produced effluent of tertiary nutrient standards (≤ 5 mg/L TN;
≤ 1 mg/L TP), with salinity levels suitable for subsequent irrigation reuse (EC ≤ 2.5 dS/m). Removal of
faecal coliforms was considerably less effective. The hydraulic loading rate achieved was about two and
a half times larger than conventional irrigation demand, but this was associated with high deep
percolation losses (c 3 mm/day). Comparisons are made with the original FILTER system developed and
tested by Jayawardane et al. (1997) in temperate Australia. Suggestions are made for modifications to,
and further testing of FILTER in a subtropical environment.
Key words: FILTER, Effluent, Land application, Drainage, Tertiary treatment, Nutrients, Pathogens,

Salinity

1.

INTRODUCTION

Local authorities in Australia are faced with increasing regulatory pressure to substantially reduce the
nutrient levels in their secondary treated sewage effluent which is predominantly discharged to
waterways. The main options available to councils are: increased treatment at the Sewage Treatment
Plant (eg. BNR technology); irrigation of effluent (especially on agricultural land); high rate land
renovation; and effluent polishing through artificial wetlands.
For capital cities with large treatment plants and limited access to irrigable land, upgrading to BNR or a
similar engineering solution is probably inevitable, although the potential to reuse the tertiary treated
effluent for agriculture or industrial purposes remains an option. Rural communities usually have fewer
resources to run sophisticated plants, but better access to large land areas, hence some form of land
treatment/reuse is usually attractive. Traditional irrigation schemes are a favoured option, but to ensure a
large percentage of effluent is reused, large wet weather storages are usually required in Australia.
Alternatively, wetlands can be used, but have hydraulic storage problems in wet weather or periods of
low evaporation. Other problems include hydraulic short-circuiting via preferred pathways, and a limited
capability of reducing nutrients (and pathogens) from relatively high strength secondary treated effluent
(Reed et al. 1995).
To overcome the deficiencies in irrigation and wetland systems, the FILTER (Filtration and Irrigated
cropping for Land Treatment and Effluent Reuse) technique was developed by CSIRO for treatment and
reuse of secondary sewage effluent (Jayawardane 1995). The FILTER technique combines reuse by
intensive annual cropping with filtration through the soil to a sub-surface drainage system. High
hydraulic loading can occur in periods of both low and high evaporative demand, substantially reducing
the need for storage volumes. FILTER has been successfully tested in southern Australia (Jayawardane et
al. 1997) and is being further tested at a semi commercial scale (Bennett 1997).
Because of the wide differences in soil types, effluent compositions and climates in Australia, it was
considered important to test the FILTER concept in biophysical settings different to one in which it was
developed (a low rainfall, Mediterranean climate, inland irrigation area underlain with a shallow regional
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watertable at Griffith, New South Wales). Consequently, an experimental FILTER system has been
established in the subtropical environment of south-east Queensland on a cracking clay soil with a deep
(>30 m) regional watertable. The objectives of this study are to demonstrate the operational behaviour
and removal efficiencies of the FILTER system to reduce nutrients, pathogens and organic material from
secondary treated effluent to levels suitable for discharge to waterways; to demonstrate the long term
nutrient, salt and sodicity sustainability of the FILTER system on cracking clay soils; to provide
independent information to confirm existing FILTER design rules, and to develop modifications to
improve FILTER performance and adapt it to suit local conditions.
In this paper we describe the design and operation concepts behind FILTER, describe the installation of
FILTER on the Gatton campus of the University of Queensland, and present some results from the first
(summer) season of operation.

2.

METHODS

2.1

Description of FILTER

FILTER uses a system of flood irrigation and subsurface agricultural drains to temporarily store
secondary treated effluent. This strips out nutrients, pathogens, suspended solids and BOD using a
combination of oxidation, reduction (ie. denitrification) and soil adsorption (Figure 1). The quality of the
subsequent treated effluent (≤5 mg/L N and ≤0.5 mg/L P) is usually of equal or better quality than BNR
treated effluent, and can be licensed for discharge to surface water bodies (Jayawardane and Blackwell
1996).
It operates on an approximately fortnightly cycle, where effluent is applied (100 mm to 150 mm),
followed by a 1–2 day post irrigation equilibration period and an 8–10 day pumping period as effluent
slowly passes through the soil to 1.0 m deep agricultural drains and collection sump, followed by a 1–2
day post pumping equilibration period. The cycle is then repeated. The subsurface drainage system
provides suitable soil conditions for crop growth even during heavy rainfall and low evapotranspiration
periods. Long-term sustainability of the FILTER system is due to continuous cropping cycles which
remove the build up of N and P in the soil system.

Access trench to install
drain (repacked)

Transpiration

Rain

Plant Biomass
N & P uptake
Crop Cover

Effluent
Irrigation

R/O

E

Water Table drop
with time

Water table

t= 0
t = 0 + 1 day

Streamline
t = 0 + 10 days

Ag Drain
Deep Percolation
* Drain discharge rate = (fn) W/T height

* P

P Sorbed by soil
Plant uptake

* EC out = EC in x 1/L.F.
* Soil Temp = (fn) time, depth

Figure 1:

*N

NH4+

NO3

Plant Uptake

N2 , N2O

Schematic diagram of the processes which occur during a typical FILTER cycle.
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Regular filling of the soil’s Drainable Porosity (or specific yield) provides surplus water collected by the
drains. Hence the larger the Drainable Porosity and the more often it is filled, the larger the hydraulic
loading rate and hence the smaller area/1000 EP is required. An impermeable lower boundary condition
is required to ensure surplus water is collected by the drains rather than routed as deep percolation. The
Leaching Fraction (Drainage Volume/Infiltration Volume) is maximised to minimise the increase in
salinity as the effluent volume is reduced by evapotranspiration between application and collection.
In December 1998 we established the FILTER system in the grounds of Gatton Campus (University of
Queensland) adjacent to the university’s 80 ML/yr (trickling filter) sewage treatment plant. The soil was
a self-mulching black clay (Black Vertosol) to a depth of 100 cm, followed by a 80 cm layer of sandy
clay loam, and a 20 cm transitional clay layer. A slowly permeable grey clay layer occurs at 200 cm,
which provides a restriction to deep drainage. The regional watertable is at least 30 m below the soil
surface.

2.2

Construction technique at Gatton

The design we chose for FILTER at Gatton is shown in Figure 2 for two (2) irrigation bays, 200 m long x
30 m wide which are irrigated with secondary treated effluent (≤30 mg/L N; 6 mg/L P) from a 4 ML
effluent lagoon. Plastic agricultural drains (100 m diameter with geotextile sock) were installed at a depth
of 1.5 m on a 10 m spacing by first laser levelling traffic pads to the average soil slope (0.25%), and then
excavating using a backhoe (with laser grade line control). The slope of the agricultural drain was 0.25%.
It was expected a perched watertable would form on the grey clay layer, allowing efficient water capture
by the agricultural drains, and minimising deep drainage losses.

Western Highway
Ring Tank
20,000 L
Tank +
Pump Shed

Sump 1

Sump 2
Collection Drains

200m

Ag Drains
@ 1.5m deep

1

2

Plastic
Perimeter
Curtain
(2.5m deep)

30m

N
Effluent from STP (12L/sec)
Figure 2:

Schematic diagram of the FILTER bays at Gatton (not to scale).

A collection cross drain was installed at 2 m depth on the southern boundary of each bay to collect
drainage from the 1.5 m agricultural drains. Treated effluent in the cross drain collects in 3 m deep
concrete sumps. To minimise lateral leakage, a 200 µm thick polythene perimeter curtain was installed to
a depth of 2.5 m around each bay. A 50 cm high bund wall on the surface was constructed to contain the
irrigation water. Bays were then cross ripped to 100 cm to create macroporosity and the soil surface laser
levelled to a grade of 1 in 4000.
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Construction of the FILTER bays was completed in December 1998 (mid summer), grain sorghum was
planted in mid January 1999 and effluent irrigation commenced on 15 March 1999. Secondary treated
effluent was applied to the northern end of each bay (Figure 3) and the drainage water (of tertiary quality)
collecting in the sumps was pumped out for irrigation use on the University farm. Effluent was applied
on a standard 14 day cycle and a 7 day cycle to maximise the number of times the Drainable Porosity
was filled and emptied per cropping season.
Irrigation volume reflects the average soil water deficit (mm) created by evapotranspiration and the
drainable porosity store (mm) of the active soil profile. Using a system of trial and error we adopted a
150 mm and 75mm effluent application for the 14 day and 7 day bays respectively. This compares with
100 mm per 14 days used by Jayawardane et al. (1997).

2.3

Measurements

Volumes of applied effluent to each bay and treated effluent pumped from each sump were measured
using water meters connected to a Campbell Scientific CR10X data logger. Composite samples of
effluent were collected from capillary bleed lines attached to the distribution pipework, and refrigerated
on site. Samples were analysed for oxidised-N, Total Kjeldahl N, total-P, orthophosphate-P, pH, chloride
and Electrical Conductivity using standard methods described in APHA (1995). Biological analysis
included BOD and thermotolerant coliforms (and Suspended Solids) and these were done within 24 hours
of collecting the effluent/drainage samples using standard methods (APHA 1995).
The watertable in each bay was measured in an extra ‘dummy’ agricultural drain using a logged Dataflow
pressure transducer. Rainfall on site was measured via pluviometer, supplemented by daily rainfall and
Class A pan evaporation recorded at the nearby University weather station.

3.

RESULTS AND DISCUSSION

3.1

Hydrological performance

A summary of the hydraulic performance over the 1999 summer cropping season is listed in Table 1.
Table 1:

Summary of the Water Balance components of the two FILTER bays for the 1999 summer
season.

Bay
Weekly 1
Weekly 2
Weekly 3
Weekly 4
Weekly 5
Weekly 6
Weekly 7
Weekly 8
Weekly 9
Totals
Averages/Day
Fortnightly 1
Fortnightly 2
Fortnightly 3
Fortnightly 4
Fortnightly 5
Totals
Averages/Day

Period
Days

Change
in W/T
(mm)

Specific
Yield
(%)

Water
ON
(mm)

Rain
(mm)

Water
OFF
(mm)

PAN
(mm)

ET
(mm)

DD
(mm)

LF
(%)

7.0
7.0
8.0
7.5
6.0
6.5
6.5
9.0
7.3
64.8

791.7
840.7
890.6
723.3
396.1
374.1
366.8
215.7
378.5

1.0
2.1
2.7
1.8
4.6
4.4
6.0
7.7
4.4

928.2
1285.4
1193.3
769.3
934.0

3.9
1.2
2.2
3.6
5.4
4.1

0.0
1.6
4.4
0.4
12.1
0.0
14.8
16.8
7.3
57.4
0.9
1.6
4.8
12.1
24.6
16.9
60.0
0.8

7.6
18.0
23.9
13.3
18.0
16.4
22.0
16.7
16.8
152.7
2.4
11.5
28.6
43.5
41.7
38.3
163.5
2.3

37.2
32.2
40.2
40.3
33.8
22.4
36.6
51.0
16.1
309.8
4.8
64.8
67.6
53.5
60.4
61.4
307.7
4.3

37.2
32.2
40.2
40.3
33.8
22.4
36.6
51.0
16.1
309.8
4.8
64.8
67.6
53.5
60.4
61.4
307.7
4.3

25.7
15.1
1.7
18.4
28.1
34.2
34.4
24.2
8.0
189.7
2.9
0.0
22.5
25.9
69.5
77.5
194.5
2.7

11
28
39
19
27
22
28
22
50
26

14.0
14.5
14.0
14.0
15.3
71.8

70.5
63.7
61.5
71.6
67.8
72.9
78.2
75.1
33.6
594.8
9.2
51.6
113.9
110.8
146.9
160.3
583.6
8.1

4.1

22
25
39
28
24
28

W/T = Watertable; DD = Deep Drainage; LF = Leaching Fraction; Pan = Class A Pan Evaporation; ET = Evapotranspiration.
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Total effluent applied is similar (580 mm–600 mm) for both bays as is the amount of drainage water
(150 mm to 165 mm). This result is expected as the irrigation depth applied in the 14 day cycle (150 mm)
was twice that applied in the 7 day cycle (75 mm). However, the intention of the 7 day cycle was to
increase the frequency of filling and draining the Drainable Porosity (DP) store over the active soil
profile.
Figure 3 shows the variation in watertable depth over the irrigation season. The hydrologically effective
soil depth for the 7 day cycle reduces from 1200 mm to 300 mm as a semi permanent perched watertable
develops above the agricultural drains. A similar but more attenuated response occurs for the 14 day
cycle with hydrologically effective soil depth reducing from 1400 mm to 800 mm. Because the pumping
phase is longer in the 14 day cycle (10 days) there is more opportunity for the watertable to fall below the
soil surface. The net result is that the 7 day cycle fills DP more frequently, but the size of DP is reduced
because of the reduced variation in watertable depth.
Table 1 also lists the Specific Yield (SY) for both FILTER bays on an event and seasonal basis. SY is the
ratio of drainage water pumped from the sumps (in mm equivalent depth) and the change in watertable
depth (mm). As the irrigation season progresses the SY increases because more of the watertable change
is occurring in the upper, more permeable part of the soil profile (Figure 3). Over a seasonal basis
(9 weeks) the average SY is 4% volumetric with little difference between the two FILTER bays.
In comparison the SY calculated for the deep ripped Transitional Red Brown Earth (Red Chromosol)
examined by Jayawardane et al. 1997) was approximately 7% v/v, and this was maintained over at least
four cropping cycles. Maintaining DP in cracking clays (ie. Vertosols) is always a challenge because
shrinking and swelling removes porosity artificially created by ripping (McGarry 1993).

#REF!
7 Day Cycle

#REF!
14
Day Cycle

25-May

23-May

21-May

18-May

16-May

13-May

11-May

9-May

6-May

4-May

2-May

29-Apr

27-Apr

24-Apr

22-Apr

20-Apr

17-Apr

15-Apr

13-Apr

10-Apr

8-Apr

5-Apr

3-Apr

1-Apr

29-Mar

27-Mar

25-Mar

22-Mar

20-Mar

Depth (mm)

300
200
100
Soil
0
surface -100
-200
-300
-400
-500
-600
-700
-800
-900
-1000
-1100
-1200
-1300
-1400
-1500

17-Mar

15-Mar

Date/Time

Figure 3:

Drain depth

Water levels below the soil surface in the two FILTER bays over the summer season March–
May 1999.

An important feature of FILTER is that the effluent applied is substantially larger than that for a
conventionally irrigated cropping system. Table 1 shows that the applied effluent (580→600 mm) is
substantially greater than the 250 mm irrigation demand estimated as the difference between potential
evapotranspiration and rainfall. A substantial amount of the surplus irrigation has been rerouted as deep
drainage (DD) below the agricultural drain depth. Calculated DD (mm) values are listed in Table 1 and
suggests DD losses are of the order of 190 mm per season which is equivalent to c 3 mm/day. It is
unlikely such losses would be acceptable on hydrological or environmental grounds because of potential
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nitrate-N contamination of groundwater. However nitrate levels in the renovated water collected in the
sumps is usually ≤ 5 mg/L NO3-N (Figure 4) implying that the deep percolation may be of an acceptable
quality for regional groundwater recharge.

3.2

Nitrogen response

The total nitrogen concentration applied in the effluent and removed in the discharge water is shown in
Figure 4, and apart from some early peaks associated with pre irrigation drainage events (ie. before
15 March 1999) caused by rainfall, the drainage water concentration is usually less than 5 mg/L TN for
both the 7 and 14 day cycle bays.
The 7 day cycle has a consistently lower N concentration than the 14 day cycle presumably because
increased soil water logging conditions promoted denitrification (Keeney 1981). The lagoon effluent was
dominated by NO3-N (70% of TN) which predisposes the soil-water system to N loss. In comparison the
activated sludge-polishing lagoon effluent used by Jayawardane et al. (1997) was composed of >80%
organic-N requiring both mineralisation (to NH4+) and nitrification steps before the denitrification process
could occur.
Taken overall, the N removal was 90% and 85% for the 7 day and 14 day FILTER bays respectively,
noting however that N lost by deep percolation (Table 1) is implicitly included in this loss estimate.
Mass balance results from Jayawardane et al. (1997) also reported N losses of the order of 85% over a
summer effluent application season with an N loading of c 100 kg/ha. In addition, approximately
360 kg/ha of pre existing soil NO3-N was removed by a combination of denitrification and crop uptake
(about 90 kg/ha N) illustrating the extremely efficient denitrification potential of the FILTER system.
Nonetheless the N ‘challenge’ to the FILTER system at Gatton has not been particularly taxing as N
concentrations during irrigation were of the order of 10 mg/L TN (Figure 4) with a total seasonal N
loading rate of c 50 kg/ha. Other studies of trickling filter plants in Queensland (Gardner et al. 1998)
have returned values of 20 to 30 mg/L TN, and we had expected a similar concentration range for the
Gatton effluent.

TN
Lagoon
Series1

TN
Series3
Fortnightly

TN
Weekly
Series2

35.00

Total Nitrogen Conc. mg/L

30.00

25.00

20.00

15.00

10.00

5.00

0.00
09-Feb

19-Feb

01-Mar

11-Mar

21-Mar

31-Mar

10-Apr

20-Apr

30-Apr

10-May

20-May

30-May

09-Jun

Date & Time

Figure 4:

Total Nitrogen Concentrations in the effluent lagoon and FILTER bays leachate over the
summer season March–May 1999.
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3.3

Phosphorus response

The time trends in TP in both the effluent applied and in the drainage waters are shown in Figure 5. It is
evident that P has been substantially reduced to concentrations ≤ 1 mg/L compared with input
concentrations of c 5–6 mg/L TP. Using mass balance calculations (P on vs P off), the amount of P
removed is in excess of 95% of the P applied (about 30 kg/ha) and this removal efficiency is similar to the
results reported by Jayawardane et al. (1997).
Unlike N, the major removal mechanism for P is by soil adsorption reactions involving processes well
described in the agricultural literature (eg. Syers and Iskander 1981). Many Australian soils have high P
immobilising ability because of their relatively high concentration of iron and aluminium hydroxides
(Barrow 1980). For the Vertosol at Gatton, the potential P fixing ability of 1.5 m of soil profile irrigated
with effluent containing 5 mg/L orthophosphate-P is 1800 kg/ha (calculated from measured soil P soil
adsorption curves and soil bulk density).

TP Lagoon
Series1

TP Weekly
Series2

TP
Series3
Fortnightly

7.00

Total Phosphorous Conc. mg/L

6.00

5.00

4.00

3.00

2.00

1.00

0.00
19-Feb

01-Mar

11-Mar

21-Mar

31-Mar

10-Apr

20-Apr

30-Apr

10-May

20-May

30-May

09-Jun

Date & Time

Figure 5:

Total phosphorus concentrations in the effluent lagoon and FILTER bays leachate over the
summer season March–May 1999.

Assuming a P loading rate of 90 kg/ha/year (contained in say 18 ML effluent/ha/year), the sustainable soil
life of the FILTER system is about 20 years. In practice, sustainable life is likely to be considerably
longer than this because of the P that will be removed in harvested crops, and the increased P fixing by
‘long time’ soil reactions not captured by the experimental adsorption isotherm curves (Barrow 1989).

3.4

Other pollutants

Other pollutants we used to gauge the effectiveness of the FILTER system included BOD, Suspended
Solids (SS) and faecal coliforms. The responses we have measured have been indifferent or ambiguous.
For example, after the first few effluent irrigations, the BOD of the lagoon effluent reduced to ≤10 mg/L
and remained essentially unchanged both in time and by the soil filtering process. In contrast effluent SS
was ≤10 mg/L increasing to 20→30 mg/L in the 7 day cycle bay, but remaining essentially unchanged
after passing through the 14 day cycle bay. The SS increase in the 7 day treatment is thought to be due to
clay dispersion rather than organic material, and this is consistent with its BOD response.
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Faecal coliform concentrations in the lagoon effluent were predominantly in the range ≥ 5000 cfu/100 ml
for most of the season, with little reduction occurring in the 7 day bay, and a rising trend line (from < 10
to ≥ 2000 cfu/100 ml) in the 14 day bay. We are uncertain as to the reasons, but suggest that a
combination of short-circuiting of ponded effluent through the backfilled drainage trenches (Figure 1),
insufficient retention time in the soil matrix, and leaching of non human sources of faecal coliforms may
be responsible. We plan to remove some of this ambiguity by conducting spiking tests with the nonindigenous bacteriophage MS-2 (Havealaar et al. 1993).

3.5

Salinity

Limiting the increase in salinity of the treated drainage water is important if it is to be used for other
agricultural purposes. Figure 6 shows the variation in EC for the lagoon effluent and the drainage water.
Apart from the peaks in EC occurring early in the season (presumably from leaching pre existing soil
salts) the 7 day and 14 day bays have relatively constant salinities of the order of 1.5 dS/m and 2.5 dS/m
respectively, compared with a lagoon effluent EC of 0.55 dS/m.
Using steady state mass balance principles (ie. ECOFF = ECON/LF) and the Leaching Fraction (LF) data of
Table 1, the expected increase in drainage water salinity is about 4 fold to about 2.2 dS/m (ie. 0.55 dS/m
÷ 0.25). Whilst this predicted increase occurred in the 14 day bay (c 2.5 dS/m) the 7 day bay’s salinity
only increased 2 fold (to c 1.4 dS/m) suggesting another source of solute leaching.
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Figure 6:

Electrical Conductivity of the lagoon effluent and FILTER bays leachate over the summer
season March–May 1999.

The deep percolation figures in Table 1 (about 190 mm) could make a substantial contribution to leaching
of applied solutes, but it is unclear why such different salinity behaviour would occur between the 7 and
14 day bays. We are currently re-examining the salinity data using a transient mass balance analysis.
Nonetheless, the salinity of the drainage water even at 2.5 dS/m is acceptable for irrigating a wide range
of crops provided the LF is maintained above 0.10 (Ayres and Westcot 1985). In comparison, the
drainage water produced in the Griffith FILTER studies was of the order of 12 dS/m compared with an
effluent salinity of c 0.7 dS/m (Jayawardane et al. 1997). This large salinity increase was primarily due
to the leaching of a pre existing high soil salt store.
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4.

CONCLUSIONS

We have tested the FILTER system in a biophysical setting substantially different from the soil and site
conditions under which it was developed. After one cropping cycle it is clear that the hydraulic loading
of effluent can be substantially larger than the irrigation demand of conventional irrigation systems.
However this high loading occurs in part because of substantial percolation losses below the agricultural
drain depth. Percolation losses were not an issue in the original FILTER study (at Griffith) because of a
shallow regional watertable.
The N and P load reductions we found (≥ 85%) are very similar to the Griffith FILTER results. This was
expected for the soil dominated P removal process, but the high relative NO3 composition of the Gatton
effluent may have predisposed the system to high denitrification losses. Moreover the concentration of
TN in the effluent (8–9 mg/L) and the N load we applied (50 kg/ha N) was not particularly challenging to
the FILTER system. We intend to explore this idea by increasing the N concentration in the applied
effluent to values similar to those found in many trickling filter effluents in Queensland (about 25–30
mg/L TN).
The salinity of the drainage water at Gatton is suitable for irrigating a wide range of agricultural crops.
This will not always be the case if saline soils are used for FILTER bays, or the leaching fractions are low
because of the inadequate size and/or filling frequency of the Drainable Porosity (DP) store. We found
no particular advantage in reducing the 14 day cycle to 7 days, because a semi permanent perched
watertable reduced the potential size of the DP store.
Reduction of other pollutants we measured have been ambiguous or disappointing either because of their
low concentration in the lagoon effluent (eg. BOD) or because of short-circuiting pathways and extra
non-effluent sources (eg. faecal coliforms). We intend to clarify some of these issues by tracking the
change in concentration in non-indigenous organisms (MS-2) after spiking the effluent.
FILTER is one of the most innovative land based effluent treatment/reuse systems to be developed over
the last decade. It gives relatively land rich rural local authorities the opportunity to produce tertiary
treated effluent at capital and operating costs much lower than traditional BNR plants, whilst using a
relatively simple level of engineering technology. However the major concern in applying FILTER to
sub tropical environments with deep watertables is the potential amount of deep drainage, and the effect
high rainfall may have on the hydraulic performance and nutrient reduction.

Acknowledgements
We thank Dr Mark Littleboy for his review of the manuscript and Queensland University Farms, Gatton
Campus for support in establishing and running FILTER.

References
APHA-AWWA-WPCF (1995). Standard Methods for the Examination of Water and Wastewater, 19th
Edition. LS Clesceri, AE Greenberg and AD Eaton (Eds). American Public Health Association,
Washington DC, USA.
Ayers RS and Westcot DW (1985). Water Quality for Agriculture. FAO Irrigation and Drainage Paper 29.
Barrow J (1989). Surface Reactions of Phosphate in Soil. Agricultural Science 2. pp. 23–37.
Barrow NJ (1980). Differences amongst a wide-ranging collection of soils in the rate of reaction with
phosphorus. Australian Journal of Soil Research 18, 215–224.
Bennett B (1997). Griffith gets growing. ECOS 92, Winter, 30–32, CSIRO.

272

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Gardner EA, Vieritz A and Littleboy,M (1998). Why is treated sewage effluent the black sheep of the
irrigation industry? Presented at Irrigation 1998 – Water is Gold, I.A.A. Brisbane, May 1998.
Havealaar AH, van Olphen M and Drost YC (1993). F-specific RNA bacteriophage are adequate model
organisms for enteric viruses in fresh water. Applied and Environmental Microbiology 41, 51–59.
Jayawardane NS (1995). Wastewater treatment and reuse through irrigation, with special reference to the
Murray Basin and adjacent coastal areas. CSIRO, Division of Water Resources, Griffith NSW,
Divisional Report 95.1.
Jayawardane NS and Blackwell J (1996). The FILTER technique for land treatment of sewage effluent.
WATER (Nov/Dec) AWWA, 18–21.
Jayawardane NS, Blackwell J, Cook FJ, Nicoll G and Wallett D (1997). Final report on pollutant
removal by the FILTER system during the period November 1994 to November 1996. Prepared
for Griffith City Council. CSIRO Division of Land and Water Consultancy Report No. 97–40.
Keeney DR (1981). Soil nitrogen chemistry and biochemistry. In: Modelling wastewater renovation.
IK Iskandar (Ed.). John Wiley and Sons, New York. pp. 259–276.
McGarry D (1993). Degradation of Soil Structure. Chapter 9. In: Land Degradation Processes in
Australia. G McTainsh and WC Boughton (Eds). Longman, Cheshire.
Reed SC, Crites RW and Middlebrooks EJ (1995). Natural Systems for Waste Management and
Treatment – 2nd Edition. McGraw Hill Co., New York.
Syers JK and Iskandar IK (1981). Soil-phosphorus chemistry. In: Modelling wastewater renovation.
IK Iskandar (Ed.). John Wiley and Sons, New York. pp. 577–599.

273

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

Chapter 21. Managing intensive livestock effluent and sludge
application
M Redding and A Skerman
DPI&F's Department of Primary Industries and Fisheries, Toowoomba.

Abstract
Effluent of varyinig qualities is produced from a number of intensive animal industries. Safe disposal of
the effluent relies upon a good understanding of the soil/landscape system being used. Important
management considerations inclusde site selection, application rate, safe soil storage, allowable losses,
nutrient run-off, timing and method of application, salinity, hydraulic loading and pathogens. Improper
selection of sites and application of effluent can result in significant environmental harm.
Key words: Effluent, application, vegetation filter strips

1. INTRODUCTION
The cattle, pig, and dairy intensive livestock industries produce substantial effluent as part of their day to
day operations. For example, much of the pig industry relies on flushing systems to keep piggeries clean.
The process of flushing away the 2.5 to 3.0 kg day-1 of manure produced for each standard pig unit
typically results in the creation of large volumes of effluent that must eventually be disposed of.
Dairy and lot-feeding systems differ considerably from this model. The dairies of Australia tend to be
extensively grazed with some supplemental feeding. Effluent originates from the milking area (holding
yards, bails, or rotary milking facility) which is washed down daily, with up to 60 L of water per cow.
Each cow will produce about 50 L of manure-urine slurry per day (at approximately 10 % solids).
Feedlot effluent is really the run-off collected from the artificial catchment formed by the feedlot, and will
contain dissolved salt and nutrients, urine, sediment, and manure solids. This mix will tend to concentrate
due to evaporation (with some gaseous losses) between collection and irrigation. The quantity and quality
of the effluent is dependent on climatic, design, and management factors.
Disposal of effluent can be achieved by evaporation in drier areas, however, land application is the most
effective method of re-using effluent, and is also probably the best method of disposal. Unfortunately,
soils do not have an unlimited capacity for effluent re-use, and effluent application has to be carefully
managed to avoid natural resource degradation, in addition to ensuring maximum benefit to the producer.

2. BENEFITS OF EFFLUENT/SLUDGE APPLICATION
Reuse of effluent and pond sludge can have many beneficial effects:

274

ASSSI (Qld): Understanding Soils and their Interactions with Land Management: Refresher Training Course, April 2005

•
•
•

Effluent application can provide a proportion of the requirements of a crop or pasture for
nitrogen, phosphorus and potassium, leading to better crop growth (Table 1).
Effluent irrigation provides a proportion of the water requirement of a crop. This effect should be
considered after calculation of appropriate nutrient application rates.
Altered soil organic content, possibly resulting in decreased soil density, and improved hydraulic
conductivity (as described for manure application by Mathers and Stewart 1984). Infiltration
tends to reduce erosion and makes more water available to crops. However, evidence suggests
that changes in total soil organic content due to livestock effluent application in the medium term
may be negligible (Redding et al. 2002; including studies of effluent application areas used for up
to 30 years).

Table 1:Nutrient concentration ranges of effluent and sludge from different intensive livestock ponds
varies widely (data as mg l-1). Dairy values are based on limited data, since a range of values were not
available.
Waste

Total Nitrogen

Phosphorus

Potassium

Piggery pond effluent

158 – 1025

11 – 123

160 – 1650

Piggery pond sludge

2200 – 10800

700 – 28000

800-37900

180 - 360

30-75

420-465

Dairy effluent

3.

THE POTENTIAL FOR ENVIRONMENTAL HARM

Unfortunately, effluent application can have a wide range of negative environmental effects. In order to
sustainably reuse effluent or sludge, it is necessary to determine the pathways of risk and minimise any
negative impacts. These risk pathways may be divided into soil resource effects, and water resource
effects.
Excess application can result in on-farm soil damage:
•

•
•

•

Soil sodium concentrations may be elevated, possibly resulting in increased soil dispersion,
degraded soil structure, reduced workability, and reduced soil permeability (e.g. Balks et al.
1998). Sodium’s effects on a soil may be dramatic. Several years ago we fielded an enquiry from
a concerned producer who had land applied effluent on a black Vertosol soil on the Darling
Downs, resulting in such strong dispersion that fuel consumption while cultivating the soil
immediately increased. When standing adjacent to the producer’s cultivation it was possible to
visibly discern where effluent had been applied. The dispersion problem was traced back to an
extremely high effluent Sodium Adsorption Ratio (26), with the sodium originating from the bore
used for water supply.
Soil salinity may be increased to levels where productivity is reduced. This may mean that only
salt tolerant species will be productive at all.
Where the hydraulic loading exceeds the irrigation demand of the crop or pasture, soil water
logging may occur, reducing soil productivity, and possibly mobilising phosphorus. At one site
studied, where high-load effluent application had continued for 30 years, it was possible to
observe that effluent application had introduced some “gleying” (mottling) effects to the soil as a
result of periodic water-logging (Redding 2001).
Excessive nitrate levels in soils may result in toxic levels of nitrate in forage or reduced forage
palatability.

Excessive, or poorly planned application can have serious off-farm effects on ground or surface water,
through the following mechanisms.
•

Increased phosphorus in surface soils due to effluent application may be vulnerable to
mobilisation by erosion or dissolution in run-off water. This is currently thought to be the
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•
•

•

primary pathway for effluent-phosphorus entry into surface water, where phosphorus is often the
limiting nutrient for algal growth. Algal blooms have already caused problems worldwide, due to
the toxins produced by some algae, or depletion of the water’s oxygen supply. The end results of
these problems include fish kills, stock deaths, and sickness in humans.
Where the soil’s safe phosphorus-storage capacity is exceeded, phosphorus may enter surface
water resources through leaching to ground water.
Nitrate- and nitrite-nitrogen are readily mobilised by leaching or transport in run-off, and are
linked to "blue baby" syndrome, and other negative health effects. While final pond effluents tend
to not contain high concentrations of nitrate or nitrite, ammonium is rapidly converted to these
nitrogen forms in soil.
Effluent-nitrogen may also play an important role in triggering harmful algal blooms.

4. MANAGEMENT CONSIDERATIONS
4.1 Site Selection
Sites with soils suitable for irrigated crop production should be selected to ensure adequate crop or forage
production, and rapid nutrient removal. Soils contain a variety of materials that can slow the movement of
contaminants, with fine textured soils generally containing larger quantities of these materials than coarse
or sandy soils. However, irrigation of heavy clay soils also introduces the risk of mobilisation of nutrients
in run-off water due to slow infiltration of effluent.
It is recommended that effluent should not be applied to sandy soils. Where application to sandy soils is
unavoidable, effluent application should be accompanied by careful monitoring and responsive
management. Ideal application sites should have slopes that promote infiltration rather than runoff and
erosion.

4.2 Rate Selection
Application rates should be determined from the nutrient or hydraulic factor that is most limiting (that is,
the nutrient that limits the amount of effluent/sludge that can be applied). Effluents can vary widely in
their nutrient contents, as indicated in Table 1. As a result, it is essential to obtain an accurate estimate of
the composition of the effluent in order to determine appropriate application rates. This can best be
achieved by sampling and analysing effluent on an annual or seasonal basis. Alternatively, waste
estimation models, based on production and diet, are available for some industries (e.g. Pigbal, DPI&F).
Maximum total applications should be calculated for each sludge or effluent nutrient (N, P and K)
according to the following formula:
Maximum total application =
safe soil storage + amount removed in crop + allowable losses.

The final application rate for the effluent or sludge should then be based on the most limiting nutrient,
which is the nutrient that requires the most land area in order to be applied sustainably. The rate of
application of effluent or sludge may result in some nutrient levels being insufficient for crop
requirements. Inorganic fertilisers would be required in this case to supplement any deficiencies in the
effluent/sludge.

4.3 Safe soil storage
Soils have the capacity to retain or sorb phosphorus,although, little nitrogen or potassium tends to be
stored permanently in soils. However, it is likely that the retention of phosphorus in the soil is not
permanent, since ultimately it may be desorbed.
In simple terms, phosphorus sorption may be considered an on-going process, with the longer the contact
period between phosphorus-containing ions and soil particles, the greater the period required to desorb
(remove) the sorbed phosphorus (Barrow 1983). The implication, however, is that phosphorus is much
more readily sorbed than de-sorbed. This phenomenon can be used in effluent phosphorus management
where excess phosphorus often accumulates in soil. The accumulated phosphorus should then be utilised
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by on-going crop production at the site during seasons where no effluent is applied. Excess phosphorus
application is not a sustainable practice where the site is not suitable for on-going production of
phosphorus removing crops or cut forage. Effluent application areas where an excess of P is to be applied
should meet the following criteria (in addition to those common to every area appropriate for effluent
application):
•

•

•

The effluent application area soil should be one that is classified as suitable for on-going
cultivation, preferably with a previous history of cultivation. Documents such as Harris et al.
(1999) provide information as to the suitability of soils in Queensland. Natural resource and
agricultural departments in other states are likely to be able to provide comparable information on
their own regions. If the soils used are suitable for on-going cultivation, then there is a very high
probability that P storage can be managed so that excess P is utilised before it is leached, even if
the piggery closes and the land passes to other uses.
The soil profile should be of a reasonable depth (e.g. in excess of 0.5 m in depth). The shallower
the profile, the more difficult it is to manage applications to prevent P leaching through the
profile, and storage capacity in shallow profiles may be negligible. Good agricultural soils are
likely, however, to be reasonably deep.
Phosphorus storage should not be planned for grazed areas. In situ grazing is not an effective
means of removal of nutrients (Redding et al. 2002). Where an area has a history of grazing (nondairy), and is not suitable for on-going cultivation, storage of excess P should not be considered.
However, with careful management and monitoring of nutrient loads into and out of the system, it
is possible to remove significant quantities of P in grazed dairy systems.

Phosphorus storage in soils is controlled by a combination of soil phosphorus sorption and desorption
processes, soil hydraulic characteristics, other soil physical characteristics, climate, crop production, and
management. Considering the complexity of these interactions, estimates of safe phosphorus storage are
best established using computer models.
The MEDLI model can be applied to this problem by simulating this general scenario for a location:
1. Initially loading the soil profile with phosphorus under realistic effluent application and
management conditions. The profile should be loaded to the point where a small increase in
leached phosphorus occurs.
2. Cease effluent-P application and continue crop production for a long period (use extended
climate files of around 200 years).
3. If the leached phosphorus in the previous step exceeds a negligible level, complete the first step
to a lower final load, then repeat the leaching phase. Continue this process until acceptable results
are achieved.
We have recently developed a pre-release version of a phosphorus storage estimator that uses a statistical
model of a large number of such MEDLI runs for pig production. The software is currently being
evaluated. The program estimates appropriate maximum phosphorus storage in the surface 0.5 m of the
soil profile, with values ranging from no effective storage capacity for sandy soils in some management
scenarios to up to 6800 kgha-1 for one crop-soil-climate combination (Table 2).
Table 2: Phosphorus storage capacities for three soils. Load limits units are kg per ha per 0.5 m of depth.
Australian Soil

Great

Profile Load Limit

Classification

Soil Group

Toowoomba

Warburton

Soil 1

Red Ferrosol

Krasnozem

1,943

1,137

Soil 2

Brown Vertosol

Brown Clay

1,355

1,350

Soil 3

Black Verotosol

Black Earths

1,947

1,835
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4.4 Amount removed in crop
Table 3 lists the average nutrient removal for several crops, under normal conditions. For crops to
effectively remove nutrients, as listed in the above equation, they must be harvested and removed from
the site. (Note: the extremely low nutrient removal rates for grazed pasture in Table 3).. Where crops and
pastures are being irrigated with effluent or where land is being amended with sewage sludge, nutrient
contents may be considerably higher, and nutrient removal in the harvest should be monitored to allow
management to be optimised.

Table 3: Nutrient content for a range of Queensland crops and forages.
Crop

Dry land pasture (cut)
Irrigated pasture (cut)
Grazed pasture
Lucerne hay (cut)
Dry land winter cereal
Grain sorghum
Forage sorghum
Maize silage
Cotton

DM yield
(t per ha.yr)
1
4
8
20
*
*
5
15
2
4
2
8
10
20
10
25
2
5

DM nutrient content
(%)
N
P
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
3.0 %
0.3 %
3.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.3 %
2.0 %
0.4 %
2.0 %
0.4 %

Nutrient removed
(kg per ha.yr)
N
P
20
3
80
12
160
24
400
60
7.1
0.9
9.5
1.1
150
15
450
45
40
6
80
20
40
6
160
24
200
30
400
60
200
30
500
75
40
8
100
20

* The figures for grazed pasture assume an annual live-weight gain of 150 and 200 kg per head.yr
respectively, and a stocking rate of 2 ha per head.
Contamination of surface water bodies with potassium is not yet strongly linked with any environmental
problems. Effluent potassium should be managed in a similar manner to potassium fertiliser, with the aim
of applying effluent-potassium at the rate of uptake by the crop where possible. The attached worksheet
does not take potassium into account. However, there are some links between over-application of effluent
potassium and structural decline in soils (Smiles and Smith 2004).

4.5 Allowable losses
Allowable losses refers to gaseous losses, such as nitrogen, and not losses through nutrient leaching
(however, these may constitute a greenhouse gas emission, or a respiratory hazard, both issues of
increasing concern). For phosphorus, no safe avenue for losses to the environment exists, as leaching or
transport with runoff are the only possible pathways of loss, resulting in contamination of water
resources. Gaseous losses of potassium are also not likely to occur.
Considerable nitrogen losses occur in gaseous forms. Estimates by DPI&F suggest nitrogen losses of
approximately 30 % when spray irrigation techniques are used. Flood irrigation does not allow the same
degree of gaseous nitrogen loss to occur, and effluent-nitrogen should be applied at the rate taken up by
the crop (given that no gaseous losses occur, and no nitrogen is stored in the soil).
Allowable losses only need to be factored into the equation when calculating nitrogen application rates.

4.6 Preventing nutrient run-off
In addition to good soil conservation practices, it may be necessary to use Vegetated Filter Strips
(VFS) to reduce nutrient load transport to surface water by run-off (Table 4). This type of management is
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appropriate where effluent application areas are close to surface water or gullies (whether permanently
flowing or not).
VFS are strips of dense grass between a nutrient source and the protected area, located before substantial
flow convergence occurs. Research with effluent-phosphorus and many other sources of phosphorus has
indicated that vegetated filter strips can almost eliminate phosphorus transport by run-off water by
reducing run-off volume and concentration.
Where run-off is intercepted by a VFS before reaching a surface water body or ephemeral drainage line,
nutrient loads may be reduced by one of two main mechanisms:
• Increased infiltration of run-off water due to the dense vegetation (Edwards et al. 1996). This
action proved very effective in our own trials (Redding et al. 2001).
• Reduced sediment load due to reduced flow velocity in the VFS (Karssies and Prosser 1999).
In our recent study at an effluent re-use area (Redding et al. 2001), VFS’s achieved runoff phosphorus
concentration reductions of at least 78 % (5 m VFS based on flow weighted averages; 40 m slope length),
as well as an 80 % reduction in run-off volumes (2 m VFS). This translates to reductions of around 95 %
where both infiltration and particle trapping processes are active, and around 80 % under more extreme
rainfall events. Similarly dramatic reductions are possible for nitrogen. When designing and managing a
VFS, the following should be considered:

•
•
•

•
•

•

VFS are necessary where effluent is applied adjacent to surface water bodies that need protection,
ephemeral drainage depressions or channels that lead to such surface water (even if they flow
only during rainfall).
Grass species used for the development of a VFS should be runner developing non-clump
forming varieties. The studies carried out for the project used kikuyu grass, which was found to
be ideal for the purpose as it was already well developed on site.
VFS are only capable of managing nutrient mobilisation where soil losses are below a threshold
of 50-70 t per ha.yr. Additional management measures should be in place to prevent higher soil
losses than this. Soil loss from single events can be very large for bare soil following
conventional cultivation. For example, single events on Vertosol soils are known to transport up
to 90 t ha-1 of soil (Freebairn and Wockner 1986).
The filter strip should be established as close to the actual effluent or sludge treated area as
possible to reduce additional run-off accumulation that will be directed through the VFS.
Table 4 recommends a range of VFS widths appropriate for various conditions. Where slope
length above the VFS are greater than 200 m these designs will not be effective. The VFS widths
recommended in Table 4 will also be ineffective where flow concentrates in depressions before
entry into the filter strips. Where even small depressions concentrate flow, the area should be
levelled, or the VFS developed along the contour.
Finally, VFS's are not maintenance free. Where excessive sediment build-up occurs, or
depressions become eroded, maintenance will be required to prevent concentration of flow within
or before the VFS. It is essential to prevent herbicide over-spray that can in one moment undo all
a manager's efforts to develop dense grass cover. The strip should not be grazed. Research data
indicates that some effluent over-spray onto the VFS's may not be a problem and can assist in
establishing good cover (Redding et al. 2001).
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Table 4: Grass filter strip widths (m) for typical values of annual soil loss and filter gradients (Adapted
from Karssies and Prosser 1999, page 28).
Soil loss
(t per ha.yr)

Filter strip slope (%)
1

2

3

4

5

6

7

8

9

10

5

5

8

8

9

9

10

10

10

20

6

12

15

15

15

16

16

16

16

30

12

18

21

21

22

22

22

23

23

40

18

24

27

27

28

28

29

29

29

50

25

>30

>30

>30

>30

>30

>30

>30

>30

4.7 Timing and method of application
Leaching of nutrients, particularly phosphorus, increases when the surface of the soil becomes saturated.
This highlights the need to avoid using effluent irrigation techniques that promote surface saturation such
as flood or contour irrigation.
Once effluent phosphorus is sorbed to the surface of the soil, leaching becomes much less important. The
first few days after effluent application are critical for the sorption process. It is important to take
advantage of weather forecasting to apply effluent when there is minimum likelihood of rainfall within a
few days of application. Effluent should not be applied to soil that is wet from previous clean water
application or rainfall.

4.8 Salts
The term ‘salt’ is used generically to include any dissolved inorganic cations or anions which contribute
to the electrical conductivity of the effluent, manure or soil solution. Salts tend not to be stored in the soil,
and the most important means of removal is by leaching. Contrary to the management of nitrogen,
phosphorus and potassium where leaching below the root zone is to be avoided, it is actually desirable to
leach salts from the root zone to reduce soil salinity. While sandy soils are not desirable for waste re-use
due to increased nutrient leaching, more readily leached soils can accept higher salt loadings than heavy
clays.
In terms of salt loading, the volume of effluent or manure that can be applied to soils over the long term,
without adversely affecting plant growth, depends on the salinity of the effluent or manure (measured as
Electrical Conductivity, (EC), and reported as dS m-1). As a rule of thumb, applications of effluent with
an electrical conductivity of up to 8 dS m-1 should have no long or short-term negative salinity effects.
Much more accurate recommendations can be made using computer models such as SALF. Figure 1
represents some of the output of this program. The plotted curves represent a 10% yield reduction for
medium tolerance crops such as lucerne (Table 5), with effluents of either 10 or 15 dSm-1. The higher the
rainfall, the more effluent you can apply before salinity becomes a problem. For effluents with a high
electrical conductivity, irrigating a mixture of effluent and water may be useful in alleviating the risk of
salinity effects.
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Table 5:Soil saturated extract electrical conductivity (ECse) thresholds that are likely to result in up to a
10% yield reduction in the plants listed(Yo and Shaw 1990).
Ecse
(dSm-1)

< 1.0

Plant Salt
Tolerance
Rating

Examples of Suitable Crops/Pastures
(Threshold ECse – dS m-1)

Very Low

Lychee (0.8), Turnip (0.9), Carrot (1.0), Bean (1.0), Strawberry (1.0)

1.0 – 1.9

Low

Rose Clover (1.0), Onion (1.2), Cow Pea (1.3), Lettuce (1.3), Grape (1.5),
White Clover (1.5), Broad Bean (1.6), Apple (1.6), Pear (1.6), Apricot (1.6),
Strawberry Clover (1.6), Maize (1.7), Potato (1.7), Citrus (1.7), Celery (1.8),
Cabbage (1.8), Paspalum (1.8)

1.9 – 4.5

Medium

Lucerne (2.0), Spinach (2.0), Pangola (2.0), Rock Melon (2.2), Tomato (2.3),
Townsville Stylo (2.4), Squash (2.5), Cauliflower (2.5), Cucumber (2.5),
Olive (2.7), Broccoli (2.8), Sudan Grass (2.8), Kikuyu (3.0), Grain Sorghum
(4.0), Beetroot (4.0), Asparagus (4.1)

4.5 – 7.7

High

Zucchini (4.7), Soybean (5.0), Oats (5.0), Sunflower (5.5), Perennial Ryegrass
(5.6), Wheat (6.0), Buffel Grass (6.0), Couch Grass (6.9), Rhodes Grass (7.0)

7.7 – 12.2

Very High

Cotton (7.7), Barley (Grain) (8.0)

Extreme

Generally too saline for any plants

> 12.2

Figure 1: Lines represent a 10 % yield reduction in medium tolerance crops grown in a Vertosol.

4.8.1 Sodium
High sodium effluents can result in reduced soil permeability and degraded soil structure. Breakdown in
the soil structure affects infiltration, aeration and plant growth, thus directly affecting plant production.
High soil sodium levels may also significantly reduce the workability of the soil. The extent of soil
structural problems is related to the Sodium Adsorption Ratio (SAR).
Figure 2 can be used to determine whether effluent can be irrigated without risk of reducing soil
permeability (due to sodium). The plotted lines represent the boundary between the region of decreasing
permeability, and the region of stable permeability for the soil textures associated with each curve.
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Decreasing
Permeability

Stable
Permeability

Figure 2: Relationship between Sodium Adsorption Ratio (SAR) and Electrical
Conductivity for irrigation waters that defines the interface between stable and
decreasing permeability for three general soil textures (adapted from Shaw et al. 1994).

The acceptable SAR value for effluent irrigation purposes (i.e. an SAR that does not reduce permeability)
increases with the salinity of the effluent. For example, effluent with an EC of 1 (for a high clay soil) can
only have an SAR of up to 4 to ensure stable permeability. However, if you increase the EC to 2, you can
have an SAR of up to 13, while still maintaining a stable permeability.
Where this graph indicates that effluent application will result in decreased permeability, application
should not be carried out without remedial action (such as gypsum application), and managers should
investigate their operations to improve the quality of their effluent. Gypsum applications at the rate of
approximately 5 t/ha/year, deep tillage and green mulching may alleviate soil structural effects.

4.9 Hydraulic (water) loading
In some areas in Australia, hydraulic loading rate may limit the application of effluent. However, in
southern Queensland other factors are more likely to limit application, since evaporation rates are high
and annual rainfall is relatively low. Irrigation should be managed in a manner that prevents runoff, and
spray irrigation is, therefore, preferable to flood irrigation.
The average annual irrigation requirement is a useful statistic to consider when designing an effluent
irrigation system (Table 6), though usually other factors (such as nutrient application rates) will limit
application rates. Where application is nutrient limited, this indicates that the irrigation demand of the
crops cannot be satisfied by the effluent irrigation alone.

4.10 Pathogens
Research into the management of effluent pathogens is on-going in DPI&F (Dr Pat Blackall leads the
research team). Techniques that offer a high probability of reducing any risk that may exist are:
1. allowing a die off period between effluent application and planting of crops where the marketed
portion is likely to contact effluent treated soil (e.g. vegetables), and
2. any measure that delays pathogen transport by run-off to surface water. Pathogen die off in soil is
well known, but quantification of this effect and development of specific protocols for the
intensive livestock industries is not yet complete.
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Table 6: Average annual rainfalls, pan evaporations and irrigation requirements for a range of reference
sites, arranged by Shires (Skerman 2000).
Shire

Rainfall
Station

Av Ann
Rainfall

Av Ann
Pan
Evap
(mm)

Av Ann
Irrig
Req
(mm)

1418
511
686
680
487
681
901
596
656
870
525
871
565
713
1014
730
915
672
698
480
1760
1128
854
659

1730
2090
1955
2040
2661
2097
1595
2132
2177
1766
2603
1631
2055
1974
1970
1736
2824
1870
1726
3144
2108
1592
1662
2105

417
787
630
670
1187
740
333
846
828
403
1120
336
775
714
597
438
1200
566
409
1533
714
241
334
651

715
769
995
1451
799
2038
647
867
559

2120
1850
1829
1485
1784
2229
1848
1678
2338

731
516
508
194
578
538
548
352
951

(mm)
Atherton
Balonne
Banana
Banana
Barcaldine
Bauhinia
Beaudesert
Belyando
Belyando
Biggenden
Blackall
Boonah
Booringa
Bowen
Broadsound
Cambooya
Carpentaria
Chinchilla
Clifton
Cloncurry
Cook
Cooloola
Crow's Nest
Dalrymple
Duaringa
Gayndah
Gladstone
Gold Coast
Herberton
Hinchinbrook
Inglewood
Ipswich (City)
Jericho

Atherton
St George
Biloela
Theodore
Barcaldine
Springsure
Beaudesert
Moranbah
Clermont
Biggenden
Blackall
Boonah
Mitchell
Collinsville
St Lawrence
Cambooya
Normanton
Chinchilla
Clifton
Cloncurry
Weipa
Gympie
Crow's Nest
Charters
Towers
Duaringa
Gayndah
Gladstone
Nerang
Mt Garnet
Ingham
Inglewood
Ipswich
Alpha

Shire

Rainfall
Station

Av Ann
Rainfall
(mm)

Av Ann
Pan
Evap
(mm)

Av Ann
Irrig
Req
(mm)

Jondaryan
Kilcoy
Kilkivan
Kingaroy
Kolan
Livingstone
Longreach
Mareeba
Millmeran
Miriam Vale
Monto
Mount Isa
Mount Morgan
Mundubbera
Murgon
Paroo
Peak Downs
Perry
Pine Rivers
Pittsworth
Richmond
Rosalie
Rosalie
Sarina

Oakey
Kilcoy
Kilkivan
Kingaroy
Gin Gin
Marlborough
Longreach
Mareeba
Millmeran
Miriam Vale
Monto
Mount Isa
Mount Morgan
Mundubbera
Murgon
Cunnamulla
Capella
Mt Perry
Dayboro
Pittsworth
Richmond
Yarraman
Goombungee
Sarina

685
963
867
777
1030
874
426
904
660
1145
736
394
826
700
801
363
585
946
1264
697
487
831
720
1791

1809
1669
1621
1665
1761
2001
2951
1975
1815
1797
1759
3102
1966
1858
1717
2364
2162
1636
1593
1734
2764
1709
1695
1967

510
357
321
365
393
686
1410
673
512
412
529
1514
610
537
406
1068
834
347
249
442
1289
378
421
605

Stanthorpe
Waggamba
Wambo
Warroo
Warwick
Whitsunday
Winton
Wondai
Woocoo

Stanthorpe
Goondiwindi
Dalby
Surat
Warwick
Proserpine
Winton
Wondai
Brooweena

760
612
685
573
701
1807
402
787
982

1501
1977
1870
2021
1658
1987
2923
1700
1721

262
647
563
721
417
466
1418
396
382

5. CONCLUSIONS
Effluent application to land can have beneficial or adverse effects. These adverse impacts may be divided
into those associated with onsite impacts (e.g. soil degradation), and offsite effects (e.g. degradation of
water quality). The adverse impacts of land application, however, may be managed by accounting for
inputs, sinks and losses of nutrients, salts, and water. Degradation of soil is best managed by control of
salt, potassium, and sodium application rates. Leaching losses of nutrients is may be managed by ensuring
appropriate application rates to suitable crop or cut forage species. In addition to controlling nutrient
application rates, nutrient run-off losses may also be controlled using soil conservation techniques and
vegetated filter strips.
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Deep drainage
A problem or an asset?
Deep drainage is the water that ‘leaks’ below the
root zone of plants. It is part of the water balance,
which also includes rainfall, run-off, soil water,
evaporation and transpiration. Deep drainage is a
natural process that leads to the recharge of
groundwaters and springs that may flow into creeks
and rivers.
Rainfall
Evaporation

Transpiration

Queensland has traditionally been considered at
lower risk of deep drainage than the southern states,
due to the majority of annual rainfall coinciding with
high evapotranspiration. However, drainage will
occur if cumulative rainfall over any period exceeds
the amount the soil can hold in the root zone (soil
storage capacity). Drainage in summer-dominated
rainfall areas is dependent on the rainfall sequence
(i.e. when a ‘big wet’ occurs) and is strongly
irregular.

Measuring deep drainage
Run-off

Soil water store

Deep
drainage

Lateral flo
w

Recharge

Groundwater flow

Deep drainage is measured using a range of
techniques. One approach is to directly collect and
measure the water leaking out the bottom of a soil
profile – this is done using special collectors called
lysimeters, buried in the soil.
Pump and
data logger

Aquifer

The water balance

Why is it important?
Deep drainage represents a loss of water that may
otherwise have been available for crop or pasture
production. As it moves downwards, it may mobilise
salts, nutrients or pesticides.

Deep
drainage

~ 2m

Water collector

The amount of deep drainage may increase when
deep-rooted natural vegetation is replaced by more
shallow rooted crops and pastures. This may lead to
a rise in groundwater levels and contribute to salinity
problems. Spring flows may develop in parts of the
landscape and waterlogging may occur.
The rate of movement of water below the surface,
either vertically or horizontally, depends on the
permeability of soil and rocks and the energy
gradient of water. This determines whether the extra
water becomes a valuable water resource, or
mobilises salts that were previously in equilibrium
and not causing any detrimental effects on the
environment.

L109

March 2005

A field lysimeter for measuring deep drainage

Even in inland areas, rainfall contains salts that have
been derived from oceans. These salts include ions
such as sodium, magnesium and chloride. They are
especially likely to accumulate in clay soils because
they have poorer drainage than other soil types.
Another way of measuring deep drainage is to
determine the movement of the chloride in the soil.
Chloride can be used to track water movement in
soils as it very soluble, mobile and non-reactive, and
so is moved where the water moves.
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Scientists can compare the amount of chloride in the
soils of uncleared areas with adjacent paddocks
used for cropping or pastures. This enables them to
estimate the amount of deep drainage that has
occurred since the land was cleared.
0
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Chloride (mg/kg)
1000
1500
2000

2500

0
0.5

Native vegetation
Crop

1

cropping can average about 8 mm/year, but ranges
from 2-16 mm/year. In contrast, drainage can be as
high as 100-200 mm/year under less efficient forms
of irrigation.
Deep drainage occurrences are spasmodic and only
occur when the soil is saturated in wet seasons or
under irrigation. The graph below shows predicted
occurrences of deep drainage. Between 1900 and
2000, deep drainage occurred in 50 years. There
can be runs of years with no drainage and then runs
of years with drainage.
Annual drainage (mm)

Depth (m)
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Difference in soil chloride content between native
vegetation and cropped land

Modelling deep drainage
There is a need to assess the risk of salinity in many
places and under a variety of land uses. Measuring
deep drainage with lysimeters or determining
changes in chloride levels is expensive and time
consuming. An option is to estimate deep drainage
using computer models.
Water balance models account for water movement
in much the same way a bank keeps a tally of
money in an account. The models have been
developed over many years to describe the water
balance and plant growth for different farming and
grazing practices and soil types. Results from many
field experiments have been used to test these
models. They allow us to make estimates of
changes in the water balance for many situations.
We use this knowledge to predict the consequences
of land use change so that we can better manage
soil and water for long-term productivity and
environmental outcomes.

The results
Research to date suggests that significant amounts
of deep drainage can occur in relatively short
periods of time, when rainfall or irrigation fully wet a
soil. The amount and rate depend on climate, soil
type and land use.
On clay soils in southern inland Queensland,
drainage under native woodland can average less
than 1 mm/yr. Adjacent land cleared for dryland
Fact sheets are available from
NR&M Service Centres and the
NR&M Information Centre,
phone (07-3237 1435).

A problem or an asset?
Deep drainage can be reduced by ensuring as much
soil water as possible is converted into pasture or
crop yields. This can be achieved with deep-rooted
crops, opportunity cropping and paying attention to
good crop management.
Many inland cropping soils have naturally high levels
of salts that affect plant growth by reducing the
amount of water uptake by plant roots. Drainage can
improve these soils by leaching salts beyond the
root zone, but knowing the fate of the salts is
important.
Deep drainage recharges groundwater aquifers and
can replace water that may have been extracted for
water supplies. However excessive deep drainage
may lead to a rise in water tables and lead to salinity
problems. It is also possible that deep drainage may
increase salt levels in groundwater and also add
nutrients and pesticides.

Further information
For more information, check these Department of
Natural Resources and Mines (NR&M) publications:
•

Salinity Management handbook (Phone NR&M
Service Centre 07-3896 3216)

•

Other NR&M fact sheets in the salinity series

•

Fact sheet LC40 Soil limitations to soil water
entry soil—Understanding restrictive soil layers

•

enter the words ‘deep drainage’ in the search
box at www.nrm.qld.gov.au. to obtain other
useful references.
g

While every care is taken to ensure the accuracy of this information, the Department of Natural
Resources and Mines does not invite reliance upon it, nor accept responsibility for any loss or damage
caused by actions based on it.
Check our web site www.nrm.qld.gov.au to ensure you have the latest version of this fact sheet.

