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Disclaimer

	The author aims to keep information presented in this document up to date, but does not guarantee the accuracy, reliability or currency of the information. Any errors in the information that are brought to the author’s attention will be corrected as soon as possible.

	This document provides links to a number of external websites. Monitoring and reviewing content of these third party external websites is not the responsibility of the author or of the University of Sydney, nor does either party endorse, approve or recommend the content, owners or operators of websites and applications available through this document.

	Neither the author nor the university accept liability for any loss or damage a person suffers because that person has directly or indirectly relied on any information presented in this document.
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Preamble

	This document is intended to be a resource to support learning the soil science knowledge necessary for sustainable grain production, as part of the teaching framework for in-service agricultural advisor education. The resource can be used in a blended learning mode that is face-to-face and/ or online.

	As such its most basic format is an electronic document utilising extensive linking and referencing to component and external reference, instructive or illustrative material. The extensive reference material will be included as links to freely available material wherever available, online or as local copy, ensuring that all relevant material is available to users.

	The orientation of the resource and teaching framework is that the material will provide the knowledge about soil required by growers and advisors to optimise the productivity and sustainability of their enterprises. Soil parameters or properties considered in this document will be restricted to those commonly included in soil tests, documented in readily available source material and/ or accepted as common knowledge by industry operators.

	This document is intended to serve as a reference for an issue based, locally focused, short course or modular style learning process. Scenarios relating to topics of significance to users will be used to identify key soil knowledge areas or techniques required for problem resolution or as examples of best practice.

	These scenarios and knowledge themes can be developed into subject modules suitable for gaining credit towards entry into more formal tertiary courses, or used as components of such courses.

	Content

	The material included was informed by the Sydney Forums and other stakeholder consultation, the topic areas (themes) considered to be of most significance are:

	1. Soil water

	2. Crop nutrients

	3. Soil biology

	4. Systems/ management

	5. Variability

	The first three themes, water, nutrition and biology can be dealt with in a traditional manner, with quite specific content written or compiled as required, relating to identifiable soil properties which are the focus of soil testing.

	The management and variability themes have two roles as part of the teaching material:

	1. To define topics requiring specific tools or technologies, such as the field of precision agriculture, which involve groupings of various soil properties in modelling systems, new technologies to measure or infer soil properties at appropriate rates or scales, and the incorporation of diverse soil property data into agricultural management or simulation systems

	2. To provide entry points for users into the learning system, for example user definition of the possible causes of variability will focus on particular areas of the learning resource, thereby reducing ‘background reading’ and avoiding information that users already understand or know is not relevant.

	These entry points are determined in the ‘Self Help’ area

	Scenarios – soil constraints

	The themes defined above allow concentration of learning material into subject areas familiar to users and relevant to existing resources and literature, a framework within which soil knowledge can be housed.

	However, the Sydney Forums and other stakeholder consultation indicated that the preferred form of learning was short 1, to 3 day sessions relevant to local issues, and worked examples demonstrating problem solving. To match this stakeholder preference, learning scenarios will be used to focus the appropriate learning material on specific issues of local significance to users. For example acidity and compaction are two issues commonly accepted as soil constraints to agriculture.

	While the fundamental soil knowledge involved in or relevant to remediation of these constraints may be universally applicable, local resolution will depend on local conditions (soil type, climate) and management influences such as cost of materials/ transport.

	Another motivation for this approach is the ability to update scenarios, including new research and incorporating new issues associated with external variability such as climate change, and change from management options. An example of the latter is the perceived increase in water repellence as a consequence of the adoption of no till farming in the western region. A scenario relating to non-wetting, a constraint not isolated in earlier work, has been added to the initial list of scenarios relevant to this project.

	It is anticipated that development of scenarios will be a long term program, with the scenarios becoming another component of the GRDC knowledge library. In practice, the scenarios will involve local workshops to:

	– examine the local soil

	– discuss the issue with practitioners and suitable specialists

	– explore options for constraint resolution or remediation

	Self help

	The ‘self help’ area is intended to allow users to choose appropriate entry points into the teaching resource material.

	In time poor online or in-service learning environments, the selection of appropriate material is critical for users, to allow them to fully exploit the teaching resource and choose appropriate material, avoiding repetitive or redundant material.

	Development

	This material will be developed for inclusion into GRDC’s GrowNotes, and into media or formats suitable for portable, individual use such as tablet computers.

	Glossary

	Throughout this document, links to the extensive glossary will be available, indicated by text in blue italics, for example: Glossary

	Within the glossary are sections dealing with specific aspects of soil knowledge with important reference material, such as:

	nomenclature, dealing with the various descriptive and classification terms applied to (the same) soil

	texture, the particle size distribution of soil, and its various classifications, terminology and analytical techniques

	General terms such ‘strength’, or ‘moisture content’ usually refer to ‘soil strength’, and ‘soil moisture content’, and refer to these more specific topics in the glossary.

	While the glossary is large, and will probably increase over time, the electronic format is ideally suited to this method of quickly accessing a crucial definition and returning to the area of interest, avoiding the frustration often occurring with technical, specialised or regionally specific terminology.

	References – GRDC knowledge library

	The references are indicated by numeric citation (such as ‘3’) within the document, to conserve space. The numeric references link to the full citations, and then to the complete documents. The reference material is provided as support or extra material that users can utilise as they are inclined, as well as acknowledgement of other authors’ work.

	Wherever possible, work supported by the GRDC is preferred as reference or extension material.

	This work is intended to become part of the GRDC ‘knowledge library’ to allow universal distribution, and to form an easy access ‘front end’ or portal for users seeking soil knowledge within the GRDC knowledge library. While the development of the knowledge library is an essential and significant task that will utilise and protect valuable GRDC research output, it is believed that users will benefit from a framework that has been constructed with the relevant issues and local problem areas specific to their enterprise (in this case soil knowledge for sustainable grain production) as the starting point. This framework may provide a template for the connection between other RDC or discipline areas and the GRDC knowledge library.

	


Self Help

	Variability issues (variable paddock)

	
		
				Signs

				Possible cause

				Resource sections

		

		
				uneven crop growth

				structure
texture
nutrients
pH
moisture
salinity
different soil type

				Soil Texture/ structure

Crop nutrients/ soil fertility
Soil pH
Crop – water relationships
High pH soils - calcareous, saline and sodic soils
ASC

		

		
				different topsoil colour

				moisture
subsoil at surface
organic matter

				Soil colour

		

		
				cloddy areas

				unincorporated subsoil
compacted subsoil at surface

				Structure modification – compaction/ high strength

		

		
				dispersed areas

				Sodicity
structure
Texture

				High pH soils - calcareous, saline and sodic soils

		

		
				different moisture

				subsoil compaction

				Crop – water relationships

		

	

	Management constraints

	
		
				Constraint

				Signs

				Possible cause

				Section

		

		
				Acidity

				pHw <4.8

				Parent material
Prolonged N fertilization

				Factors affecting soil pH

		

		
				Alkalinity

				Subsoil pHw ≥9.0

				Calcareous, free CaCO3/ lime
Saline, high salt level e.g. NaCl

				pH Management

		

		
				Sodicity
Transient or root-zone salinity

				ESP > 6
High salt concentration (not rising groundwater)

				
Subsoil sodicity

				Sodicity

		

		
				Lack of structural integrity/ Water logging

				sodicity/ dispersion
poor structure
poor root growth

				excess sodium
excess cultivation
low organic matter
high strength

				Sodicity
Controlled traffic farming

Organic Carbon

		

		
				Low nutrients

				poor plant growth

				weathered soil
lack of fertilizer

				Crop nutrients/ soil fertility
Crop nutrients/ soil fertility

		

		
				Salinity

				salts

				Saline groundwater

				High pH soils - calcareous, saline and sodic soils

		

	

	


Scenarios

	Introduction

	Soil is the medium in which plants grow to feed and clothe the world. To understand soil fertility is to understand a basic need of agricultural production.

	To understand soil productivity, we must recognise existing soil-plant relationships. Certain external factors are essential for plant growth. These can be referred to as a plant’s WANTS - Water, Air, Nutrients, Temperature and Somewhere to grow. These WANTS, together with light, are required for the healthy and productive growth of all plants, and the growing plant depends on the soil, at least in part, for all these factors.1

	Growers, agronomists, and researchers report that ‘hostile subsoils’ are a major limiting factor to crop returns, affecting at least half of all grain farms. Abundant moisture in the subsoil at harvest after a dry finish, large yield differences between soil and crop types in the same paddock, and root growth obviously restricted to the surface soil layer are all indications of subsoil barriers to crop growth. These effects are seen in particular soil types in all cropping regions, and overall the impact on the grains industries nationally is substantial in terms of potential yield and profit foregone. Subsoil constraints act to prevent the crop from making full use of potential water and nutrients in the profile, resulting in restricted crop growth, and yield falling short of its water-limited potential.2

	Recently,3 the GRDC has invested in a national Soil Constraints Initiative, which commenced during 2015. As part of this national program each GRDC growing region is focusing on soil constraint issues specific to their production systems.

	The primary output for this project is a national approach to the teaching of soil science for grain production. Teaching resource material has been developed and is available as ‘Project teaching resource document 1 – reference text’.

	Stakeholder consultation during this project dictated that learning experiences should be short with local focus. A model of single issue (scenario) workshops was developed, with associated reference material to be provided as electronic format, extensively linked content under industry defined issue (problems/ constraint) headings, allowing users to select relevant entry points and material. The topics for scenarios will be defined by industry (agronomists/ growers/ researchers) specification of local soil constraints to sustainable crop production.

	The scenarios will incorporate a metadata pro forma to ensure standardization and allow external users to provide workable new scenarios. This document is one of the developed scenario learning experience resources (PROJECT TEACHING RESOURCE DOCUMENT 4 – scenario proforma).

	Outcomes

	The design of the scenarios is based on the following structure:

	
		
				Issue

				Basic issue or constraint recognised by the farmer, relation to yield or surrogate measure

		

		
				Discipline relationship

				Diagnostic/ related/ causal soil property or properties 

		

		
				Learning pathway

				Test and/ or technique required to define the issue

		

		
				Management change

				Technique/ method proposed for amendment or amelioration, including desired or expected results, benefit/ cost

		

		
				Knowledge advancement

				Preferred discipline/ knowledge connections or expansion – revised or gained knowledge

		

		
				Considerations

				Excepted or potential side effects, replication or continuing management need

		

	

	The weighting of the elements of the structure defined above will vary according to the focus of the scenarios, as detailed below.

	Categories

	While providing the resources for traditional, discipline based learning, an essential focus of the scenario approach to soil education is to establish a learning structure within which research can be exploited by agricultural industry advisors and local grower groups. The structure will also identify new research opportunities directly related to user needs, through feedback and questions arising from workshop events.

	This structure aligns with the GRDC intermediate (5 year) outcomes in three of the six defined themes in the external investments plan (Theme 4 – Advancing profitable farming systems, Theme 5 – Improving your farm resource base, and Theme 6 – Building skills and capacity (GRDC External Investment Plan 2016–17.)

	From this focus, the scenarios can be presented with three separate functions:

	1. Pre defined scenarios

	Method

	Respond to constraint (soil constraints to crop production).

	Teaching context

	– Relate soil properties to constraint, understand management/ amelioration controls

	– Test/ revise/ inform basic soil knowledge and best practice awareness

	– Option for use as soil science unit module or technical/ fieldwork component

	– Option for certification

	Example

	These scenarios are based directly on data or research programs sponsored by or associated with GRDC programs, usually resulting from constraints or issues defined by the industry.

	Two scenario examples are included in this document as examples of this type of scenario:

	– Acidity – WA Leake acidity study – (https://www.agric.wa.gov.au/climate-land-water/soils/soil-constraints/soil-acidity)

	– Sodicity – Armstrong et al 20154

	2. Opportunistic scenarios

	Method

	Manage constraint (soil constraints to crop production).

	Teaching context

	– Relate soil properties to constraint, understand temporal and spatial management/ amelioration controls

	– Understand relationship between constraint and soil conditions

	– Develop holistic knowledge of soil and soil/ crop interrelationships

	– Opportunity for fieldwork interaction/ development

	– Option for single or multi semester individual or group soil science research engagement

	– Option for soil science unit credit accomplishment

	Example

	These scenarios relate to issues from local grower groups supported by the GRDC, such as the Grain Orana Alliance (GOA), Central West Farming Systems (CWFS) and South Australian No-Till Farmers Association (SANTFA). The GRDC has over twenty grower group associations. The scenarios could cover very specific issues or long term soil health/ productivity subjects, for example:

	– New sub-surface soil moisture probe evaluation – soil water-holding capacity and infiltration rates in farming systems with and without stubble, three-year project SANTFA

	– A long term farming systems trial was conducted at Condobolin in order to analyse the impacts of current farming systems on soil nutrients and soil carbon – CWFS Systems Comparison Trial commenced in 1998

	Once again, the scenarios relate directly to the GRDC strategy, where research should be relevant to/ utilised by local grower group, and provide excellent opportunities for researcher/ student/ advisor/ grower interaction.

	3. Scenarios with unknowns

	Method

	Participate in research program exploring soil constraints to crop production

	Teaching context

	– Participate in or develop program to test relationships between soil properties and constraint

	– Expand knowledge of relationship between constraint and soil conditions

	– Understand constraint management/ amelioration controls including site specificity

	– Opportunity for fieldwork interaction/ development

	– Option for multi semester individual or group soil science research engagement

	– Option for soil science unit fulfilment and contribution to professional accreditation

	Example

	Various institutions manage medium to long term experimental and research sites. These sites include substantial infrastructure where new research, best practice and/ or long term experiments and results can be demonstrated and studied. In addition to scenario or workshop facilitation, these sites provide an ideal setting for student, researcher and advisor or local farm group interaction.

	An example of such a scenario is a variable yield problem at The Holtsbaum Research Station (University of Sydney, property, ‘Nowley’, Liverpool Plains NSW, approximately -31.3 lat. 150.1 long, dd).

	The soil (described as shallow vertic (swelling and cracking) clays) has been recognised as having problems that limit the production of various grain crops and as such represents a real-world problem.

	There is a wealth of spatial data gathered from previous student trips and investigations including:

	– Geology mapping

	– Landscape mapping with (for example):

	– Digital elevation mapping

	– Slope gradient

	– AWC

	– CEC

	– Remotely sensed data such as gamma radiometrics

	– pH

	In the field students take part in field exercises including soil classification, EM mapping, soil hydraulic characterisation, soil mapping, and soil/ yield relationship and problem diagnosis.

	The data produced by field and laboratory analyses were interpreted and used to provide reports that gave contextual solutions to the problem(s) and/or identified further necessary research.

	


Crop – water relationships

	Introduction

	The water environment of crop ecosystems has long been recognised as a major determinant of yield.5 There is therefore a clear imperative for grain growers and their advisors to understand crop – water relationships. There is a generally accepted, approximately linear relationship between rainfall and grain yield6 and consequently income or profit.

	Figure 1 (using data from Whitbread and Hancock, Estimating grain yield with the French and Schultz approaches Vs simulating attainable yield with APSIM on the Eyre Peninsula)7 shows an example of this relationship, with data from 61 field locations in South Australia during the years 1964–75.8 The dashed line in Figure 1 shows an estimate of maximum yield potential for crops with high yield and efficient water use. The threshold value of about 110 mm represents evaporation from the soil. The slope of the linear relation in Figure 1 shows that, after 110 mm water use, the potential grain yield is 20 kg/ ha/ mm of water use.

	[image: Image]

	Figure 1 The relation between grain yield of wheat and water use (soil water plus rainfall)

	While these values are potential (maximum) yield estimates, they are supported by other research,9 indicating the significance of the supply of water to a crop, and the potential yield and profit increases available through wise water management. The yield potential of 20 kg/ ha/ mm has become a ‘useful yardstick’10 for growers and advisors in southern Australia, and a method to determine the upper yield potential has become known as the French and Schultz (FS) equation.

	There are many versions of the FS equation with varying terminologies and symbols, an example of an FS equation is show below

	YP = (GSR+S-E) x WUE, where

	YP is yield potential, kg/ ha

	GSR is growing season rainfall, mm

	S is stored soil moisture at the start of the season, mm

	E is soil evaporation, mm (commonly set to 110)

	WUE is the water use efficiency (grain yield/ crop water use)

	The FS equation can be simplified to indicate the best possible wheat yield (potential yield) achievable for a given amount of water-use as;

	YP = 20 x (water-use – 110)

	Other workers have suggested that FS (or similar) equations should be used with caution, because the method does not account for rainfall distribution, runoff, drainage or access to stored soil water.11

	Sadras and Angus12 updated the French and Schultz benchmark to allow for the introduction of semi-dwarf wheats, increases in atmospheric carbon dioxide and crops grown on sandy soils where evaporation is very low. Their estimate of potential yield is;

	YP = 22 x (water-use – 60)

	This provides another benchmark which can be used to assess paddock or experimental treatment performance.13

	An understanding of crop – water relationships can be gained through knowledge of three specific areas of the crop – soil – water system (which will be examined in following sections):

	1. The soil water balance: where the water comes from, how it becomes available to a crop (stored water/ rainfall)

	2. The plant available water capacity: what affects how much water is available to a crop; and

	3. Water use efficiency and soil / crop water assessment: how crop and soil water content, availability and use is assessed

	The soil water balance

	The hydrologic cycle and its components, as shown in Figure 2,14 are well understood in a qualitative sense. As early as 500 BCE, Greek scholars understood the origin of rain and thought that much of the water in rivers could be attributed to rain.15

	[image: Image]

	Figure 2 Qualitative diagram of the hydrological cycle

	However, quantitative estimates of hydrologic behaviour can be much more difficult to obtain, primarily because the processes of the hydrologic cycle depicted in Figure 2 are interrelated, and vary in space and time. For example the rate of infiltration of water into the soil is dependent on the soil water content, which will vary spatially, and temporally as rainfall or other events progress through time.

	In order to develop quantitative analyses for hydrologic systems, research into models of the hydrologic cycle began at Stanford University in 1959.16 The resulting ‘Stanford Watershed Model’ was one of the first computer simulation hydrologic models and was subsequently used as the hydrologic component for many erosion, sediment and chemical transport models as they were developed.17 From such early models, the CREAMS (Chemicals, Runoff and Erosion from Agricultural Management Systems) model was developed in which a water balance equation is used to estimate daily soil moisture as shown below:18

	SMt = SMt-1 + P – Q – ET – O, where

	SMt is soil moisture content on day t, mm

	P is precipitation on day t, mm

	Q is runoff on day t, mm

	ET is evapotranspiration on day t, mm

	O is percolation on day t, mm

	Complex models allow partitioning and or estimation of all the parameters, while the simplest methods only require inputs of rainfall and evapotranspiration and knowledge of some soil and crop parameters. Complex water balance models are required for (for example) crop simulation programs such as APSIM,19 while simpler methods can be used for processes such as irrigation scheduling. A simple procedure developed for daily irrigation scheduling (in the Riverina, southern NSW) using a water balance method20 requires the following information:

	Daily effective rainfall data (Peff, mm): daily rainfall (P) minus 5 mm in spring, summer and autumn, or daily rainfall in winter

	Daily crop water use (ET, mm): reference evapotranspiration (ETo) multiplied by a crop factor (CF)

	An allowable depletion soil water deficit value or target (soil moisture, SM, mm, an amount of soil water used before plant growth or yield is adversely affected)

	Given this information, the cumulative daily water added to the soil (rainfall or irrigation) can be calculated, and if the daily water use by the crop is subtracted, the result is the cumulative daily water balance for the system. If the water balance shows the water content at or below the allowable depletion, irrigation is required.

	Note that while rainfall and evapotranspiration are clearly required for this simple water balance model, water that moves beyond the root zone is not included (Q and O in the water balance model), as this will not affect the irrigation requirement. It could be expected that runoff would be minimised in an irrigation operation.

	Calculating a simple model

	The method outlined above, while a simple water balance method, requires specific data, knowledge of the crop – soil – water system and therefore soil knowledge. The procedure will be followed below to clarify these knowledge requirements.

	1. Daily effective rainfall

	Ideally rainfall would be monitored on site, but daily rainfall figures for many locations are available online at the Bureau of Meteorology (BoM) website (see for example) (http://www.bom.gov.au/climate/data/index.shtml)

	As noted above, for the purposes of this procedure, effective rainfall is defined as:

	a. Total rainfall minus 5mm per rainfall event in spring, summer and autumn, OR

	b. Total rainfall in winter.

	2. Daily crop water use

	This parameter requires atmospheric data and knowledge of the crop growth and characteristics.

	An accurate method of calculating crop/pasture water use uses a crop factor (CF) and a value for reference evapotranspiration (ETo):21

	Daily crop water use = CF x ETo (mm)

	a. A Crop factor is a number used in calculating water use. It accounts for crop leaf area and stage of crop growth. Some examples of crop factors for wheat are shown in Table 1

	Table 1 Examples of crop factors for wheat in southern Australia22

	
		
				Month

				Crop factor, CF

		

		
				July

				0.9

		

		
				August

				1.0

		

		
				September

				1.0

		

		
				October

				0.9

		

		
				November

				0.6

		

		
				December

				–

		

		
				January

				–

		

		
				February

				–

		

		
				March

				–

		

		
				April

				0.3

		

		
				May

				0.4

		

		
				June

				0.6

		

	

	Values of daily reference evapotranspiration (ETo) derived from automatic weather station records and satellite measurements can also be found at the BoM website (see for example) http://www.bom.gov.au/watl/eto/

	Allowable soil water depletion

	Set the allowable soil water depletion to about half the water available in the root zone

	Example

	A clay loam at Rand in the Riverina district of NSW (APSoil number 213) has the following properties:

	Table 2 Rand clay loam properties

	
		
				Depth

				Bulk density

				Soil moisture contents

		

		
				 

				BD

				LL15

				DUL

				PAWC

		

		
				cm

				g/cc

				mm/ mm

				mm/ mm

				mm

		

		
				0–15

				1.394

				0.170

				0.299

				19.4

		

		
				15–30

				1.543

				0.188

				0.333

				21.8

		

		
				30–60

				1.463

				0.239

				0.368

				38.7

		

	

	Where: LL15 is the lower limit of soil water content, the soil water content at a soil water potential of -15 Bar (atmospheres). It is approximately the driest water content for which water is still achievable by plant extraction, the ‘permanent wilting point’ (PWP)

	DUL is the drained upper limit of soil water content, the soil water content at a soil water potential of -0.1 Bar. It is approximately the content of water retained after free drainage. DUL is also referred to as ‘field capacity’ (FC);

	PAWC is the plant available water capacity calculated in this case from (DUL-LL15)*depth

	Assuming an average rooting depth for wheat of 60 cm, the summed PAWC for the root zone is 80mm.

	The water balance is simply a summation of the daily crop water use, with any (effective) rainfall or irrigation inputs subtracted from the (summed) depletion figures. If the depletion value equals or exceeds the allowable depletion, irrigation is required.

	Using the information above, a water balance calculation could be as follows:

	– wheat crop planted into the clay loam at Rand and irrigated in 1st October,

	irrigated in 1st Oct, soil water storage therefore = summed PAWC = 80mm

	CF = 0.9

	– effective rainfall is rainfall minus 5 mm (spring)

	– set the allowable depletion to half the available water = 40 mm

	
		
				Date

				Daily ETo

				Daily crop water use

				Daily effective rainfall

				soil water depletion

				Cumulative soil water depletion

				Soil water storage

		

		
				 

				 

				ETo x CF

				(rainfall – 5)

				(crop water use – effective rainfall)

				 

				(80 – cumulative depletion)

		

		
				 

				mm

				mm

				mm

				mm

				mm

				mm

		

		
				2/10

				3.0

				2.7

				 

				2.7

				2.7

				77.3

		

		
				3/10

				2.3

				2.1

				 

				2.1

				4.8

				75.2

		

		
				4/10

				5.0

				4.5

				 

				4.5

				9.3

				70.7

		

		
				5/10

				8.0

				7.2

				 

				7.2

				16.5

				63.5

		

		
				6/10

				6.0

				5.4

				 

				5.4

				21.9

				58.1

		

		
				7/10

				2.0

				1.8

				5.0

				-3.2

				18.7

				61.3

		

		
				8/10

				7.5

				6.8

				 

				6.8

				25.5

				54.5

		

		
				9/10

				8.5

				7.7

				 

				7.7

				33.2

				46.8

		

		
				10/10

				6.5

				5.9

				 

				5.9

				39.1

				40.9

		

		
				11/10

				5.5

				5

				 

				5

				44.1

				35.9

		

		
				12/10

				6.0

				 

				Irrigate today

				 

				 

				 

		

		
				13/10

				 

				 

				 

				 

				 

				 

		

	

	Note that in the example above, minor errors such as those potentially introduced by using monthly average CF values and texture based soil water parameters will be offset by setting the allowable depletion to half the PAWC, providing ‘room for error’ outside the soil water depletion range which could cause crop stress.

	Complex models

	While simple relationships such as the FS and related equations may provide indicators of yield potential, and simple water balance methods may be adequate for specific operation focused techniques such as irrigation scheduling, many workers believe more complex models are required to produce realistic attainable yield predictions, or to explore different land use options and implications, including climate change.23

	Examples of freely available computer software packages which include more detailed water balance calculations are:

	1. ‘SoilWaterApp’

	– SWApp was developed for the Grain Research and Development Corporation by the University of Southern Queensland. The project team includes: Prof. Steve Raine (project director), Dr David Freebairn and Dr Brett Robinson (project managers), Dr David McClymont of DHM Environmental Software Engineering (software engineering), Erik Schmidt (project administrator), Victor Skowronski (Electrical Engineer), Dr Jochen Eberhard (data analysis).

	– SoilwaterApp (SWApp) is a new app for iOS (mobile operating system for Apple Inc.) devices which:

	– provides farmers and advisors with a ready estimate of plant available water (PAW) in the soil during a fallow and early crop phase

	– http://soilwaterapp.net.au/

	2. ‘HowLeaky?’

	– HowLeaky? has been developed by several organisations including: the Queensland Government; RPS, DHM Environmental Software Engineering Pty Ltd; the Victorian Government and TreeCrop Technologies Pty Ltd.

	– Howleaky? describes the impacts of alternative land-uses on water quality and water balance (evaporation, transpiration, runoff, and deep drainage).24

	– http://www.howleaky.net/

	3. ‘APSIM’

	– The Agricultural Production Systems sIMulator (APSIM) software is a modular modelling framework that has been developed by the APSIM Initiative and its predecessor the Agricultural Production Systems Research Unit (APSRU) in Australia.

	– APSIM was developed to simulate biophysical processes in agricultural systems, particularly as it relates to the economic and ecological outcomes of management practices in the face of climate risk.25

	– http://www.apsim.info/

	These models are based on the PERFECT (Productivity, Erosion, and Runoff) model,26 which has a water balance equation similar to in the earlier CREAMS model.27

	SoilWater app

	SWApp provides farmers and advisors with a ready estimate of plant available water (PAW) in the soil during a fallow and early crop phase. SWApp estimates soil water (PAW) using a tested water balance model (HowLeaky) and inputs from:

	– weather data from a nearby Bureau of Meteorology (BoM) sourced from the Silo (https://www.longpaddock.qld.gov.au/silo/);

	– rainfall data from a local rain gauge (entered manually);

	– rainfall data automatically uploaded from a Bluetooth enabled rain gauge (10m range);

	– a soil description best suited to local conditions; and

	– soil and crop cover conditions for each paddock.

	SWApp simulates infiltration, runoff, evaporation, transpiration and deep drainage to provide an estimate of soil water on a daily basis. Additionally, SWApp uses long term climate data to provide a forward-looking estimate of likely outcomes for the specified soil, climate and cover conditions. Starting conditions are specified by the user and can be adjusted from sensors such as a soil push probe or soil water sensor network.

	HowLeaky

	Howleaky? Is a paddock or farm scale (<500 km2), daily time step model

	
		
				Inputs required:

				Daily rainfall
Pan evaporation
Temperature
Solar radiation data
Parameters that describe the storage and movement of water in the soil
Cropping sequence criteria (crop type and length of fallow)
Parameters that describe crop growth
Fallow management (tillage) options, Herbicide regimes

		

		
				Outputs / indicators predicted:

				The model calculates runoff as a function of rainfall, soil water content and surface cover.
Deep drainage is calculated when the soil is near full, and further rain occurs, or rainfall exceeds evapotranspiration for long periods.
Erosion is dependent on slope, soil erodibility, runoff and cover
Pesticide runoff is a function of application rate and date, decay rate and runoff extraction from surface soil pesticide load
Format of output data: range of tables, graphs, customised reports and pseudo animation. Also creates data suitable to use in 2CSalt salinity model.

		

	

	Data requirements for a model such as HowLeaky?, can be downloaded or estimated for generic model operations, as outlined for the simple model calculations, for example from the following sources:

	
		
				Bureau of Meteorology

				daily rainfall, pan evaporation, temperature, solar radiation

		

		
				http://www.bom.gov.au/watl/eto/
 

		

		
				APSoil

				storage and movement of water in the soil

		

		
				http://www.apsim.info/Products/APSoil.aspx
 

		

		
				APSIM http://www.apsim.info/
 

				storage and movement of water in the soil cropping sequence criteria parameters that describe crop growth

		

		
				SILO (Scientific Information for Land Owners)
www.longpaddock.qld.gov.au
and /silo/index.html

				SILO provides historical daily weather records for Australia from 1889 to present (by subscription)
Data are available for seven primary variables:
maximum and minimum air temperature;
rainfall;
class A pan evaporation;
solar radiation;
vapour pressure; and
mean sea level pressure;
and eight derived variables:
relative humidity at the time of maximum and minimum temperature;
synthetic pan evaporation; and
evapotranspiration (five estimates – FAO56, Morton’s actual, Morton’s potential, Morton’s lake and Morton’s wet).

		

	

	While, ideally, specific data would be measured or estimated for individual sites and scenarios, work reported on the HowLeaky? Website http://www.howleaky.net/index.php/about/documents-relating-to-howleaky >> Southern Grain Region >> HowLeaky Applications (Summary), contains the following statement:

	‘We can live with less detail in system description and still use conservative models with reasonable confidence’

	The generic model was judged to adequately model soil erosion for different vegetation/ crop systems, and therefore be useful as a land use management tool.

	APSIM

	APSIM (Agricultural Production Systems Simulator) is a software system which allows:

	a. models of crop and pasture production, residue decomposition, soil water and nutrient flow, and erosion to be readily re-configured to simulate various production systems and

	b. soil and crop management to be dynamically simulated using conditional rules.

	APSIM uses similar methods to HowLeaky? for daily water balance calculations, with similar data requirements to those noted above. APSIM also has the option to use a more sophisticated water balance component – SWIM (Soil Water Infiltration and Movement)28 for more detailed analyses. APSIM climate data is available from the sources mentioned above, especially SILO, and comes with an extensive soil parameter database.

	APSIM is a farming systems model that simulates the effects of environmental variables and management decisions on crop yield, profits and ecological outcomes. As such it is designed for use more by advisors and extension officers than farmers, and it is also the basis for simpler, more specific models, such as:

	– Yield Prophet: a software package that helps grain growers to manage their crop in response to climate variability and climate risk to maximise profit and minimise risk (subscription service).

	– WhopperCropper: a computer program that simulates the effects of resources (e.g. soil and water) and farm management inputs (e.g. crop type and fertiliser) on yield and economic outcomes by using modelling and climate forecasting (Department of Agriculture, Fisheries and Forestry (Queensland)

	Note that ‘Whopper Cropper’ is now included in the ARM Online (ARM tools – a collection of Agricultural Risk Management Tools) website provided by the Queensland government: http://www.armonline.com.au/#/

	– HowOften?: a computer program that allows you to review long-term rainfall records to see how often rainfall events have occurred in past seasons (HowOften? website).

	– HowWet?: a computer program that uses farm rainfall records to estimate plant available water and nitrate in the soil at planting and throughout the fallow season (HowWet? website)

	Management example

	An example of the use of APSIM:

	Improved water-use efficiency of rainfed and irrigated farming systems in Tasmania.

	GRDC project code: UT00016, 2008 to 2013.

	‘Tasmania may be Australia’s wettest state, but research into water use efficiency benchmarks has found that irrigation, particularly in combination with additional nitrogen applications, has the potential to significantly lift yields.

	Addressing crop nitrogen deficiencies can improve yields by half a tonne per hectare; in combination with irrigation this increase could be as much as 2t/ ha, says Dr Tina Acuña at the Tasmanian Institute of Agriculture.

	The results are based on modelling and the model outputs closely match observed results at 27 trial sites across Tasmania over a 25-year period.

	Dr Acuña says the findings are the result of a GRDC-supported project to establish water use efficiency (WUE). ‘Several factors have made it more difficult to calculate benchmarks for Tasmania than for other states, which is why we’ve used modelling,’ she says. ‘In mainland states meteorological data can be matched with shire-based harvest records to benchmark WUE, but that is not the case in Tasmania. Most of the wheat grown here is feed wheat for local consumption and there are few yield records.’ Dr Acuña says the longer growing season in Tasmania, stretching from May to January, increases surface water evaporation. Plus, high rainfall also means making allowance for drainage and run-off, start-up soil moisture, transpiration and growing season rainfall. Because of this, Dr Acuña turned to the Agricultural Production Systems Simulator (APSIM) to estimate WUE [grain yield / (surface evaporation + transpiration + drainage + run-off)]. The APSIM outputs matched the observed results of trials at 27 sites across Tasmania between 1984 and 2011 with 85 per cent accuracy.

	Dr Acuña says discussions with growers during the project showed they were most interested in irrigation, plant growth regulators, and crop sequencing to improve WUE.

	‘But when we went back to the modelling we found that you had to look at irrigation in combination with nitrogen. If we made both water and nitrogen unlimited factors we could increase water use efficiency. Even without irrigation, additional nitrogen increased crop yields by up to half a tonne per hectare, on average. In combination with irrigation, yield potential increased as much as 2t/h.’

	Related outcome:

	French and Schultz (1984) type approaches underestimate WUE in high rainfall environments as they do not account for unproductive losses of water through drainage and runoff. Instead, WUE has been estimated using crop simulation modelling approaches as grain yield / [SE + T + R + E].

	http://grdc.com.au/Media-Centre/Ground-Cover/Ground-Cover-Issue-98-May-June-2012/Irrigation-still-lifts-N-and-yield-in-wet-Tasmania

	PAWC

	PAWC is a measure of the ability of a soil to store water for later crop production,29 that is the difference between the upper water storage limit of the soil and the lower extraction limit of the crop over the depth of rooting.30

	A soil’s capacity to supply air and water is determined by its porosity and ability to retain water.31 Water clings to the surface of soil particles, but will drain out of large pores.32
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	Figure 3 Representation of soil water

	Figure 3 shows a representation of water in and around soil particles.33

	The soil in Figure 3 represents a soil where the pores have largely drained, but water is retained by adherence to soil particles.
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	Figure 4 Example of a storage profile showing potential water storage (PAWC)

	Figure 434 shows an example of a storage profile, showing potential water storage (PAWC), as defined by soil water contents for:

	drained upper limit (DUL)

	crop lower limit (CLL)

	For this example, PAWC = DUL – CLL over the depth of the profile, or over a depth of interest such as a rooting depth.

	Soil water contents for:

	saturation (SAT)

	total porosity (POR)

	are also shown.

	Smaller particles such as silt and clay sized particles, have greater respective surface areas than sand sized particles (per equivalent weight or volume),35 and so the amount of water held (water clinging to the surface of soil particles) by soils with finer particles will be greater than for sandy soils.
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	Figure 5 Example of PAWC soil texture relationship

	Figure 5 shows a simplified example of the relationship between available water and six soil texture classes, demonstrating that coarse textured soils (such as sands) hold the least water.

	PAWC can be expressed as millimetres (mm) of plant-available water in the whole root zone, or as mm of water for a specific depth interval (mm, cm, m).36 It is more common to express PAWC as mm, summed over the depth of water extraction, while the depth specific ratios (mm/ cm, mm/ m) are termed available water capacity (AWC).37
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	Figure 6 Examples of PAWC for soils with varying texture – ‘SAT’ is saturated moisture content

	Some of the terms used to characterise a soil for PAWC are:38

	– drained upper limit (DUL) or field capacity – the amount of water a soil can hold against gravity

	– crop lower limit (CLL) – the amount of water remaining after a particular crop has extracted all the water available to it from the soil, and

	– bulk density (BD) the density of the soil, which is required to convert measurements of gravimetric water content to volumetric water content

	Soil texture, which is defined as the mix of sand, silt and clay particles in a soil,39 is the most important physical parameter affecting soil water holding.40 In the examples shown in Figure 6, the PAWC of a Loam (‘L’) from Smeaton, VIC (a) is compared to that for a heavy clay (‘C’, Black Vertosol) from Spring Ridge NSW (b), and a sand (‘S’) from Esperance, WA (c).41

	Clearly, from Figure 6, the clay soil has the highest PAWC, followed by the loam, with the sand having the lowest PAWC, in accord with Figure 5.

	In Figure 6, from APSIM:

	– Crop PAWC is calculated as total (mm) for the crop rooting depth

	– LL15 is included as the (laboratory determined) lower limit of soil water content available to plants, also known as the permanent wilting point

	The PAWC values in Figure 6 are calculated using crop defined lower limit values (CLL, for example wheat LL) but shading extends to LL15

	– The term ‘Air dry’ in Figure 6 refers to soil dried by being spread on drying trays in an oven at 40°C.

	GRDC research42 has shown that understanding the capture and storage of rainfall for future (dryland) crop production can result in improved crop productivity. Pre-crop management has been shown to be more important than in-crop management in lifting the water use efficiency (WUE, grain yield/ crop water use) and yield of wheat cropping systems.

	From this background, understanding the PAWC is essential to successfully managing crop production. These notes should be seen as a first step in this process, with readers encouraged to explore further information as they feel necessary and appropriate.

	Factors influencing PAWC

	Many soil properties will influence PAWC, not all of which can be influenced or modified by farmers:

	Soil compaction, smearing or crusting will affect infiltration and therefore PAWC

	1. Fine textured soils, with smaller pores, may not have the infiltration capacity to allow higher intensity rainfall events to penetrate the profile, despite their capacity to store more water

	Soil depth will clearly affect PAWC

	Plant rooting depths vary between crops, soils and environments,43 which will effect the PAWC

	Sodicity – high levels of sodium cause dispersion of the fine soil particles resulting in the blockage of soil pore space which not only slows root extension and consequent access to soil water, but when present in the soil surface, also impairs water infiltration with subsequent impacts on run-off and erosion44

	Salinity – high levels of salt reduce the efficiency of water uptake by roots which can result in a diminished plant water supply (effectively, a reduction in PAWC)45

	2. pH impacts on nutrient availability and hence on the efficiency of the plant to extract soil resources; for example in acid soils (pH <5.5) aluminium, which inhibits root growth, becomes more soluble and the concentration in the soil water rises

	Using PAWC

	As noted above, soil texture, the distribution of differently sized soil mineral particles, is the most important soil physical property in relation to the PAWC. However, the method of determination is important. Field texture, a common method used in soil analysis, is only approximately related to particle size distribution.46

	While a sandy soil may have similar or larger porosity, the water in the pores is not held by soil particles, and so drains freely, with the AWC or PAWC therefore being well below the total porosity, or saturated moisture content, as shown in Figure 747 and Table 3. Table 3 shows bulk density (ρb, or BD) and moisture content values for the six texture classes previously used, from various depth layers in four soils arbitrarily selected from the APSIM data base, while Figure 7 represents a graphical version of the same data. This data is also the basis for the stylised Figure 5.

	While fine textured soils have the ability to hold larger quantities of water than sandier soils, there are some drawbacks:

	– As a result of their smaller particle size, pore space (space between particles) is also finer, which reduces water infiltration rate and can increase run-off, a particular problem in high-intensity rainfall, isolated events or after prolonged periods of rainfall

	Because of the higher PAWC, water from small events is stored close to the soil surface, and unless follow up rain occurs soon after, is often lost to evaporation.

	This contrasts with lighter textured sandy soils where, due to the lower water holding capacity, water moves deeper into the profile, making the water less susceptible to evaporative loss.

	However, if the rain continues on a sandy soil it is likely that drainage will become a major loss factor48
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	Figure 7 Examples of pore space and moisture content data, values from four APSIM soils

	The values in Table 3, while real examples from field soils, and are not intended to represent all possible soils in a given texture class.

	Table 3 Examples of pore space and moisture content data (volumetric moisture content, Θv), values from four APSIM49 soils

	
		
				 

				bulk

				calculated volumes

				Moisture contents (volumetric)

		

		
				 

				density

				porosity

				solid

				Θv

				Θv

				Θv

				Θv

				 

		

		
				 

				ρb

				ϕ

				 

				 

				 

				 

				 

				(DUL-
LL15)

		

		
				 

				MS/VT

				(VA+VW)
/VT

				VS/
VT

				 

				 

				 

				 

				 

		

		
				 

				BD
g/cc

				POR

				S.SOL

				air
dry

				LL15

				DUL

				SAT

				AWC

		

		
				sands

				1.57

				0.41

				0.59

				0.03

				0.03

				0.07

				0.38

				0.05

		

		
				sandy
loams

				1.56

				0.41

				0.59

				0.06

				0.07

				0.20

				0.38

				0.13

		

		
				loams

				1.29

				0.51

				0.49

				0.05

				0.10

				0.29

				0.48

				0.20

		

		
				clay
loams

				1.26

				0.52

				0.48

				0.15

				0.18

				0.36

				0.49

				0.18

		

		
				light
clays

				1.42

				0.46

				0.54

				0.18

				0.18

				0.40

				0.43

				0.22

		

		
				medium-
heavy
clay

				1.58

				0.41

				0.59

				0.13

				0.13

				0.29

				0.38

				0.16

		

	

	AWC = DUL – LL15 in table 3, and the porosity and soil solid values are calculated from the standard method:50

	ϕ = 1 – ρb/ ρs, where

	ρs is the density (specific gravity) of soil solids, (MS/ VS)

	M is mass, and

	ϕ = (VA + VW)/ VT

	= VT/ VT – VS/ VT

	= 1 – VS/ VT

	= 1 – (MS/ VT)/ (MS/ VS)

	= 1 – ρb/ ρs

	2.65 is a common approximation for the particle density, or specific gravity of most soil minerals.51

	Knowledge of the PAWC for a particular soil, soil layer or soil profile is of significance in a general understanding of potential productivity of the soil, and therefore for a specific field, property or area of interest.

	The application of this knowledge is of greatest benefit to crop production systems, with the emphasis being on translating site specific information into useful inputs to whole of farm operations. With that in mind, it should be noted that the characterisation of a soil profile or layer for PAWC is something that should be repeated, ideally at important times during a season such as planting times, and performed at different sites with the same or different soil types to encompass within and between soil texture class variability. High levels of spatial variability have been found in gravimetric water content in what would generally be considered as homogenous soils such as a Black Vertosol.52 The repeated soil characterisation for PAWC will also allow definition of parameters such as CLL and DUL for different crops and different seasonal conditions.

	The simplest application of PAWC information would be as part of an irrigation scheduling process. Clearly, the amount of water needed to fill a soil profile from a particular moisture content to some ideal for a crop such as DUL, depends on and can be estimated by use of the soil PAWC.

	As an example, the Spring Ridge heavy clay (Black Vertosol) introduced in Figure 6, could be expected from Table 3 to have a PAWC of around 0.16 mm/ mm for the profile. The figures below show simple examples of how PAWC could be used to calculate the amount of water required to refill the soil to DUL. This volume could apply to the simple water balance approach to irrigation scheduling, demonstrated in a previous section. Note that these figures are average or representative values used for the example, they are not extracted from real data sets such as those used in APSIM.

	DUL (Table 3) 0.29 mm/ mm

	CLL (=LL15 in Table 3) 0.13 mm/ mm

	PAWC (Table 3 or DUL-CLL) 0.16 mm/ mm

	Rooting depth (estimate53) 165 cm (=1650 mm)

	Estimated PAWC soil water (for rooting depth) 264 mm (=0.16 * 1650)

	*

	1 Assume soil at CLL

	Estimated refill to DUL (rooting depth) 264 mm

	Estimated refill to DUL (rooting depth) 264 L/ m2 L x 1000 cm3/ 10000 cm2 x 10 mm/ cm

	Estimated refill to DUL (rooting depth) 2.64 ML/ ha (L x 10000 m2 / ha) / 1000000

	*

	2 Assume soil at ½CLL (safe point guess, soil is about ½ full, plant should not be stressed)

	Estimated refill to DUL (rooting depth) 132 mm =264/2 =0.08*1650

	Estimated refill to DUL (rooting depth) 132 L/ m2

	Estimated refill to DUL (rooting depth) 1.32 ML/ ha

	*

	3 Soil at measured moisture content (mm/ mm, ratio, 0.21 or 21% by volume)

	Estimated refill to DUL (rooting depth) 132 mm =(0.29–0.21)*1650

	Estimated refill to DUL (rooting depth) 132 L/ m2

	Estimated refill to DUL (rooting depth) 1.32 ML/ ha

	In non-irrigated situations:

	Knowledge of the PAWC could be used to indicate planting dates, when specific amounts of rain are required to provide sufficient water for a successful crop

	Opportunity cropping – planting a crop whenever surface moisture conditions are satisfactory for seedling emergence, provided the soil profile moisture store equals or exceeds some specified fraction of PAWC

	As a management tool, PAWC knowledge from Figure 6 shows that the Loam soil at Smeaton is unable to hold as much water as the Vertosol at Spring Ridge; as a consequence the yield potential is lower and the benefit of fertiliser applications is potentially less,54 and thereby possibly not cost effective

	Knowledge of PAWC could influence fallow management options, such as length of fallow, when for example the lower PAWC Smeaton soil would probably benefit from a longer fallow in drier years, when rainfall during a short fallow would be insufficient to recharge the profile

	Fallow period weed control will affect PAWC and the soil nutrient status

	PAWC and associated parameters such as BD, CLL and DUL are essential elements of agricultural production simulators such as APSIM

	Management

	Options for manipulation of (increasing) the PAWC, can be defined as water harvesting methods, including technologies such as terracing, contour bunds, retention ditches, micro-catchments, crop residue management fallow weed management and conservation tillage systems.55

	For example:

	– An average increase of 60% in seasonal water use efficiency was found (across 21 trial sites in SA, Vic, NSW) where weeds were controlled during the summer fallow, a result of the improved efficiency of storage of summer rainfall and increased nitrogen supply to the subsequent crop. This resulted in an average return on investment of $5.57 for every dollar invested in summer weed control56

	– Research undertaken on the vertosol soils of the northern cropping region shows the impact of both stubble and controlled traffic (CT) on rates of run-off. The mean annual runoff where implements were not constrained to specific traffic ways was 44% higher than where CT was practiced. This equated to an additional 63 mm of water being captured annually in a system where soil structure had not been affected by compaction. This study also showed the positive effects of zero tillage with a reduction in annual runoff of 38 mm under a zero till system compared to conventional stubble mulching. Infiltration efficiency, as a percentage of annual rainfall, varied between ≈ 70% where tillage was not constrained to specific traffic ways, to almost 90% where CT and zero till were implemented.57

	Some sandplain soils are highly permeable and have low water-holding capacities (40 to 80mm/ m). Within any one season they can fluctuate between waterlogging and drought. Increasing the PAWC can only be achieved through increasing root depth and the rate of root elongation, by removing impediments to root growth including water – logging, subsoil acidity and compaction.58

	Estimating soil water on shrink/swell soils59

	Consider the simulation of soil water as a viable option when PAWC and reliable meteorological data are available. If a field based technology is preferred, identify as many monitoring sites as can be efficiently managed (and afforded) within a particular soil type or field, selecting locations that represent the productivity of the zone (through observation or yield mapping).

	Identify a technology that suits the general management approach and provides a level of information appropriate to needs. At each site (the number will depend on the technology), monitor longitudinal changes in soil water availability and make decisions based on the information, knowing that there may be significant error around the results.

	Hydraulic conductivity and water content

	The relationship between hydraulic conductivity and water content for a soil is of great practical significance. Hydraulic conductivity strongly depends on water content because, as a soil dries, fewer water-filled pores contribute to flow. The reduction in hydraulic conductivity with water content is dramatic due to the exponential relationship between pore size and flow, as shown in Figure 8.60

	However, care must be taken when comparing results between different soils. While higher water content for a given soil will result in higher hydraulic conductivity, higher PAWC soils with generally finer particles, commonly display lower hydraulic conductivities than lighter textured (sandier) soils with lower PAWC.

	Some typical values for hydraulic conductivities for different soil texture grades and structure classes are presented in Table 4 and Figure 8.61 Note that in the table the values presented are termed permeability. Permeability is a general term for the rate at which water moves through a soil profile, which is commonly used as a synonym for saturated hydraulic conductivity.62

	Table 4 Infiltration and permeability properties of soil texture grades63

	
		
				Texture

				Structure

				Infiltration

				Permeability
(mm/ h)

		

		
				sand

				apedal

				very rapid

				> 120

		

		
				sandy loam

				weakly pedal

				very rapid

				> 120

		

		
				 

				apedal

				rapid

				60 – 120

		

		
				loam

				peds evident

				rapid

				60 – 120

		

		
				 

				weakly pedal

				moderately rapid

				20 – 60

		

		
				 

				apedal

				moderately rapid

				20 – 60

		

		
				clay loam

				peds evident

				moderately rapid

				20 – 60

		

		
				 

				weakly pedal

				moderate

				5 – 20

		

		
				 

				apedal

				slow

				2.5 – 5

		

		
				light clay

				highly pedal

				moderate

				5 – 20

		

		
				 

				peds evident

				slow

				2.5 – 5

		

		
				 

				weakly pedal

				very slow

				< 2.5

		

		
				moderate to heavy clay

				highly pedal

				slow

				2.5 – 5

		

		
				 

				peds evident

				very slow

				< 2.5

		

		
				 

				weakly pedal

				very slow

				< 2.5
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	Figure 8 Moisture content and estimated hydraulic conductivity (OM is organic matter, S sand and C clay proportions in the samples)

	Water use efficiency and soil/ crop water assessment

	A guide to consistent and meaningful benchmarking of yield and reporting of water use efficiency64
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	Introduction

	This document provides guidance for groups within the GRDC National Water-use Efficiency (WUE) Initiative on how to estimate and present WUE results from their experiments and focus paddocks in a consistent and meaningful way. It can also be used by groups as a resource for growers to benchmark their yields and WUE. The WUE calculations in this document proceed in 4 steps depending on the data available and provides worked examples to assist.

	The steps:

	1. Estimating water-use

	2. Calculating water-use efficiency

	3. Benchmarking yield

	4. Estimating transpiration and unproductive water-use

	1 Estimating water use

	The first step towards benchmarking crop WUE is to estimate water use. Water use is defined as the total amount of water used to grow the crop during the season, and includes transpiration (water used by the plant to grow), evaporation (water lost from the soil surface), runoff and deep drainage.

	Water use = transpiration + evaporation + run-off + deep drainage

	There are several ways of estimating water use depending on the data available.

	Method 1 – an OK method

	Water use (mm) = 0.25 x summer fallow rainfall + growing season rainfall

	Data needed:

	– Monthly rainfall

	This method assumes that 25% of rain falling during the summer fallow is stored for crop use. It also assumes that there is no water carrying over from the previous season, which is not the case after long fallows, pulse crops etc.

	The months of the year that constitute the summer fallow and growing season periods will vary with location; e.g. in Tasmania the growing season might extend from March to January, while in northern WA May to September could be more appropriate. It is important that the months that are assumed to constitute the growing season are specified when reporting results.

	Method 2 – a better method

	Water use (mm) = plant available water at start of growing season +rain from then until physiological maturity.

	Data needed:

	– Soil water sampled at or near sowing (analysis from soil core or in-situ probe)

	– Estimate of your soil’s bulk density & crop lower limit

	– Daily rainfall

	– Dates of soil sampling and harvest

	This method assumes the crop has used all available water at maturity – which is rarely true in wet springs or in high rainfall areas.

	Method 3 – best method

	Water use (mm) = (soil water at sowing – soil water at maturity) + in-crop rain

	Data needed:

	– Soil water sampled at (or near) sowing and maturity (from soil core or in-situ probe)

	– Daily rainfall

	This was the method employed by French & Schultz,65 who deliberately chose sites that were not prone to run-off, drainage or lateral water movement so:

	Water use = transpiration + evaporation

	Be aware that for many crops there will have been run-off and drainage, but these will not be accounted for separately and are rarely measured. Evaporation, run-off and drainage can be thought of together as ‘unproductive water use’;

	Water use = transpiration + unproductive water use

	A method for separating transpiration and unproductive water use for further insight is described in Section 5.

	2 Calculating water use efficiency

	Water use efficiency (WUE) is simply grain yield (kg/ ha) divided by water use:

	WUE (kg/ ha.mm) = grain yield/water use

	A common error is to compare water use efficiency to the French and Schultz (20 kg/ ha.mm) or Sadras and Angus (22 kg/ ha.mm)66 upper limits of transpiration efficiency, but this is incorrect! Remember these numbers are transpiration efficiencies and assume a given evaporation (110 or 60 mm); the calculation above includes evaporation which we know can vary with site, season and management. We are only interested in comparing the WUE of treatments with each other within a given season – and this is the basis on which GRDC are looking for a 10% increase when regionally scaled-up. It is not appropriate to compare WUE values between seasons.

	3 Benchmarking yield using an upper-limit of water use efficiency

	French and Schultz (1984) proposed that the best possible wheat yield achievable for a given amount of water use (potential yield) could be defined as;

	Potential yield (kg/ ha) = 20 x (water use – 110)

	Sadras and Angus (2006) updated this benchmark to allow for the introduction of semi-dwarf wheats, increases in atmospheric carbon dioxide and crops grown on sandy soils where evaporation is very low. Their estimate of potential yield is:

	Potential yield (kg/ ha) = 22 x (water use – 60)

	This provides a benchmark which can be used to assess paddock or experimental treatment performance. The best way to benchmark yield is to calculate what a crop yielded as a percentage of the benchmark.

	% of potential yield achieved = 100 × (actual crop yield/potential yield)

	For the sake of consistency within the GRDC WUE initiative, the Sadras and Angus benchmark should be used. Modern crops will often exceed the French & Schultz benchmark. When using Sadras and Angus, crops in some environments (particularly with heavy soils) will rarely come close to the benchmark (commercial crops yielding around 75% of Sadras & Angus will probably have achieved the most profitable yield at a reasonable level of input risk). The absolute WUE number is not as important as the relative differences between treatments or paddocks which can identify that something may be wrong with a particular paddock or its management.

	It is worth noting that both French and Schultz and Sadras and Angus used dry grain yield to derive their relationships. When reporting results to industry it is more useful to report grain yield at deliverable moisture content (e.g. 12%), and it is recommended that this be done by groups within the WUE initiative. If comparing yield results at deliverable moisture content to a WUE benchmark, it is important to correct the benchmark value to the moisture content of the harvest yield.

	Potential yield @ 12% moisture (kg/ ha) = potential yield × 1.12

	4 Estimating transpiration and un-productive water use

	If total dry matter at crop maturity is known, it is possible to separate and provide estimates of productive water use (transpired by the plant) and unproductive water use (lost to evaporation, drainage or run-off). This can be informative (see later Example C).

	For wheat crops grown in southern environments we know that for each mm of water transpired by a crop, around 55 kg/ ha of total dry matter is produced (this transpiration efficiency of 55 kg/ ha.mm should be used for consistency within the GRDC Initiative). Therefore;

	Transpiration (mm) = total dry matter (kg/ ha)/55

	Once estimated, the transpiration value can be subtracted from water use to estimate unproductive water use;

	Unproductive water use (mm) = water use (mm) – transpiration (mm)

	This method cannot be used to compare experimental treatments which might have changed the transpiration efficiency (e.g. sowing time). However it can be used to compare treatments such as row spacing and plant density, or to partition the water use in individual paddocks.

	Worked examples

	Example A: real paddock example using water use method 2

	This example from the Victorian Mallee in 2009 benchmarks two paddocks on a farm using yields, growing season rain and plant available water measured at the start of the growing season. Paddock 1 was sown early into pea stubble; Paddock 2 was sown later into wheat stubble.

	
		
				 

				 

				PADDOCK 1 (WHEAT SOWN 23 APRIL 2009 INTO FIELD-PEA STUBBLE)

				PADDOCK 2 (WHEAT SOWN 12 MAY 2009 INTO WHEAT STUBBLE)

		

		
				A

				PAW start of April

				22 mm

				6 mm

		

		
				B

				Growing season rain (April-October)

				192 mm

				192 mm

		

		
				C

				Water use = A + B

				214 mm

				198 mm

		

		
				D

				Grain yield (12% moisture)

				2700 kg/ ha

				1090 kg/ ha

		

		
				E

				Potential yield = 22 × (C – 60)

				3388 kg/ ha

				3036 kg/ ha

		

		
				F

				Potential yield @ 12% moisture (E × 1.12)

				3795 kg/ ha

				3400 kg/ ha

		

		
				G

				% of potential yield @ 12% = 100 × (D/F)

				71%

				32%

		

		
				H

				Water use efficiency = D/C

				12.6 kg/ ha.mm

				5.5 kg/ ha.mm

		

	

	Example B: a comparison of methods to demonstrate differences

	This example from the CSIRO and FarmLink research site at Temora in 2011 compares current practice (the mid-season variety Gregory sown 9 May at 100 plants/ m²) with novel management (the very slow variety Eaglehawk sown early on 15 April at 40 plants/ m²).

	In this example all methods gave a similar increase in WUE – around 4.0 kg/ ha.mm or a 26% increase based on ‘best’ method, but % of potential yield differed substantially due to Method 1 & 2 underestimating water use. However, the relative difference between treatments was the same in all methods.

	Method 1 – OK method

	
		
				 

				 

				CURRENT PRACTICE – GREGORY 9 MAY 100 PLANTS/M²

				NOVEL PRACTICE – EAGLEHAWK 15 APRIL 40 PLANTS/M²

		

		
				A

				Summer fallow rain
(November-March)

				510 mm

				510 mm

		

		
				B

				Growing season rain
(April-October)

				207 mm

				207 mm

		

		
				C

				Water use = 0.25 × A + B

				335 mm

				335 mm

		

		
				D

				Grain yield (12% moisture)

				5509 kg/ ha

				6809 kg/ ha

		

		
				E

				Potential yield = 22 × (C – 60)

				6050 kg/ ha

				6050 kg/ ha

		

		
				F

				Potential yield @ 12% moisture
(E × 1.12)

				6776 kg/ ha

				6776 kg/ ha

		

		
				G

				% of potential yield
@ 12% = 100 × (D/F)

				81%

				100%

		

		
				H

				Water use efficiency = D/C

				16.4 kg/ ha.mm

				20.3 kg/ ha.mm

		

	

	Method 2 – better method

	
		
				 

				 

				CURRENT PRACTICE – GREGORY 9 MAY 100 PLANTS/M²

				NOVEL PRACTICE – EAGLEHAWK 15 APRIL 40 PLANTS/M²

		

		
				A

				PAW start of April

				121 mm

				121 mm

		

		
				B

				Rain from sampling to harvest

				207 mm

				207 mm

		

		
				C

				Water use = A + B

				328 mm

				328 mm

		

		
				D

				Grain yield (12% moisture)

				5509 kg/ ha

				6809 kg/ ha

		

		
				E

				Potential yield = 22 × (C – 60)

				5896 kg/ ha

				5896 kg/ ha

		

		
				F

				Potential yield @ 12% moisture
(E × 1.12)

				6603 kg/ ha

				6603 kg/ ha

		

		
				G

				% of potential yield
@ 12% = 100 × (D/F)

				83%

				103%

		

		
				H

				Water use efficiency = D/C

				16.8 kg/ ha.mm

				20.8 kg/ ha.mm

		

	

	Method 3 – best method

	
		
				 

				 

				CURRENT PRACTICE – GREGORY 9 MAY 100 PLANTS/M²

				NOVEL PRACTICE – EAGLEHAWK 15 APRIL 40 PLANTS/M²

		

		
				A1

				Total soil water at sowing

				468 mm

				470 mm

		

		
				A2

				Total soil water at maturity

				340 mm

				343 mm

		

		
				B

				Sowing to maturity rain

				237 mm

				229 mm

		

		
				C

				Water use = A1 – A2 + B

				365 mm

				356 mm

		

		
				D

				Grain yield (12% moisture)

				5509 kg/ ha

				6809 kg/ ha

		

		
				E

				Potential yield = 22 × (C – 60)

				6710 kg/ ha

				6512 kg/ ha

		

		
				F

				Potential yield @ 12% moisture (E × 1.12)

				7515 kg/ ha

				7293 kg/ ha

		

		
				G

				% of potential yield
@ 12% = 100 × (D/F)

				73%

				93%

		

		
				H

				Water use efficiency = D/C

				15.1 kg/ ha.mm

				19.1 kg/ ha.mm

		

	

	Example C: estimating transpiration (if total dry matter at maturity is known)

	A comparison of estimated transpiration based on total dry matter cannot be made in the two treatments used in Example B because they were sown at different times, which affects transpiration efficiency for dry matter. However, a comparison can be made between the same variety (Lincoln) sown on the same date (19 May) but at different plant densities (40 and 100 plants/ m²).

	The 100 plants/ m² treatment performs better relative to the benchmark, and by estimating transpiration and partitioning the water use components we can see that this is due to more unproductive water use (evaporation) in the 40 plants/ m² treatment (170 mm vs 143 mm). Transpiration efficiencies for grain are very similar between treatments.

	
		
				 

				 

				LINCOLN 19 MAY
40 PLANTS/M²

				LINCOLN 19 MAY
100 PLANTS/M²

		

		
				A

				Water use (method 3)

				347 mm

				347 mm

		

		
				B

				Grain yield (12% moisture)

				4974 kg/ ha

				5625 kg/ ha

		

		
				C

				Water use efficiency = B/A

				14.3 kg/ ha.mm

				16.2 kg/ ha.mm

		

		
				D

				Potential yield = 22 × (A – 60)

				6314 kg/ ha

				6314 kg/ ha

		

		
				E

				Potential yield @ 12% moisture
(D × 1.12)

				7072 kg/ ha

				7072 kg/ ha

		

		
				F

				% of potential yield
@ 12% = 100 × (B/E)

				70%

				80%

		

		
				G

				Total dry-matter at maturity

				9749 kg/ ha

				11230 kg/ ha

		

		
				H

				Estimated transpiration = G/55

				177 mm

				204 mm

		

		
				I

				Estimated unproductive water use = A-H

				170 mm

				143 mm

		

		
				J

				Transpiration efficiency for grain
= B/H

				28.1 kg/ ha.mm

				27.6 kg/ ha.mm

		

	

	New technology for measuring and advising on soil water67

	Take home message

	Soil water can be effectively monitored to assist managers in crop decision support. However, using currently available technologies it is unrealistic to think that highly accurate estimates of plant available water will be possible given the inherent variability of northern cropping soils and currently available sensor technologies. Given the vagaries of the system, there are a number of technologies which will provide a level of information useful in decision support without excessively high levels of investment.

	Introduction

	Stored soil water is one of the most important drivers of crop production in the summer rainfall dominant, northern cropping region. Traditionally agronomists and farmers have made estimates of availability based on their intuitive experience or through the use of a push probe or soil coring. With increasing interest in obtaining real-time information on soil water status and increasingly limited labour to undertake intensive gravimetric monitoring a study was undertaken to investigate technologies with potential to improve delivery of information to farmers on the cracking clay soils.

	Methodology

	A replicated (4) trial was undertaken in 2010–2011 on a black vertosol soil (Mywybilla; 60–70% clay; PAWC to 180cm – wheat 250 mm, cotton 300 mm) at Norwin on the Darling Downs. A sequence of 3 crops (wheat; maize; wheat) was planted over the period with soil water monitored over both fallow and cropping phases. A suite of readily available monitoring technologies were evaluated for their ability to accurately measure soil water across the range of moisture contents, suitability for use on cracking clay soils and appropriateness for deployment in commercial agriculture. Three in -situ real-time sensing technologies (capacitance, gypsum block and time domain reflectometry -TDR), 2 mobile devices (Electromagnetic Induction-EMI, Neutron Moisture Meter-NMM) and 1 modelling technology (APSIM) were evaluated using gravimetric moisture content as the control.

	Results

	There are positives and negatives associated with all of the tested devices with no one likely to meet all requirements. By their very nature, in -situ devices or those that rely on an access tube, can only be located at one geographic point and yet are expected to adequately represent the moisture environment of a much larger area. If a high level of accuracy is required then the solution is to increase replication but this brings with it additional capital and maintenance costs. Many in -situ devices provide the capacity for continuous logging of soil water which, to some, will be the most important consideration. Others will see expediency in measurement, mobility, portability and an absence of physically located in -situ devices as being more important than continuous logging. Others will consider the simulation of water availability as being sufficiently accurate to make cropping decisions. The final decision will be up to the individual and will be based on their views of the level of accuracy required, the necessary frequency and timeliness of information delivery, soil type and salinity level and the investment and continuing commitment required

	How accurate is soil water monitoring?

	There is a perception that it is possible to monitor field-scale soil water at high levels of accuracy, the reality however, is that this is difficult using currently available point scale technologies, the inefficiencies associated with monitoring and the variable nature of Australian soils. But one could also consider whether an absolute measure of soil moisture is necessary. Is knowing the plant available water (PAW) to within +/-5 mm likely to change a management decision, or is it more likely that decisions will be based on a PAW level of +/- 25 or even 50 mm?

	In many ways this decision is taken out of the operators hands anyway. The assumption on which this research was based was that gravimetrically measured soil water would act as an experimental control. However, it quickly became apparent that this was not a logical premise, given the high levels of soil variability found in the apparently homogeneous research area of 420 m2. Analysis of gravimetric sampling data taken over the life of the project (at 12 points per sampling (4 reps x 3 locations)) showed a variability around the true mean of +/-15 mm to a depth of 90 cm (at a confidence level of 95%). Such a result highlights the difficulties associated with broad scale gravimetric sampling, or in selecting a point or a number of points to locate in situ monitoring devices. Add issues associated with individual monitoring technologies to the mix and it becomes clear that attempting to obtain a definitive measure of soil water is very difficult

	Individual technologies

	TDR

	TDR sensors (Campbell 616) operate effectively between 20% volumetric water content (VWC) and 50% VWC with reduced accuracy as VWC approaches Drained Upper Limit (DUL) on clay soils. Water contents above 50% VWC are clipped until water content drops into the measurable range through crop water use, evaporation or drainage. This can be an issue in heavy clay soils where it is not uncommon for the DUL to be >50% VWC and for soil moisture levels during the season to reach this or higher levels in both irrigated and dryland systems. In the case of the Mywybilla soil on which the experiment was conducted, DUL ranged between 48 and 52% VWC in the top 90 cm of the profile. TDR sensors are more difficult to install than other sensor types due to the requirement for either a pit or large auger holes to gain access at depth. This may increase costs compared to other devices. Good sensor/soil contact is essential if quality and consistent data output are to be achieved. While not as prone to the impact of soil cracking as surface installed sensors (such as many capacitance probes or NMM access tubes), it is likely that probes located near the soil surface will be affected by seasonal cracking with the potential to impact on data quality.

	Given the above caveats, TDR was highly effective at capturing short-term water dynamics in the root zone of the crop. Daily time series of TDR estimates for VWC and volumetric soil water collected gravimetrically are presented in Figure 9.
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	Figure 9 Soil water content (mm/ mm) monitored using Capacitance (dotted line), TDR (solid line), Gravimetric (solid point) and NMM (open point), and rainfall (mm) for the period March 2011–Jan 2012. Estimates (mm/ mm) of saturation (SAT), drained upper limit (DUL)

	Capacitance

	The EnviroSMART soil water capacitance probes were logged at 10 minute intervals and daily volumetric water content (VWC) for each layer generated using a locally developed calibration derived from regression analysis of sensor output and measured VWC. As the zone of measurement surrounding the capacitance probe is quite small (80% of signal sensitivity occurs within 25mm of the outside of the casing; Paltineau and Starr 1997), installation that results in good soil/device contact, without the creation of air voids, is essential for accurate soil water measurement. The issue of good soil/device contact is further heightened when these devices are used in shrink/swell soils where cracks not only interfere with measurement accuracy but also provide a preferential pathway for water entry which may result in non-representative moisture concentrations around the device. Capacitance probes also suffer from the ‘topping’ of data at ~50%VWC in heavy clay soils. Overall this technology did a reasonable job of measuring soil water although did show instances of data topping (Figure 9) and of water entry at depth.

	Neutron probe

	NMM has a long track record in soil water measurement for research and in irrigated systems. A significant advantage of NMM is the large soil area in which water measurement takes place (15–25 cm radius of the source depending on soil texture), which has the effect of improving overall measurement accuracy. However, measurement accuracy is affected by soil cracking in the same way as other in-situ devices and by preferential water flows around the tube. While generic calibrations are provided by the manufacturer, a local calibration model derived using a regression analysis of NMM output and measured water content was used in the determination of VWC. NMM measurements were undertaken every 2 to 4 weeks and generally showed acceptable correlation with gravimetric measurements (Figure 9). NMM did an adequate job of soil water monitoring but was affected by soil cracking and preferential water entry as the soil profile dried through crop water use.

	Electromagnetic Induction (EMI)

	Once calibrated the EM38 can provide estimates of stored soil water comparable to those produced by NMM. The advantages of this device are its portability, ease of use and ability to provide an estimate of VWC based on a large soil volume (1 m long x 1.5 m deep). As a result of the portable nature of the device it is possible to select measurement points unaffected by cracking. Currently it is not possible to apportion soil water to particular layers within the profile although techniques are being investigated for this purpose. Use of EMI can be strongly impacted by soil salinity.

	Soil water potential (Gypsum block)

	Watermark 200 soil matric potential sensors were installed vertically at 4 depths in adjacent core holes (1 sensor per hole each 20 cm apart) with sensor resistance logged at 10 minute intervals and processed to daily mean values for analysis. As this device measures soil matric potential, calibration was required to convert output to VWC. Gypsum block sensors are able to provide a reasonable estimate of VWC when soils are wet (higher matric potentials) but are not well suited to measurement at lower potentials (dry soils) making the device less suited to dryland systems. Response time to moisture change is slow relevant to other devices tested (hours versus minutes). Because the units are installed from the soil surface, this device also suffers from preferential water flow and soil/device contact issues in cracking soils.

	Simulation

	The APSIM and Yield Prophet simulation models are able to predict daily soil water based on local weather and soil PAWC information using the SoilWat water balance model which has been used for many years in the prediction of crop production. The soil at Norwin was characterised for PAWC and the model run for the period of the experiment. Figure 10 compares predicted daily water (mm) with gravimetric and EM38 monitoring showing a comparable estimate of soil water to the other devices.

	Conclusions and recommendations

	– Devices for soil monitoring: In-situ devices that have relatively small zones of measurement and rely on good soil/sensor contact to measure soil water are at a disadvantage in shrink/swell soils where soil movement and cracking are typical. This is more important in dryland than irrigated systems where seasonal soil water levels vary from above field capacity through to wilting point or lower.
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	Figure 10 Soil water content (mm) modelled using APSIM (solid line) compared to gravimetric (solid point) and EM38 (triangle and square) monitoring and rainfall (mm) for the period April 10–Jan 2012

	Consequently, the potentially high levels of error associated with cracking and soil movement and high levels of inherent soil variability mean increased device replication would be necessary to achieve confidence in results. This however comes at an increased capital cost. Some devices (capacitance, TDR) also have an upper measurement limit over which they are unable to accurately measure soil water. This may be an issue on high clay soils where moisture content at DUL is likely to be >50% volumetric, the common limit for these devices.

	In comparison, the use of a portable EMI device to measure bulk electrical conductivity and calculate soil water has a number of advantages. EMI is quick, allowing for greater replication, measures the soil moisture of a large volume of soil (to 150 cm depth), is not affected by cracking or soil movement and does not require installation of an access tube thus making it available for use on multiple paddocks. The down-sides are that it is unsuitable for use in saline soils and does not apportion soil water to particular layers within the soil profile.

	– Calibration of monitoring devices: Electronic monitoring tools require calibration to convert the device output signal into information easily understood by the user e.g. millivolts to volumetric soil water or plant available water. This process requires the development of a relationship between sensor output and physically measured soil moisture content at moisture levels from dry to wet. The resulting calibration is then used to convert device output signal to gravimetric or volumetric water content.

	To calculate the availability of soil moisture for crop use (in millimetres of available water) requires the further processing of the data and knowledge of a soil’s PAWC. A suitable characteristic may be identified from the APSoil database or SoilMapp, or electronic sensor output used to identify the soil’s water content operating range and reasonable assumptions made on values for drained upper limit and crop lower limit. An alternative is to use Soil Water Express (Burk and Dalgliesh 2012), a tool which uses the soil’s texture, salinity and bulk density to predict PAWC and to convert electronic sensor output to meaningful soil water information (mm of available water).

	– Modelling of soil water: Simulation of the water balance should be considered as an alternative to field based soil water monitoring. Considering the error surrounding in-field measurement and issues surrounding installation of sensing devices there is a reasonable argument that the modelling of the water balance, when initialised with accurate PAWC and daily climate information, is likely to be as accurate as direct measurement. APSIM and Yield Prophet successfully predict soil water and should be considered for both fallow and cropping situations. CliMate is a logical choice for managing fallow water (Freebairn, 2012).

	So what is the farmer/consultant to do on shrink/swell soils?

	Consider the simulation of soil water as a viable option when PAWC and reliable met data are available. If a field based technology is preferred, identify as many monitoring sites as can be efficiently managed (and afforded) within a particular soil type or field, selecting locations that represent the productivity of the zone (through observation or yield mapping). Identify a technology that suits your general approach and provides a level of information that suits your needs. At each site (the number will depend on the technology), monitor longitudinal changes in soil water availability and make decisions based on the information, knowing that there may be significant error around the results

	Sampling

	This document does not deal with methods of estimating soil water content for specific purposes, such as plant symptoms, push probe and hand testing.

	Samples for water content analysis should be of 100g, stored in an air tight container if on site weighing is not possible. If core samples are used, it may also be possible to calculate bulk density. Testing laboratories may have specific storage and handling requirements.

	Sampling guidelines:68

	– A 40 ha paddock requires 5 samples, bulked together, to get within 20% of the true water content

	– In a fallow samples may be located randomly or in set patterns. In-crop or post-harvest sampling may require a more set pattern to represent both inherent variability and that caused by unequal extraction of water and nutrients across the row

	– Sample to the full depth of the root zone

	– Shorter interval sampling gives more detail about the location of water and nutrients, common intervals are 0–15 (cm), 15–30, 30–60, 60–90, 90–120, 120–150, 150–180

	– In soils with clearly defined horizons, such as duplex soils, the interval should be tailored to the natural boundaries between soil horizons

	– Conform with local protocols and conventions where possible

	– Standardising on common intervals will aid longer-term interpretation

	– Simulation systems such as HowLeaky/APSIM may specify the number of depth intervals used.

	


Crop nutrients/soil fertility

	Introduction

	Soil is the medium in which plants grow to feed and clothe the world. To understand soil fertility is to understand a basic need of agricultural production. The ‘Law of the Minimum’, first discovered by a German scientist named Carl Sprengel and later promoted by the German chemist, Justus von Liebig, in 1862 is a major help in understanding soil fertility, plant growth and the need for fertiliser application. A modern interpretation of this statement is:

	‘The yield of a plant is limited by a deficiency of any one essential element, even though all others are present in adequate amounts.’

	Certain external factors are essential for plant growth. These can be referred to as a plant’s WANTS – Water, Air, Nutrients, Temperature and Somewhere to grow. These WANTS, together with light, are required for the healthy and productive growth of all plants, and the growing plant depends on the soil, at least in part, for all these factors. Nutrient availability is influenced by soil water balance and by soil temperature. Root growth is also influenced by soil temperature as well as by soil water and air. Nutrients are constantly being ‘exported’ from the farm in the form of plant and animal products (Table 6), lost by leaching or erosion and in gaseous forms to the atmosphere, and can be tied up by certain soil clays. Sixteen elements, known to be essential for the healthy growth of all plants are shown in Table 5.69

	Table 5 Essential plant nutrients, including their ionic form and charge

	
		
				 

				Non mineral

				Other ‘non essential’

		

		
				major mineral

				micro mineral

				(atmosphere and water)

				(essential to some plants, rarely deficient in soil, problems more often from excess or toxic levels)

		

		
				Nitrogen (N+)

				Boron (B3+)

				Carbon (C4+)

				Sodium (Na+)

		

		
				Phosphorus (P)a

				Chloride (Cl-)

				Hydrogen (H+)

				Cobalt (Co2+)

		

		
				Potassium (K+)

				Copper (Cu2+)

				Oxygen (O2-)

				Vanadium (V)e

		

		
				Calcium (Ca2+)

				Iron (Fe2+)

				 

				Nickel (Ni2+)

		

		
				Magnesium (Mg2+)

				Manganese (Mn2+)

				 

				Silicon (Si4+)

		

		
				Sulfur (S2-)b

				Molybdenum (Mo3+)c

				 

				 

		

		
				 

				Zinc (Zn+)d

				 

				 

		

	

	a Phosphorus is not found as a free element, prevalent compounds are derivatives of phosphate (PO43−)

	b Five different oxidation states, commonly reported in mineral form, predominantly sulfate SO42-)

	c Oxidation states Mo3+ (reducing conditions) to Mo6+ (oxidising conditions)

	d Dominate by the 2+ oxidation state, often in compounds with the 1+ state

	e Metallic vanadium not found in nature, oxidation states 2–5

	Australian grain production depends on applied fertiliser, particularly nitrogen (N) and phosphorus (P), and to a lesser extent potassium (K) and sulfur (S).70

	Fertiliser is a major cost for grain growers, so making careful selections of crop nutrients is a major determinant of profit. Both under-fertilisation and over-fertilisation can lead to economic losses due to unrealised crop potential or wasted inputs. Before deciding on how much fertiliser to apply, it is important to understand the quantities of available nutrients in the soil, where they are located in the soil profile and the likely demand for nutrients in that season. The values from appropriate soil tests can be compared against critical nutrient values and ranges; these indicate which nutrients are limiting or adequate. Soil test critical values advise growers if a crop is likely to respond to added fertiliser, but without further information, they do not predict optimum fertiliser rates. When considered in combination with information about target yield, available soil moisture, last year’s nutrient removal and soil type, soil tests can help in making fertiliser decisions.71

	Figure 1172 shows an example of a crop – nutrient relationship. A critical value and critical range are defined from this relationship. Relative yield (RY, %RY or RY%) is defined as (Y0/Ymax) × 100, where Y0 is the crop yield with no nutrient applied and Ymax is the maximum yield achieved in a trial after applying a specified nutrient.73 Normally 90 per cent of maximum yield is used to define the critical value. The critical range around the critical value indicates the reliability of that single value.
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	Figure 11 A generalised soil test–crop response relationship

	Although there are indications that nutrient levels are increasing in some intensively farmed soils, most fertiliser use and crop yield statistics indicate that nutrient levels on many farms may be declining because more nutrients are removed in crop yields than are being replaced by fertiliser. The consequences of mining the soil may not become apparent for many years. Some information is provided in Table 6 about the nutrients removed in crops. These data can be readily compared with the nutrients applied in individual farming programs.74

	Table 6 Nutrient removal in a range of cereal grain crops

	
		
				Species

				yield

				N

				P

				K

				S

				Ca

				Mg

				Cu

				Fe

				Mn

				Zn

				B

				Mn

				Moisture

		

		
				kg/ ha

				kg/t product

				g/t product

				%

		

		
				wheat

				 

				 

				 

				 

				 

				 

				 

				 

				 

				 

				 

				 

				 

				 

		

		
				prime hard

				 

				24.5

				2.43

				3.10

				1.64

				0.36

				1.64

				5

				 

				40

				29

				 

				 

				11

		

		
				Aust. hard

				 

				21.8

				2.26

				3.33

				1.40

				0.33

				0.93

				 

				 

				 

				 

				 

				 

				11

		

		
				Aust. std. white

				 

				17.7

				2.41

				3.40

				1.35

				0.31

				1.02

				 

				 

				 

				 

				 

				 

				11

		

		
				soft

				 

				16.6

				2.51

				3.43

				1.19

				0.32

				0.95

				 

				 

				 

				 

				 

				 

				11

		

		
				durum

				 

				23.1

				3.09

				4.34

				1.52

				0.37

				0.99

				 

				 

				 

				 

				 

				 

				11

		

		
				barley

				 

				19.2

				2.88

				4.39

				1.1

				0.35

				1.08

				3

				 

				11

				15

				 

				 

				11

		

		
				oats

				 

				16.5

				3.0

				3. 9

				1.5

				0.5

				1.0

				3

				 

				40

				17

				 

				 

				11

		

		
				maize

				3000

				23.8

				3.3

				5.0

				3.8

				0.2

				0.9

				4

				 

				45

				13

				 

				 

				n.s.

		

		
				sorghum

				3000

				18.8

				3.7

				4.8

				2.8

				0.5

				1.5

				4

				 

				35

				72

				 

				 

				n.s.

		

		
				rice

				 

				11.8

				2.9

				2.4

				0.9

				0.1

				1.1

				4

				13

				41

				16

				 

				 

				14

		

		
				millet

				1500

				26.9

				7.3

				15.5

				 

				 

				 

				 

				 

				 

				40

				 

				 

				n.s.

		

	

	 

	Figure 12 shows how the movement of nitrogen, phosphorus and potassium from fertilisers should be taken into account when deciding on the most appropriate method of applying fertilisers.75
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	Figure 12 Nutrient location 17 days after application

	Nitrogen moves freely through the soil during the growing season. Positioning nitrogen in the root zone is generally not critical for root interception in conventional cultivation systems. However, band placement of nitrogen has been shown to significantly enhance nitrogen use efficiency under reduced tillage conditions. Band placement of nitrogen can also slow the nitrification process.

	Phosphorus needs most attention with its placement. This illustration shows how very limited its movement really is. Phosphorus should be placed where roots can intercept it. Banding phosphorus is the most agronomically efficient way to place it on low fertility soils. Banding ammonium-N with phosphorus enhances phosphorus uptake.

	Potassium placement is critical. Like phosphorus, it does not move readily in the soil. Broadcast application is generally most effective, sometimes in combination with band placement. Band placement of potassium in conservation tillage systems can significantly improve potassium availability, probably related to plant rooting patterns. Deep banding potassium has been shown to be important in helping overcome subsoil potassium deficiency in cotton.

	Despite the importance of nutrients supplied through fertiliser, soil testing is a tool used in less than half of the fertiliser decisions made for grain production in Australia. This variable use of soil testing as part of fertiliser decisions broadly reflects the individual decision frameworks used by grain growers and their advisors. It also reflects different levels of confidence and competence among some members of these groups. This is specifically attributed to:

	1. A limited understanding of nutrient requirements and contributory soil processes including soil sampling

	2. Poor producer and advisor confidence in the ability of analytical methods to adequately predict plant nutrient requirements

	3. Belief that analytical results vary between laboratories

	4. A view that collecting soil samples is time-consuming, expensive, and unprofitable

	Irrespective of reasoning, choosing not to soil test on a regular or semi-regular basis (e.g. sampling for analysis once every 3 years) ignores an important and relatively inexpensive source of information that can be used to underpin a significant annual investment in fertiliser by grain producers.

	The soil test–crop response calibration data used to aid soil test interpretation have not traditionally been in the domain of the grain producer and/or advisor. Previous guidelines for soil test interpretation for N, P, K, and S did not allow distillation based on specific criteria and were seen as difficult to apply in the field. Following a feasibility study, a collaborative national team of researchers and fertiliser industry representatives was engaged by the GRDC to undertake the project ‘Making Better Fertiliser Decisions for Cropping Systems in Australia’ (BFDC).76

	The BFDC database holds extensive historic data for nitrogen, phosphorus, potassium and sulphur trial treatment series for different grain crops and soli types across Australia. Each trial has a soil test and relative grain yield data that enable users to determine the critical soil test values for a range of management and growing conditions such as farming system, growing season rainfall and paddock history.

	The BFDC Interrogator is the web-based software tool that provides easy access to, and standardised interrogation of, the BFDC database to produce critical soil nutrient levels and confidence ranges for the interpretation of a range of soil test methods using a uniform statistical methodology. The Interrogator provides information about critical soil test levels for the four nutrients that frequently account for 20–30% of variable crop production costs – N, P, K and S. The BFDC Interrogator (and BFDC database) cannot be used to make fertiliser recommendations. The BFDC Interrogator is targeted at:

	– The Fertiliser companies

	– Agribusiness

	– Consultants

	– Public sector advisors

	– Researchers

	Various soil properties influence quantities of specific plant nutrients in and held by the soil, and the availability of the nutrients in the soil to plants. For example soil pH, organic carbon and texture are among the variables used to refine BFDC interrogator trial selection when developing a calibration (crop – nutrient) relationship. These properties will be defined and discussed in the following sections, followed by sections relating to the individual nutrients. Discussions in this chapter will be restricted to parameters commonly included in soil tests.

	Soil pH77

	Acidity is measured on a pH scale, which indicates the hydrogen (H+) activity (effective concentration) in solution and the intensity of acidity or alkalinity. The pH scale, shown in Figure 13, ranges from 0 (most acid) to 14 (most alkaline), with 7 as neutral, that is, neither acid nor alkaline. The scale is logarithmic, so that going down the scale from pH 7 (neutral) each number is 10 times more acid than the one before it. The water component of a soil is where soil pH is measured, where dissolved chemicals cause the soil to be acidic or alkaline. Soil pH can be measured in the field using a test kit or by sending a sample to a laboratory for more accurate results. The standard depth of sampling is 10 cm.

	The standard method of measuring soil pH uses an air-dry soil sample, mixed with five times its weight of a dilute concentration (0.01M) of calcium chloride: pH(CaCl2), or distilled water: pH(w), shaken for 1 hour with the pH measured using an electrode. The pH(CaCl2) test is the more accurate of the two pH tests, as it reflects what the plant experiences in the soil. The values of pH(CaCl2) are normally lower than pH(w) by 0.5 to 0.9. A useful, but not consistently accurate, conversion is to subtract 0.8 from the pH(w) to obtain a pH(CaCl2) value. The difference between the methods can be significant when interpreting results and it is important to know which method has been used, especially if pH figures derived some years apart are being compared to assess any pH fluctuations. Note that pH(CaCl2) is also indicated by pH(Ca) or pHCa.

	Soil pH(CaCl2) ranges from as low as 3.5 to over 10, with a range of 5.2 to 8.0 providing optimum conditions for most agricultural plants (Figure 13). Some plants grow well over a wide pH range, while others are very sensitive to small variations in acidity or alkalinity. Microbial activity in the soil is also affected by soil pH with most activity occurring in soils of pH 5.0 to 7.0.

	[image: Image]

	Figure 13 Plant growth and soil pH(CaCl2)

	Soil pH is one of the most routinely measured soil parameters and is used as the benchmark for the interpretation of soil chemical processes. The major reasons for this are:

	– Measurements can be made with relative ease by using inexpensive equipment

	– Values are readily interpreted and widely understood

	– Soil pH governs the availability of many elements that are essential for, or toxic to, plant growth

	Soil pH affects the availability of nutrients and how the nutrients react with each other (Figure 14). At a low pH, beneficial elements such as molybdenum (Mo), phosphorus (P), magnesium (Mg) and calcium (Ca) become less available to plants. Other elements such as aluminium (Al), iron (Fe) and manganese (Mn) may become more available and Al and Mn may reach levels that are toxic to plants. The changes in the availability of nutrients cause the majority of effects on plant growth attributed to acid soils. Sensitive crops such as barley and lucerne can be affected by small amounts of exchangeable aluminium. Consequently, knowledge of the soil pH and associated aluminium toxicity is vital before planning to sow crops or pastures.

	In contrast, when the pH(CaCl2) is greater than 7.5, calcium can tie up phosphorus, making it less available to plants. Additionally, alkaline soils cause zinc and cobalt deficiencies that lead to stunted plants, poor growth and reduced yields in some crops and pastures.

	The pH influence on plant availability of nutrients in organic soils differs from that in mineral soils, with the maximum availability shifting towards the acid end. Also, Soil properties differ in different areas so the optimum pH in one region may not be best in another. Diagrams such as Figure 14 represent general trends and should not be taken literally; they should be regarded as only an approximation and nutrient availabilities for each plant-soil system should be addressed individually.78

	It should be noted that while pH is a good indicator of the availability of many elements essential (or toxic) to plants, it should not be used in isolation as a diagnostic tool for soil problems. For example knowledge of soil properties such as electrical conductivity, soil texture and the concentration of exchangeable cations can help identify the presence of saline or sodic conditions not indicated by pH alone.79
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	Figure 14 Effect of pH (CaCl2) on the availability of soil nutrients

	pH values

	Table 7 Preferred pHw ranges for selected crop and pasture plants80

	
		
				pHw

				5.0 – 6.0

				6.0 – 6.5

				6.5 – 7.0

		

		
				estimated pH(CaCl2)

				4.2 – 5.2

				5.2 – 5.7

				5.7 – 6.2

		

		
				 

				Blueberry

				Maize

				Lucerne

		

		
				 

				Potato

				Cotton

				Barley

		

		
				 

				Sweet potato

				White clover

				Medics

		

		
				 

				Watermelon

				Grain sorghum

				 

		

		
				 

				Cocksfoot

				Peanut

				 

		

		
				 

				Rye

				Soybean

				 

		

		
				 

				Oats

				Wheat

				 

		

		
				 

				Triticale

				Phalaris

				 

		

	

	Table 8 General interpretation of pH measured in water81

	
		
				pH

				Ratings

		

		
				>9.0

				very strongly alkaline

		

		
				9.0–8.5

				strongly alkaline

		

		
				8.4–7.9

				moderately alkaline*

		

		
				7.8–7.4

				mildly alkaline

		

		
				7.3–6.6

				neutral

		

		
				6.5–6.1

				slightly acid

		

		
				6.0–5.6

				moderately acid

		

		
				5.5–5.1

				strongly acid

		

		
				5.0–4.5

				very strongly acid

		

	

	Factors affecting soil pH82

	Soil pH is influenced by several factors, including parent material, rainfall, decomposition of organic matter, nitrogen fixation, native vegetation, plant species, soil depth, nitrogen fertilisation and flooding:

	– Parent material: Soils developed from parent material of basic rocks (mafic rocks), e.g. serpentine, generally have a higher pH than those formed from acid rocks (felsic rocks), e.g. granite

	– Rainfall: As water from rainfall passes through the soil, basic nutrients such as calcium and magnesium are leached and replaced by acidic elements including aluminium and hydrogen, making soils formed on the same parent material under high rainfall conditions more acid than those formed under dry conditions

	– Decomposition of organic matter: Soil organic matter that has accumulated, for example through pasture improvement, is continuously acted upon by soil organisms and gradually changed to humus, whereby H+ is released and the soil becomes more acid. Similar effects are an indirect outcome of the application of superphosphate that leads to an increase in the soil organic matter during that time

	– Nitrogen fixation by legumes: The area of the legume surrounding the root and root nodule become more acid in the process of nitrogen fixation, and so if the legume is partly removed, as in hay or silage production, or grazing, the soil is subject to acidification

	– Native vegetation: Soils formed under forest vegetation tend to be more acid than those developed under grasslands, with conifers creating more acidity than deciduous forests

	– Plant species: Soils often become more acid when crops are harvested because plant alkali, associated with potassium, calcium and magnesium, in particular, are removed, with the amount of alkali removed varying with the particular crop

	– Soil depth: Where the subsoil has a different pH than the topsoil, loss of topsoil by erosion can lead to changed pH as more subsoil is included in the cultivated layer as topsoil

	– Nitrogen fertilisation: Nitrogen sources (fertilisers, manure, legumes) containing or forming ammonium-N increase soil acidification during nitrification, unless all the ammonium-N is absorbed directly by plants. Also, when nitrate-N is leached, basic cations such as calcium, magnesium and potassium are leached in association with the nitrate and replaced by hydrogen ions, soils become more acid.

	– Flooding: The overall effect of submergence is that the pH of acid soil tends to rise and the pH of alkaline or basic soil tends to fall. Regardless of their original pH values, most soils reach a pH of around 6.5–7.2 within one month after being under flood and remain at that level until they dry out.

	pH buffer capacity

	The resistance of a soil to pH change is termed its buffering capacity (pH BC), which increases with clay and organic matter content. Thus, a clayey soil will acidify much more slowly than a sandy soil, although with high nitrogen fertiliser inputs, under intensive farming conditions, even a highly buffered clay will eventually acidify.83 The remedial solution for acid soils in most cases is to add lime to increase the soil pH. The lime requirement (LR) of a soil is largely controlled by the soil’s pH buffering capacity which can be expressed as the amount of lime required to effect a unit pH increase (i.e. the change in quantity per unit intensity). The pH buffer capacity is related to soil factors such as the organic matter content, clay content and type, CEC and initial soil pH.84 Table 9 shows an example of estimated soil pH buffer capacity as a function of organic matter and clay content.85

	Table 9 Soil pH BC (kmol(+)/ (ha10cm, BD1.4)/ pH) as a function of soil organic matter and clay content

	
		
				soil texture

				% clay

				pH BC, 0% OM

				pH BC, 1% OM

				pH BC, 2% OM

				pH BC, 4% OM

		

		
				 

				mean (range)

				 

				 

				 

				 

		

		
				Clay

				70 (40–100)

				140

				144

				148

				157

		

		
				Silty clay

				50 (40–60)

				100

				104

				108

				117

		

		
				Sandy clay

				45 (35–55)

				90

				94

				98

				107

		

		
				Silty clay loam

				34 (27–40)

				68

				72

				76

				85

		

		
				Clay loam

				34 (27–40)

				68

				72

				76

				85

		

		
				Sandy clay loam

				28 (20–35)

				56

				60

				64

				73

		

		
				Silt

				6 (0–12)

				12

				16

				20

				29

		

		
				Silt loam

				14 (0–27)

				28

				32

				36

				45

		

		
				Loam

				17 (7–27)

				34

				38

				42

				51

		

		
				Sandy loam

				10 (0–20)

				20

				24

				28

				37

		

		
				Loamy sand

				8 (0–15)

				16

				20

				24

				33

		

		
				Sand

				5 (0–10)

				10

				14

				18

				27

		

	

	pH Management

	Soils with pH(CaCl2) values less than 7.6 are consider acid, neutral or slightly alkaline. It is these soils for which pH is a diagnostic tool. Soils with pH(CaCl2) values above 7.6 are considered alkaline. Management of these soils is defined by their salinity or sodicity, which are defined by electrical conductivity (EC) and cation exchange capacity (CEC) measurements.

	For more information on causes, distribution and possible amelioration strategies for six diagnostic pH ranges. see Soil pH or reference material.86

	Figure 15 shows some simplified management strategies for various soil and subsoil pH conditions.87
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	Figure 15 Examples of commonly found soil profiles and what to do

	Low pH soil – Liming88

	The regular use of fertiliser and improved pastures, particularly subterranean clover, can lead to increased organic matter in the soil, which has many benefits, but also increases soil acidity. Application of finely crushed limestone, or other liming material, is the only practical way to neutralise soil acidity. Limestone is most effective if sufficient is applied to raise the pH(CaCl2) to 5.5 and it is well incorporated into the soil.

	Liming a paddock to achieve a surface soil (0 to 10 cm) pH(CaCl2) of 5.2 will remove most of the problems associated with an acidic soil. If the 10–20 cm layer is also acidic then liming to pH(CaCl2) greater than 5.5 will ensure a net movement of alkali down the profile.

	The following list gives details to be checked to ensure that a response to liming is likely. This is particularly important when putting in a lime trial or test strip.

	– The soil is acidic as determined using a soil test

	– The crop or pasture being limed is sensitive to acidity

	– The growth of crop or pasture is not restricted by some other factors such as poor soil structure, disease or a nutrient deficiency

	– The acidity of the subsurface soil will not restrict the productivity and persistence of the crop or pastures to be sown

	– The limestone to be used is sufficiently fine and with a high neutralising value (NV), or is the most cost-effective product available

	– The lime rate is sufficient to correct the problem

	– When planting wheat or triticale, Take-all has been controlled.

	– The timeframe is long enough for top-dressed limestone to be effective

	Figure 16 shows examples of required liming rates for various pH and ECEC (effective cation exchange capacity) values.
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	Figure 16 Recommended liming rates based on a standard soil test

	General statements concerning the frequency of liming are probably unwise because so many factors are involved. The best way to determine when to reapply lime is by a soil test. Samples should be taken at least once every three years, more often for sandy soils and soils under irrigation. The following factors will influence frequency of liming:89

	– Soil texture- Sandy soils must be re-limed more often than clay soils but usually at lower rates (see buffer capacity above)
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	Figure 17 Relationship between soil texture and the amount of limestone required to raise the pH of New York soils to 7.0

	– Rate of N fertilisation- High rates of ammonium nitrogen generate considerable acidity90

	Table 10 Acidifying effect of nitrogenous fertilisers and legume-fixed nitrogen in terms of lime required to neutralise the acid added91

	
		
				Source of Nitrogen

				Lime required to balance acidification (kg lime/ kg N)

		

		
				 

				0% N leached

				50% N leached

				100% N leached

		

		
				High acidification

				 

				 

				 

		

		
				 

				Sulphate of ammonium, mono-ammonium phosphate (MAP)

				3.7

				5.4

				7.1

		

		
				Medium acidification

				 

				 

				 

		

		
				 

				Di-ammonium phosphate (DAP)

				1.8

				3.6

				5.3

		

		
				Low acidification

				 

				 

				 

		

		
				 

				Urea

				0

				1.8

				3.6

		

		
				 

				Ammonium nitrate

				 

				 

				 

		

		
				 

				Aqua ammonium

				 

				 

				 

		

		
				 

				Anhydrous ammonia

				 

				 

				 

		

		
				 

				Legume fixed N

				 

				 

				 

		

		
				Alkalisation

				 

				 

				 

		

		
				 

				Sodium and calcium nitrate

				-3.6 ¹

				-1.8

				0

		

		
				¹ Equivalent to applying 3.6 kg lime/ kg N

		

	

	– Rate of crop removal- Depending on the crop and harvested yield, substantial amounts of alkali associated with potassium, calcium and magnesium may be removed

	Table 11 The amount of lime needed to neutralise the acidification caused by removal of produce

	
		
				Produce removed

				Lime requirement, kg/ t of produce

		

		
				Milk

				4

		

		
				Wheat

				9

		

		
				Lupins

				20

		

		
				Grass hay

				25

		

		
				Clover hay

				40

		

		
				Maize silage

				40

		

		
				Lucerne hay

				70

		

	

	– Amount of lime applied – Higher application rates usually mean the soil need not be re-limed as often, but avoid its excessive use

	– The pH range desired:

	– Maintenance of soil pH in the neutral range usually means lime must be applied more frequently than where a more acidic pH is satisfactory

	– Often the desired pH range is not reached because insufficient lime is used or it is of poor quality (e.g. coarse particles), or incorporation in the topsoil is incomplete

	– Soil tests can be used to monitor pH changes with time.

	The GRDC funded the development of the ‘Liebe soil amelioration (lime profit) calculator’ to allow dollar values to be calculated for liming.
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	http://www.liebegroup.org.au/lime-profit-calculator/

	The calculator requires the following soil, properties to be known:

	– pH

	– organic matter %

	– soil texture (Clay; Clay Loam; Sandy; Clay Loam; Sandy Loam; Sand)

	– bulk density

	– gravel %

	Liming rates

	Many sources (Aglime Australia http://www.aglime.com.au/liming-guide.htm, ‘Better Soils’ (Agriculture Bureau S.A.) http://soilwater.com.au/bettersoils//module6/6_8.htm, provide liming rate calculations based on a target value (Better Soils) or a suggested rate (Aglime), including a factor for soil texture.

	For example the Batter Soils website suggests the following equation to calculate lime requirement:

	=(Target pH - Current pH) x Soil Texture Factor

	The soil texture factors are derived from field or laboratory response curves for the effect on pH of differing amounts of lime. For example, from Figure 17, it can be seen that approximately 4, 9, 14.5 and 19.5 t/ha lime would be needed to raise the pH from 5 to 7 for that data. From that, giving the sand a texture factor of 1, the other soils would have texture factors of 9/4=2.3, 14.5/4=3.6 and 19.5/4=4.9 respectively. Note that these are examples only, but the results are comparable to the values quoted by Better Soils. Note also that some calculations use dividers or other methods, but that very few ‘soil texture factors’ are adequately explained.

	High pH soils – calcareous, saline and sodic soils92

	Many soils in arid climates have a high pH that can affect their properties and influence productivity. Obviously, they do not require lime, but their high pH does affect nutrient availability, soil fertility and fertiliser management.

	– Calcareous soils

	– Contain free CaC03, undissolved lime, with a pH(w) generally ranging between 7.3 and 8.5

	– The presence of free lime has an effect on some management practices such as herbicide use, placement of phosphorus (because of fixation) and micro-nutrient availability, particularly Zn, Mn and Fe.

	– Lowering the pH of calcareous soils is not usually economical

	– Saline soils

	– Contain salts, often sodium chloride, in quantities high enough to limit crop growth because plants cannot take up sufficient water to function properly, often causing plant wilting even when the soil water content is adequate

	– The degree of salinity is measured in the soil testing laboratory as electrical conductivity (EC)

	– Can be reclaimed by leaching salts out of the root zone with high quality water. Intermittent leaching has been found to be more efficient in removing salts than continuous ponding. Although l m of water may be required to leach 80% of the salt from l m of soil under ponding, as little as 30 cm of water applied intermittently can achieve the same result

	– Best management practice is to use salt tolerant crops and pastures. High water use plants in recharge areas will lower water-tables. This usually requires a whole catchment approach. not just on individual farms

	– Sodic soils

	– Contain excessive amounts of sodium on the cation exchange sites in the soil

	– Soils are usually considered sodic when the sodium reaches a concentration level that starts to affect soil structure

	– The pH of sodic soils may be acidic, neutral or alkaline

	– The excess sodium disperses the clay colloids, leading to poor physical properties that are evidenced by the limited movement of air and water

	– The degree of soil sodicity is determined in the laboratory by measuring the exchangeable sodium percentage (ESP)

	– In the field, sodicity can be estimated by evaluating the turbidity (cloudiness) of a suspension of a measured amount of soil in distilled or rain water (field turbidity test)

	– Such soils are most commonly reclaimed by the application of gypsum (calcium sulfate) or lime plus gypsum on acid soils, which leads to the replacement of sodium attached to the soil particles with calcium.

	– Elemental sulfur can also be used if the soil is calcareous.

	– Successful reclamation requires that the sodium be leached out of the root zone, and poor water movement can make that task difficult, deep ripping and/ or application of organic matter has been used to improve internal water movement.

	An example of suggested rates of gypsum application is show below:

	– For sodic soils apply 2.5 t/ ha gypsum

	– For sodic (alkaline) soils apply 5.0 t/ ha, as gypsum is less effective at high pH

	– Consider planting acidifying legumes to reduce pH

	– For highly sodic soils apply 5.0 t/ ha gypsum

	– For highly sodic alkaline soils apply 5.0 t/ ha gypsum (up to 10.0 t/ ha under irrigation) and consider planting acidifying legumes

	– Increase application rate if using lower quality lime or gypsum

	– Do not use products with impurities that may be harmful e.g. sodium chloride

	Cation exchange capacity93

	As soils are formed during the weathering processes, some minerals and organic matter are broken down to extremely small particles, too small to be seen with the naked eye. The smallest of these are known as colloids, which are plate like in structure and crystalline in nature, with a net negative charge. Colloids are mainly responsible for the chemical reactivity of soils. In most soils, there are more clay colloids than organic colloids, and their reactivity is affected by the parent material and the amount of weathering.

	Each colloid, both clay and organic, has a net negative charge, developed during its formation. This means it can attract and hold positively charged particles and repel other negatively charged particles, in much the same way as like poles of magnets repel each other. An element with an electrical charge is called an ion; those with a positive charge are called cations and ions with a negative charge are known as anions. Some common nutrients, with their ionic forms, are shown in Table 5.

	Negatively charged colloids attract and hold cations. This explains why some anions, particularly nitrate nitrogen (N03 -), are readily leached while ammonium nitrogen (NH4 +), a cation, is retained in most soils. Cations held by soils can be replaced by other cations. That is, they are exchangeable. For example, calcium ions (Ca2+) can be exchanged for hydrogen ions (H+) and/ or potassium ions (K+), or vice versa. The total number of exchangeable cations a soil can hold (that is, the soil’s negative charge) is called its cation exchange capacity or CEC.

	Cation exchange capacity (CEC) is a useful indicator of soil fertility because it shows the soil’s ability to supply three important plant nutrients: calcium, magnesium and potassium.

	Factors affecting soil CEC

	Soils differ in their capacity to hold exchangeable cations. The CEC depends on the amounts and kinds of clay and organic matter that are present. A high-clay soil can hold more exchangeable cations than a low-clay soil Also, CEC increases as organic matter increases. The CEC of clay minerals is usually in the range of 10–150 cmol/ kg, while that of organic matter may range from 200–400 cmol/ kg. The CEC of sand and sandy soils is usually below 10 cmol/ kg. Where soils are highly weathered and the organic matter level is low, their CEC is also low. Where there has been less weathering and organic matter content is higher, CEC can also be quite high. Clay soils with high CEC can retain large amounts of cations against potential loss by leaching.

	Sandy soils, with low CEC, retain smaller quantities of cations and this has important implications with regard to planning a fertiliser program. For example, if products such as nitrate-based fertilisers or products with high potassium contents are applied in periods of high rainfall and there is very little groundcover present, severe losses of nitrogen or potassium may occur through leaching. Under conditions such as these, fertiliser application should be split to prevent leaching and losses through erosion or surface run-off. This is particularly important in wet tropical areas, ·but split applications of nitrogen, in particular, to meet peak crop demands are important means of reducing losses of nutrients by leaching in a wide range of soil types and climatic conditions.

	Soil pH is important for CEC because as pH increases (becomes less acid), the number of negative charges on the colloids increase, thereby increasing CEC.

	Aluminium (Al3+) and sodium (Na2+) cations are not plant nutrients, so are not wanted by the plant. Aluminium is not present as a cation when soil pH (CaCl2) is over 5 because it is precipitated out of the soil solution. It is only at pH (CaCl2) levels below 5 that it may become available as a cation, and under 4.5 may become available in toxic levels, displacing other cations from the clay or humus colloids. When exchangeable sodium is present in quantities greater than about 5% of the CEC, it makes the clay particles unstable in rainwater. This shows up as dispersion or cloudiness in water. Dispersive soils have poor water entry and drainage and set hard on drying.94

	Some indicative values of CEC for different soil materials are shown in Table 12.95

	Table 12 Indicative cation exchange capacity of different soil textures, clay minerals and organic matter

	
		
				Soil texture

				 

				Cation exchange capacity (meq/ 100g)

		

		
				Sand

				 

				1–5

		

		
				Sandy loam

				 

				2–15

		

		
				Silt loam

				 

				10–25

		

		
				Clay loam/silty clay loam

				 

				15–35

		

		
				Clay

				 

				25–150

		

		
				 

				Clay mineral

				 

		

		
				 

				Kaolinite

				3–15

		

		
				 

				Illite

				10–40

		

		
				 

				Montmorillonite

				70–100

		

		
				 

				Smectite

				80–150

		

		
				 

				Vermiculite

				100–150

		

		
				Organic matter

				 

				40–200

		

		
				Humified organic matter

				 

				250–400

		

	

	CEC values96

	The preferred level is above 10.

	The major cations are calcium, magnesium, potassium, sodium and aluminium. These are held in the soil by organic matter and clay. The preferred percentages and the suggested quantities of exchangeable cations in the soil are given in Table 13.

	If a soil test report does not give percentages, they can be calculated by dividing the quantity of each cation (the meq figure) by the CEC figure, and multiplying the result by 100.

	Table 13 Preferred percentages of exchangeable cations as a proportion of CEC, and suggested quantity values

	
		
				Cation

				Preferred percentage (%)

				Suggested quantity (meq/ 100 g)

		

		
				Calcium

				 

				>5

		

		
				Magnesium

				 

				>1.6

		

		
				Potassium

				2–6

				>0.5

		

		
				Sodium

				0–1

				<1.0

		

		
				Aluminium

				 

				0 0

		

	

	Note: meq/ 100 g or meq% is the same as cmol/ kg.

	– Sometimes the level of hydrogen cations is reported, but this should not be added to the total CEC.

	– If any other cations are reported, such as manganese, this may indicate a toxicity problem.

	– High levels of aluminium are toxic to some plants, and this situation is usually associated with more acidic soils.

	– High sodium levels can indicate sodicity problems (i.e. soil structure problems), or salinity problems.

	– If a soil test report gives quantities in parts per million (ppm), the following conversions can be used to obtain meq figures:

	– Calcium Divide by 200

	– Magnesium Divide by 120

	– Potassium Divide by 390

	– Sodium Divide by 230

	– Aluminium Divide by 90

	The calcium/ magnesium ratio is found by dividing the quantity of calcium (meq/ 100 g) by the quantity of magnesium (meq/ 100 g). If the figure is below 2, it is more difficult for plants to take up potassium, and there can be problems with soil structure breaking down due to dispersion.

	If dolomite is used (2 parts calcium to 1 part magnesium) regularly, the soil’s calcium:magnesium ratio will fall because too much magnesium is applied compared with calcium. Calcium can be added in the form of gypsum or lime. High calcium:magnesium ratios up to 20:1 have not been shown to adversely affect plant yields.

	Improving CEC97

	CEC can be improved in weathered soils by adding lime and raising the pH.

	Otherwise, adding organic matter is the most effective way of improving the CEC of the soil. This can be done with permanent pasture, regular slashing, green manure crops, leaving crop stubbles to rot, rotating crops or pasture, and the addition of mulch and manure.

	Electrical conductivity

	An indication of the nature and ionic strength of the soil solution can be obtained from the electrical conductivity (EC) of a soil/ water suspension.

	EC is a measure of the conduction of electricity through water or a water extract of soil. It can be used to determine the soluble salts in the extract and hence soil salinity. The unit of electrical conductivity is the siemens and soil salinity is normally expressed as deciSiemen per metre (dS/ m) at 25°C, which is numerically equivalent to another common unit: millisiemens per centimetre (mS/ cm).

	This soil test provides a quick estimate of the concentration of electrically charged water soluble salts able to enter and persist in the soil solution. These consist predominantly of the cations Ca2+, Mg2+ and Na+ and the anions Cl-, SO42- and HC03-. Fertilisers and animal manures often contribute other inorganic ions such as K+, NH4+ and N03-. The predominant mechanisms causing the accumulation of soluble salts in farmlands are heavy use of fertiliser, and (more commonly) the loss of water through evaporation and evapotranspiration, leaving ever-increasing concentrations of Cl salts in the remaining soil-water.

	There is no internationally agreed method for measuring EC for routine soil testing purposes, the main variant being the soil/ water ratio. Common ratios include 1:1, 1:2.5 and 1:5, in addition to saturation extracts. A 1:5 soil/ water ratio (EC1:5) has wide acceptance in Australia. The 1:5 soil/ water extract represents a dilution above field water content of from five to >40 times, typically resulting in an overestimation of salinity when soils are light textured and/ or when they contain sparingly soluble salts such as gypsum. Most horticultural species, field crops and pastures prefer soils with very low (<0.15 dS/ m) to low (0.15–0.45 dS/ m) values of EC1:5. In contrast, high (0.90–2.0 dS/ m) to very high (>2.0 dS/ m) values of EC1:5, corresponding to high concentrations of soluble salt in the soil, which reflect soil conditions unfavourable for all except salt-loving plant species.

	Wheat is generally categorised as moderate or tolerant to salinity (ECe > 3.9) while yield will be affected for ECe > 6.0 dS/ m.

	There is increasing use of in-field EM (electromagnetic induction) mapping of (bulk soil) apparent electrical conductivity (ECa). This non-destructive technology indicates a variety of soil profile properties in addition to soil salinity, such as spatial patterns of leaching fractions, irrigation and drainage patterns, and compaction patterns due to farm machinery. It is usual to calibrate EM data with laboratory measured soil EC levels.98

	In saline soils, the effects of salinity and its variability will dominate the EM signal. Where the soil is not saline, the amount and type of clay, and soil moisture will dominate the signal and therefore allow features such as texture contrasts to be identified. However, because the EM signal may potentially reflect a range of properties, it is not possible to make a priori assumptions about the nature of the information that an EM survey will provide. Thus, if the aim of the survey is to infer variation in specific soil properties, EM survey data need to be ground-truthed against actual measurements of soil properties. Without ground-truthing, EM survey simply provides an indication of soil variability, but says nothing about its cause.99

	Factors affecting soil EC100

	An electrical current may be conducted through the soil via three pathways:

	– The pore-connected soil solution of water and ions

	– The cations that are bound to the surfaces of clay particles

	– Connected solid soil particles

	Because of these three pathways, there are a number of soil attributes that will affect the ability of the soil to conduct electricity. These are:

	– Soil texture (amount of clay in particular)

	– Soil cation exchange capacity (CEC) – driven by clay minerals and soil organic matter

	– Soil moisture

	– Ions in the soil solution (dissolved salts)

	– Soil temperature

	EC values101

	Traditionally, the electrical conductivity of soil was determined using saturated extracts (ECe, ECse), but these values are time consuming and difficult to determine. EC is commonly determined more rapidly and easily on a 1:5 soil/ water suspension (EC1:5).

	Conventionally, saline soils are defined as those having an ECe value >4 dS/ m

	Table 14 Salinity ratings for soil based on ECe102

	
		
				Rating

				ECe dS/ m

				Effect on plants

		

		
				Non-saline

				<2

				salinity effects are mostly negligible

		

		
				Slightly saline

				2–4

				yields of sensitive crops are affected

		

		
				Moderately saline

				4–8

				yields of many crops are affected

		

		
				Highly saline

				8–16

				only tolerant crops yield satisfactorily

		

		
				Extremely saline

				>16

				only very tolerant crops yield satisfactorily

		

	

	There is a lot of information about the interpretation of ECe in relation to plant growth. Therefore, it is useful to convert EC (1:5) to ECe.

	ECe (dS/ m) = EC1:5 (dS/ m) x multiplier factor

	The multiplier factor (Table 16) depends on the moisture holding properties of the soil for which soil texture can be used to give an approximation. Therefore EC1:5 values are usually converted to ECe using a conversion factor based on soil texture. It is essential therefore that all EC1:5 results should be accompanied by an assessment of texture. These simple factors are not ideal but allow an assessment of the salinity status of the soil.

	A range of soil salinity criteria is in current use in Australia and worldwide. Several of these criteria are specific to the areas in which they were developed, so their application is limited. Most of these criteria were developed to provide handy rules of thumb for interpreting soil salinity data. Since soil processes occur on a continuum, criteria which suggest sharp class boundaries should be applied with some flexibility and caution. A salinity classification system based on plant salt tolerance, using a 10% yield reduction value is shown in Table 15. EC1:5 ranges were derived for different clay contents which would be equivalent to the ECse soil salinity levels for each of the plant salt tolerance groupings based on clay content and chloride concentration. The soil salinity rating is a description of the soil salinity level which corresponds to the various plant salt tolerance groupings.

	Table 15 Soil salinity criteria as ECse and EC1:5, corresponding to a 10% yield reduction for the plant salt tolerance groupings103

	
		
				plant salt tolerance grouping

				ECse range (dS/ m)

				equivalent EC1:5, 10- 20% clay

				equivalent EC1:5, 20–40% clay

				equivalent EC1:5, 40- 60% clay

				equivalent EC1:5, 60- 80% clay

				soil salinity rating

		

		
				sensitive crops

				<0.95

				<0.07

				<0.09

				<0.12

				<0.15

				very low

		

		
				moderately sensitive crops

				0.95–1.9

				0.07–0.15

				0.09–0.19

				0.12–0.24

				0.15–0.3

				low

		

		
				moderately tolerant crops

				1.9–4.5

				0.15–0.34

				0. 19–0.45

				0.24–0.56

				0.3–0.7

				medium

		

		
				tolerant crops

				4.5–7.7

				0.34–0.63

				0.45–0.76

				0.56–0.96

				0.7–1.18

				high

		

		
				very tolerant crops

				7.7–12.2

				0.63–0.93

				0.76–1.21

				0.96–1.53

				1.18–1.87

				very high

		

		
				generally too saline for crops

				>12.2

				>0.93

				>1.21

				>1.53

				>1.87

				extreme

		

		
				texture class(es)

				 

				sand/ sandy loam/ loam

				loam/ clay loam/ sandy clay

				light clay/ medium clay

				medium heavy clay/ heavy clay

				 

		

	

	Total soluble salts (TSS) was a popular term for expressing soil salinity, and it is still used by a few laboratories. Its units are mg/ kg (ppm) or g/ 100 g (%). The conductivity of a water solution is directly related to the amount of salt present in solution, although the relationship varies slightly depending on the types or species of cations and anions present. Thus these conversions will vary depending on the type of salts present. These conversions are based on a salt dominated by sodium chloride.

	TSS is related approximately to EC1:5 by the formulae:

	TSS (mg/ kg) = 640 x EC1:5 (dS/ m); and

	TSS (g/ 100 g)= 0.064 x EC1:5 (dS/ m)

	Table 16 Multiplier factors for converting EC1:5(dS/ m) to an approximate value of ECe (dS/ m)

	
		
				soil texture

				multiplier factor

		

		
				Sand, loamy sand, clayey sand

				23

		

		
				Sandy loam, fine sandy loam, light sandy clay loam

				14

		

		
				Loam, fine sandy loam, silty loam, sandy clay loam

				9.5

		

		
				Clay loam, silty clay loam, fine sandy clay loam, sandy clay, silty clay, light clay

				8.6

		

		
				Light medium clay

				8.6

		

		
				Medium clay

				7.5

		

		
				Heavy clay

				5.8

		

		
				Peat

				4.9

		

	

	Figure 18104 shows an example of the effects of salinity on crops.

	The relationship between interpolated ECa, stratified into five quantile intervals at soil moisture upper limit (UL) and lower limit (LL), with the mean interpolated grain yield associated with each quantile.

	Strong negative relations are evident, although they are stronger at LL than at UL.

	Wheat is generally categorised as moderate or tolerant to salinity (ECe > 3.9) while yield will be affected for ECe, > 6.0 dS/ m)
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	Figure 18 Relationships between average grain yield and average ECa

	Exchangeable sodium percentage

	The level of exchangeable sodium can be determined directly by measuring the concentration of all the exchangeable cations in the soil and expressing the amount of exchangeable sodium, Nax (cmol/ kg), as a proportion of the sum of all the exchangeable cations (CEC). This proportion is called the exchangeable sodium percentage (ESP) and is calculated as follows:

	ESP = 100 x Nax / CEC

	where the CEC is taken to be the sum of all the exchangeable cation-concentrations expressed in cmol/ kg.

	As noted elsewhere, sodic soils contain excessive amounts of sodium on the cation exchange sites in the soil, usually being considered sodic when the sodium reaches a concentration level that starts to affect soil structure. The degree of soil sodicity is determined in the laboratory by measuring the exchangeable sodium percentage.105

	Three categories of sodicity corresponding to different ESPs are shown in Table 17.106

	Table 17 Sodicity and ESP

	
		
				Sodicity rating

				ESPs proposed for Australian soils

				ESPs proposed for NSW soils

		

		
				Non-sodic

				0–6

				0–5

		

		
				Marginally sodic to sodic

				6–14

				5–10

		

		
				Strongly sodic

				>14

				>10

		

	

	Sodic soils have the following problems:

	– very severe surface crusting

	– very low infiltration and hydraulic conductivity

	– very hard, dense subsoils

	– high susceptibility to severe gully erosion

	– high susceptibility to tunnel erosion.

	Sodicity can also be determined indirectly by measuring the concentrations of all cations contained in the soil solution (either a saturated paste extract or a 1:5 soil/water suspension). These concentrations can be used to calculate the sodium adsorption ratio, SAR, which describes the activity of the sodium ion relative to that of calcium and magnesium, as follows:

	SAR = [Na+] / ([Ca2+] +[Mg2+])½

	in which all cation concentrations are expressed in mmol/ L.

	The correlation between ESP and SAR depends upon whether the SAR is calculated from cation concentrations determined from saturated paste extracts or from 1:5 soil/water suspensions. For cation concentrations measured on paste extracts the approximate correlation, ESP ≈ SAR, is a fairly reliable rule of thumb, which means that a soil is sodic if SARse > 5 to 6. For cation concentrations measured on 1:5 soil/water suspensions, the approximate correlation, ESP ≈ 2 SAR, is often used, which means a soil is sodic if SAR1:5 > 2.5 to 3.

	ESP values

	When factors such as clay mineralogy, pH and organic matter are relatively constant for a given soil type, the major factors that influence clay dispersion are the SAR and EC of the soil solution.

	The competing effects of these two solution characteristics on the dispersion and flocculation of soils are expressed in Figure 19, which was derived for red-brown earths in Victoria. On testing other types of soils, the authors have found that the lines for spontaneous dispersion did not differ significantly from those in the figure.

	Class 1 soils are spontaneously dispersive soils and respond to gypsum application. Class 2a and 2b soils are potentially dispersive because of mechanical cultivation and require gypsum to maintain electrolyte concentration above threshold levels. Class 3a soils are non-sodic and non-saline. Class 3b and 3c soils are saline, gypsum application not being beneficial.
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	Figure 19 A classification scheme for the prediction of dispersive behaviour of soils as related to EC and SAR

	No single numerical criterion enables the classification of soils as sodic. The Australian Soil Classification107 accepts ESP > 6 as defining a sodic soil (in Australia), but uses ESP as only one of the criteria for definition of the class ‘sodosol‘. Different qualifications on critical ESP values have led to recognition that the dispersive behaviour of sodic soils depends on the interaction between soils and aqueous solutions. In view of the uncertainty of definitive ESP values, some workers have suggested that sodic soils may be better defined by their behaviour than by indices related to their composition.108

	Sodicity defined by behaviour, relates to the dispersion and swelling of soil clay. Hence it may be assessed in the field by use of the simple tests (Emerson,109 Field et. al.110) for the coherence of soil aggregates in water. Spontaneous dispersion of clay particles from soil aggregates occurs when a soil is sodic and not saline. Other, GRDC funded research provides:111

	– a simple test to help you decide if you have a problem

	– the best management for your situation

	No method is available which enables an accurate prediction of the most effective rate for gypsum application to ameliorate sodicity. Generally, rates of application are limited by consideration of the costs.112

	Organic Carbon

	Note, GRDC has published a detailed document on this subject: ‘Managing Soil Organic Matter: A Practical Guide’113

	Organic matter is different from organic carbon in that it includes all the elements that are components of organic compounds. Soil organic matter is difficult to measure directly, so laboratories tend to measure soil organic carbon and use a conversion factor to estimate how much organic matter is held within a soil.

	Soil organic carbon (SOC) is a component of soil organic matter (SOM), with about 58 per cent of the mass of organic matter existing as carbon. Therefore, if we determine the amount of soil organic carbon in a sample and multiply it by 100/58 (or 1.72) we can estimate the proportion of organic matter in the soil sample: Organic matter (%) = total organic carbon (%) × 1.72. While the ratio of soil organic matter to soil organic carbon can vary with the type of organic matter, soil type and depth, using a conversion factor of 1.72 generally provides a reasonable estimate of soil organic matter suitable for most purposes.

	Soil organic carbon (SOC) does not include fresh and un-decomposed plant materials, such as straw and litter, lying on the soil surface. Soil carbon can also be present in inorganic forms, e.g. lime or carbonates in some soils in the drier areas.

	The organic carbon concentrations in the surface soils of the main great soil groups from a wider range of data are given in Table 18. These are indicative only of the soil carbon levels to be expected as they come from surface soils ranging from 5 to 15 cm deep. They do show however the likely levels of soil carbon to be expected for the main great soil groups which are used for agricultural production.114

	It is convenient to divide total SOC into different pools dependent on their ease of decomposition, namely labile pool, slow pool and inert pool. The labile (meaning ‘decomposing easily, changeable’, from the Latin ‘to slip’) pool includes all the freshly added plant and animal residues as well as micro-organisms that are easily decomposed. The slow pool includes well decomposed organic materials, the humus. The inert pool refers to the fraction that is old, resistant to further breakdown and represents the products of the last stage of decomposition, e.g. charcoal.

	Table 18 Measured levels of soil carbon in great soil groups from across Australia (top 5 to 15 cm)

	
		
				Great Soil Group

				Australian Soil Classification

				Range of soil
carbon, g/ 100g

		

		
				Red-brown earths

				Red Chromosols, Red Dermosols

				0.5 to 1.5

		

		
				Red earths

				Red Kandosols

				0.6 to 1.36

		

		
				Black earths

				Self –mulching Black Vertosols

				1.6 to 3.5

		

		
				Red Podzolic Soils

				Red Chromosols, Red Dermosols, Red Kurosols

				1.6 to 4.1

		

		
				Non-calcic Brown Soils

				Red Chromosols, Red Dermosols

				1.0 to 2.2

		

		
				Siliceous sands

				Arenic Tenosols

				0.3 to 1.5

		

		
				Earthy sands

				Tenosols

				0.3 to 0.8

		

		
				Solodic soils group

				Sodosols

				0.8 to 1.8

		

		
				Grey, brown and red cracking clays

				Epipedal and Massive Vertosols

				1.0 to 2.4

		

		
				Euchrozems

				Red Dermosols, Red Ferrosols

				1.8 to 3.0

		

		
				Solonised brown soils

				Calcarosols

				0.7 to 1.5

		

	

	Figure 20115 shows the SOC level and its composition for a soil which has been under no-tillage and stubble retention (SOC = 2.5 %) and the same soil which has been under 3 pass tillage and stubble burning (SOC = 1.5 %) after 19 years.

	Most of the SOC difference between the two soils is the loss of some of the labile fraction from the tilled soil.

	As a result the slow and inert pools make up a larger proportion of the total SOC of the 3–pass tillage and stubble burnt soil.
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	Figure 20 Soil organic carbon levels (sizes of the circles) and the three different carbon pools (individual slices) of the same soil under two different management practices in Wagga Wagga

	Soil organic carbon and soil fertility116

	Soil organic carbon is important for all three aspects of soil fertility, namely chemical, physical and biological fertility.

	Nutrient availability

	Decomposition of soil organic matter releases nitrogen, phosphorus and a range of other nutrients for plant growth.

	Soil structure and soil physical properties

	SOC promotes soil structure by holding the soil particles together as stable aggregates improves soil physical properties such as water holding capacity, water infiltration, gaseous exchange, root growth and ease of cultivation.

	Biological soil health

	As a food source for soil fauna and flora, soil organic matter plays an important role in the soil food web by controlling the number and types of soil inhabitants which serve important functions such as nutrient cycling and availability, assisting root growth and plant nutrient uptake, creating burrows and even suppressing crop diseases.

	As a buffer against toxic and harmful substances

	Soil organic matter can lessen the effect of harmful substances e.g. toxins, and heavy metals, by acting as buffers, e.g. sorption of toxins and heavy metals, and increasing degradation of harmful pesticides.

	How much carbon can be stored in soils?117

	There are a whole range of SOC levels in different soils. For instance, for the surface soils, SOC ranges from about 10% in the alpine soils to less than 0.5% in the desert soils. The amount of SOC stored in the soil profile can be considerable. For example, if there is 1% SOC over 30 cm soil depth, the amount of SOC stored over 1 hectare of land can weigh about 42 tonnes (see below).

	Usually, the surface layer has the highest level of SOC which decreases with depth down the soil profile. The actual amount of SOC present in a soil is dependent on a number of factors.

	SOC results are usually expressed as % C by weight (i.e. g C per 100 g of soil). SOC results can be converted to soil organic matter (SOM) level by multiplying SOC value by a conversion factor of 1.72. This assumes that SOM present in soil, on average, is made up of 58 % carbon. Very often it is more practical to express SOC on per ha basis, namely as tonnes C per ha. To perform such calculation, knowledge of the bulk density of the soil to the sampling depth and the sampling depth is needed.

	As an example, if SOC = 1.0 % and bulk density of the soil = 1.4 Mg/ m3 to 30 cm depth (1 Mg = 1000 kg = 1 tonne), the amount of SOC present in the soil to 30 cm depth of 1 hectare of land can be worked out as follows:

	
		
				Tonnes carbon per ha

				=

				SOC (%)

				x

				Soil bulk density (Mg/ m3)

				x

				Sampling depth

		

		
				 

				=

				1.0

				x

				1.4

				x

				30

		

		
				 

				=

				42 tonne/ ha

				 

				 

				 

				 

		

	

	Management practices that effect soil organic carbon118

	Management practices can reduce SOC by reducing inputs to the soil, increasing the decomposition of soil organic materials, or both.

	Globally, clearing natural vegetation for agriculture results in large reductions in SOC levels and further declines may occur due to management practices (Figure 21).

	Cultivation operations can expose SOC and increase losses by decomposition and erosion.

	Historically, excessive cultivation using inappropriate implements resulted in soils being ‘over-worked’, and the consequent loss of SOC has caused many land degradation problems such as erosion and soil structural decline.
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	Figure 21 Historical change in SOC due to agricultural development

	Different management options can increase SOC levels by increasing inputs, decreasing losses or by direct additions of organic materials, composts, manure and other recycled organic materials.

	To increase soil organic matter, the rate at which organic matter is added to the soil must exceed the rate at which it is lost via microbial decomposition, erosion or leaching.

	Cropping and pasture management practices that generate adequate amounts of high-quality residues are critical to rebuilding and sustaining soil organic matter (see Figure 22).

	Practices that enhance soil structure, support larger and more diverse microbial populations, which in turn improve soil fertility
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	Figure 22 Summary of the relative effect of different management practices on soil carbon levels

	The influence of soil organic matter on soil water119

	Plant residues that cover the soil surface prevent the soil from sealing and crusting. This can result in better water infiltration and decreased water losses associated with run-off. Evaporation is also decreased and up to 8 mm of soil water can be saved where more than 80 per cent of the soil surface is covered with residues compared with bare soil. If this water was available to plants it could return the equivalent of about 120 kg grain per hectare in wheat.

	While soil organic matter can hold between 2–5 times its weight in water, the impact of increasing soil organic matter on water holding capacity depends on the mineral composition of the soil, the depth to which organic matter has increased and the contribution of organic inputs to the various soil organic fractions.

	As a general rule, each one percentage increase in soil organic matter increases water holding capacity in agricultural soils by an average of 2–4 per cent. This is the equivalent of less than two per cent on average for a one per cent increase in soil organic carbon. For a soil that held 200 mm of soil water this would be equal to an additional 4 mm of water. However, as most of the soil organic matter will be in the top 10 cm of the soil, reports of increases in water holding capacity beyond 10 cm are likely to be an over-estimation.

	Similarly, changes in water holding capacity should be considered in context to the likely changes in soil organic matter. For example, the likelihood of soil organic carbon being increased by more than one per cent is low because this level of change would require an additional 111 t/ ha of organic matter to be added to the soil. This is calculated assuming a soil bulk density of 1.5 g/ cm3 to 10 cm, carbon content of 45 per cent in plant material and a microbial efficiency of 70 per cent. Such an input level is highly unlikely in Australian agricultural systems even if considered over a 10-year time frame.

	Calculating the change in water-holding capacity due to organic matter

	Scenario: A one per cent increase in soil organic carbon (SOC) in the top 10 cm of a sandy soil, with a bulk density (BD) of 1.4 g/ cm3 and no gravel or stone content.

	Calculation (assuming one part soil organic carbon retains four parts water, i.e. retention factor =4)

	Change in AWC =[SOC (%) x BD (kg soil/ ha to 10 cm depth)] x retention factor

	=[0.01 x (1.4 x 100)]a x 4

	=1.4 kg/ m2 x 4

	=5.6 litres/ m2 or 5.6 mm

	a BD of 1.4 g/ cm3 = 1400 kg/ m3 = 1.4 t/ m3

	1.4 g/ cm3 ÷ 1000 [g/ kg1] x 100x100x100 [cm3/ m3] x 0.1 m [depth]

	= 1.4 x 100 kg/ m2 (to 10cm depth)

	Water repellence120

	Soil water repellence occurs when hydrophobic (water repelling) plant-derived waxes and substances released by fungal hyphae coat the soil particles in the topsoil to such an extent that water does not readily or rapidly infiltrate the soil.

	These compounds are a component of the particulate organic matter so they are associated with the organically stained topsoil. Sandy surfaced soils with low clay content, typically less than 5 per cent clay are most commonly affected as they have reduced soil surface area and are more readily coated by the hydrophobic compounds.

	In Western Australia nearly 3.3M hectares of agricultural soils are at high risk of soil water repellence with a further 6.9M hectares at moderate risk. Soil water repellence results in poor and variable water infiltration and often incomplete wetting of soils. Water will tend to enter the soil via preferred pathways while other parts of the soil will remain persistently dry, often referred to as ‘dry patch’. As a result in cropping and pasture systems water repellence typically has the following negative consequences:

	– Patchy and delayed crop, pasture and weed emergence

	– Reduced crop and pasture productivity

	– Staggered (non-synchronous) plant development

	– Inefficient use of soil water and nutrients

	– Poor weed control due to staggered germination and poor herbicide efficacy

	– Increased leaching of solutes to depth due to preferential flow

	– Increased water erosion risk due to increased lateral flow

	– Increased wind erosion risk due to poor soil cover

	– Concentration of pesticides and other solutes by lateral flow and splash

	– Carry-over of un-germinated seeds; fertiliser and inactivated pesticides in isolated dry soil patches.

	There are however, some possible advantages that can arise from water repellence including:

	– reduced moisture evaporation as the dry repellent topsoils acts as an effective soil mulch

	– Increased water harvesting from repellent soil ridges which can be used to concentrate water from small rainfall events in the furrow increasing the effectiveness of crop water use.

	Typically the negative consequences of water repellence outweigh the benefits.

	Drier autumns and larger cropping programs in WA over the past couple of decades have led to a steady increase in dry sowing, with about 40 per cent of growers in low-rainfall areas and 20 to 25 per cent in higher-rainfall areas sowing a proportion of their wheat crop dry each year.

	However, despite its growing popularity the practice remains problematic, with many growers reporting that soil in dry-seeded rows remains dry while soil in the untilled inter-row wets up.121

	Managing water repellent soils

	Management strategies for water repellent soils can be classified into three categories: mitigation, amelioration and avoidance.

	Mitigation options manage the soil water repellence to allow crop and pasture production in the repellent soil. The mitigation strategies include furrow seeding, wetting agents, no-till with stubble retention, on-row seeding, and stimulating the natural microbial degradation of waxy compounds. These are much cheaper than the amelioration strategies, but often have a much smaller, and sometimes inconsistent, impact on crop production. Because of their small cost, mitigation strategies can be applied over large areas, and can usually be applied with positive economic outcomes.

	Table 19 Mitigation tools for managing soil water repellence122

	
		
				Management tool

				Soil type

				Operating cost (excluding capital)

				Timing

				Longevity of benefits

		

		
				On-row versus inter-row

				All repellent soils

				Predominantly capital cost of suitable seeder

				Sowing

				1–2 months

		

		
				Improved furrow sowing

				All repellent soils

				Cost of winged points or boots versus standard knife points

				Sowing

				1–5 months

		

		
				Furrow sowing with banded-applied wetting agents

				All repellent soils

				$10–12/ ha/year

				Sowing

				2–3 months

		

		
				Blanket-applied wetting agents

				Loamy gravels and loamy sands

				$25–50/ ha/year depending on rate required

				Pre-sowing

				Up to 2 years

		

		
				Zero-till and full stubble retention

				All – except rocky and stony soils

				Predominantly capital cost of zero-till seeder

				Sowing

				Ongoing

		

		
				Liming

				All acidic and repellent sandy soils

				≈ $75/ ha for 2t/ ha, but varies depending on transport distance

				Usually presowing

				Ongoing – provided optimum pH is maintained

		

	

	Amelioration options remove or treat the repellence to make the soil wettable. Amelioration techniques include claying, deep cultivation using tools such as rotary spaders, or one-off soil inversion using mouldboard ploughs. These tend to be expensive, but can have substantial and long-lasting impacts on productivity. The expense of these strategies increases the economic risk, and they also carry significant environmental risks if not implemented correctly.

	Table 20 Amelioration tools for managing soil water repellence in the medium and long term123

	
		
				Management tool

				Soil type

				Operating cost (excl. capital)

				Timing

				Benefits

		

		
				Soil inversion (mouldboard ploughing)

				Deep sands
Loamy sands
Deep sands over gravel/clay

				$100–120/ ha

				One-off inversion
Pre-sowing Late autumn–mid winter

				5–10+ years

		

		
				Rotary spading (deep cultivation) (Partial amelioration)

				Deep sands
Loamy sands
Deep sands over gravel/clay

				$150/ ha

				One-off deep cultivation
Pre-sowing Late autumn–mid winter

				Unknown but likely to be 3–7 years

		

		
				Clay delving

				Shallow duplex (suitable clay within delving depth)

				≈ $300–600/ ha

				Pre-sowing

				15+ years

		

		
				Clay spreading

				Sands
Deep sandy duplexes (suitable clay source in paddock)

				$500–900/ ha

				Pre-sowing

				15+ years

		

	

	Avoidance involves removing the affected areas from annual production and applying an alternative land use, usually involving sowing to perennial forage species.

	Sampling124

	At a glance

	– Local trial responses provide the strongest evidence for product performance

	– Adopt a trial and evaluate approaches to soil amendments

	– Sampling soil to a minimum of 30 cm in increments of 10 cm will provide valuable information on soil resource condition and constraints to production

	– Develop a soil sampling strategy to be undertaken over time that will better inform management

	– It is a requirement for carbon markets and national accounting that soil organic carbon be reported on a tonnes per hectare basis.

	It is often difficult to measure changes in soil organic carbon on an annual basis because changes in carbon content generally occur very slowly against a relatively large background of soil carbon.

	A larger change in total organic carbon stock, which may take several years or longer to occur, is required before a significant change could be measured with any degree of confidence. Given annual inputs of organic residues are likely to be less than the 0.2 tonnes carbon per hectare in typical Australian cropping systems, the time required to detect a significant change in soil organic carbon is generally more than 10 years.

	For example, most Australian soils would be expected to contain between about 20–160 tonnes carbon per hectare to a depth of 30 cm (0.5–4.0 per cent organic carbon in soil assuming a bulk density of 1.3 g/ cm3). A typical Australian grain production system, yielding two tonnes wheat per hectare, is likely to retain between 0.1–0.5 tonnes of organic matter per hectare in the soil each year depending on microbial efficiency. This equates to a change in soil organic carbon in many instances of less than one per cent of the total stock. Additional inputs of organic carbon based on increasing grain yield by one tonne per hectare per year would result in less than 0.3 tonnes carbon being retained annually.

	Natural compaction of a coarse textured sandy soil often occurs over a number of years. If soil carbon were measured prior to and after compaction had occurred, the mass of soil taken after compaction would be greater as a result of the compaction ‘squashing’ the same weight of soil into a smaller volume. An estimate of the change in bulk density is therefore used to adjust these values to an equivalent soil mass.

	Laboratory measures of soil organic carbon are generally done on sieved soil samples, which in many cases exclude any materials larger than 2 mm in size. Consequently, if a soil has a significant amount of gravel or stone material, this fraction is removed before analysis with the final soil carbon or nutrient assessment being only representative of the mineral component of the remaining soil. To correct this, laboratory results need to be adjusted to reflect the original composition of the soil sample.

	For example, if the laboratory result is 1.4 per cent organic carbon, but 10 per cent of the original sample volume was gravel or stone, then the actual soil organic carbon content of that soil is 1.26 per cent organic carbon (i.e. 90 per cent of 1.4%).

	Soil Texture/structure125

	Soil texture is dependent on how much sand, silt and clay is present.

	Soils are grouped into a number of textural classes which enables them to be clearly classified, rather than using a loose term such as a ‘light’ or ‘heavy’ soil.

	An example of how mechanical analysis of the soil is used to describe its texture is illustrated in Figure 23.126

	There are a variety of texture grades and classes used by various systems and authors. The six texture classes used in this document are based on Northcote’s ‘factual key’,127 chosen because Northcote’s work was the first to cover the whole of Australia.

	[image: Image]

	Figure 23 Six class right angled texture triangle

	Aggregation of particles is the basis for soil structure. In the broadest sense it includes the size, shape and arrangement of soil particles and aggregates; the size, shape and arrangement of voids and spaces separating the particles and aggregates; and the combination of voids and aggregates into various types of structure. Soil structure is defined as the arrangement of primary particles into secondary units, or peds, with a particular size and shape.

	A well-structured soil allows free air and water movement and good penetration of the soil by the plant root system. See Figure 24 on the arrangement of primary particles.128
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	Figure 24 Soil structure, the arrangement of primary particles

	The physical, chemical and biological characteristics of a soil all contribute to the formation of its structure. The presence of organic matter, soil microorganisms, earthworms and the physical binding effects of fine roots and soil fungal organisms all play a very important role.

	Good soil management helps to develop or maintain good soil structure. The size and shape of granules determines structure quality and integrity. The best structure is blocky and granular, with the particles aggregated, to allow for free air and water movement.

	Soil structure has a great influence on the growth of both the roots and tops of plants. As the soil becomes more compacted, the proportion of large pore spaces decreases, root growth is impeded and production declines. The ideal soil for plant growth can be characterised as having:

	– A texture in the mid-range of sand, silt and clay content and organic matter to allow air and water movement

	– Sufficient clay to hold soil moisture

	– Deep permeable subsoil with adequate fertility

	– A favourable environment to enable deep root penetration to collect moisture and nutrients.

	– Soil texture and structure influence the amount of water growing plants can extract from the soil.

	– Particle size is important because:

	– Smaller clay particles fit more tightly together than the larger sand particles. This means that there are only small pores for air and water to occupy

	– Smaller particles have proportionately much higher surface areas than larger particles. Fine clay has about 10 000 times as much surface area as the same weight of medium-sized sand. As the surface area increases, the amount of water absorbed by the soil increases

	Sands hold little water because the large pore spaces allow water to drain freely from the soil. Clays absorb a relatively large amount of water and the small pore spaces retain it against gravitational forces, drainage and plant use. Although clay soil has a greater water holding capacity than sandy soil, more of it is unavailable to plants than the soil moisture in sandy soils because it retains water so strongly against removal by drainage or plant use. Similarly, soils with high organic matter content can retain moisture very well.

	Therefore, soils high in clay and organic matter hold more water and hold it more tightly than sandy soils but proportionately more of it is unavailable to plants.

	Hardsetting/crusting

	The condition of a dry surface soil when a compacted, hard and apparently apedal condition prevails. Because of this characteristic such soils tend to give rise to high rates of runoff compared with better structured soils. Clods formed by the tillage of hardsetting soils usually retain the condition until completely broken down by further tillage operations.

	Soil on which surface sealing develops may or may not be hardsetting – a surface seal is not a criterion for the hardsetting condition. The majority of soils throughout the wet-dry climatic zones of Australia set hard in the dry season. Soils which do not set hard are pedal in the dry, as well as in the moist state (clay loams, clays), or are single grained (sands).

	The term ‘soil crust’ has been applied to a variety of modifications, or additions, to soil surfaces. Several different processes may be responsible for crust formation and it is possible that essentially the same processes may produce contrasting manifestations on different soils. Perhaps the most ubiquitous crust type is that which is evidently developed on exposed soils, as a direct result of raindrop impact. In addition to throttling infiltration, this structure can alter erodibility at the soil surface, affect air movement and interfere with seedling emergence. Crusts, thought to be caused by rain impact, have long been studied and are termed ‘structural crusts’ to distinguish them from depositional crusts.

	The most areally persistent and widely described component of the rain impact soil crust is a layer of high bulk density and low porosity, of similar composition to the parent soil and typically 2–5 mm thick. It overlies apparently unmodified soil.129

	Gypsum is normally used as a soil ameliorant to improve soil structure and reduce crusting in hardsetting clayey soils.

	Texture modification – claying130

	Across Western and South Australia there are many millions of hectares of deep sand or sand over clay-rich subsoils that are used for agricultural production. However, these sandy soils present a range of challenges due to their poor water holding capacity, inherent low fertility, extremes of pH, low levels of microbial activity and vulnerability to wind erosion. In addition, many sandy soils are non-wetting, which causes uneven germination resulting in poor weed control, low levels of soil cover and reduced productivity.

	Sands and loamy sand soils have less than five per cent clay content. As clay protects organic material from decomposition these soils are also low in organic carbon. Raising the clay content changes the soil texture class, which increases the capacity for the soil to store water (Figure 7, Table 3), nutrients and soil organic carbon.

	Experience has found that it is feasible and profitable to raise the percentage of clay in the soil to above five per cent. For example, adding 200t/ ha of soil containing 30 per cent clay would raise the clay content in the topsoil from 0.5 to about five per cent, if incorporated to 10cm.

	Provided that appropriate methods are followed, remediating sandy soils with clay-rich subsoil can result in substantial yield improvements. Trials in WA and SA have reported yield improvements of 20 to 130 per cent across cereal, lupin and canola crops in the years following clay additions.

	However, achieving the correct rate of clay addition and understanding the chemical nature of the clay-rich subsoil to be used is vital, if the process is to be successful.

	The depth to clay-rich subsoil determines which method of clay addition is most appropriate. Deep sands can only be addressed through spreading of clay-rich subsoil excavated from a pit, spread across the soil surface and then incorporated. Sand over clay soils offer the potential to provide a source of clay that can be incorporated in the upper sandy horizons. Clay at between 30 and 60cm can be brought to the surface by delving. Where clay is less than 30cm below the surface a rotary spader or possibly a mouldboard plough can be used to lift and incorporate the clay in the topsoil.

	Adding clay is relatively expensive and time consuming and if done incorrectly can result in negative effects that are difficult to reverse. Consequently, detailed planning of each stage of the process and following best practice is essential.

	Structure modification – compaction/ high strength

	Many of Australia’s cropping soils are pre-disposed to compaction because the proportions of sand, silt and clay particles in these sandy or loamy soils are ideal for tight packing. Also the types of clays in these soils do not often promote strong swelling and shrinking, which helps break up compaction.

	Soil compaction can reduce crop growth and yield as it limits the ability of crops to gain access to water and nutrients. Compacted layers can occur naturally due to the chemical and physical characteristics of the soil or may be induced by traffic or livestock.

	These layers may be visible or indicated by distorted root growth. When measured they will record a penetration resistance of at least 2 Mega Pascals (MPa). Generally a subsoil strength of 1.5MPa is the accepted threshold at which root growth is restricted. At a strength of 3MPa root growth is significantly reduced.

	Deep ripping is one method of reducing soil compaction, however yield responses from deep ripping depend on soil type, rainfall and crop species.

	With 80 per cent of compaction occurring in a single machinery pass, protecting the yield benefits of deep ripping through a controlled traffic system is essential.131

	An audit of agricultural land in Australia by the National Land and Water Resources Audit (2001) suggested that once the bulk density exceeds 1.6 – 1.8g/ cm3 in sandy soils and above 1.4g/ cm3 in silty and clay soils, root penetration, and consequently plant growth, are affected.

	Compacted or hard layers can also cause water logging within the root zone, often resulting in a perched watertable. If this occurs, the soil profile above the hard layer can become saturated, oxygen can be excluded and plant roots can eventually die.

	Although no comprehensive surveys have been undertaken to estimate the extent and severity of compacted layers in Australian agricultural soils, the available evidence suggests compacted layers are a major problem in some soils.

	Controlled traffic farming132

	– Controlled traffic farming (CTF) systems alleviate soil compaction constraints. They can deliver unique operating efficiencies and agronomic opportunities

	– CTF crops are typically higher yielding, and are more resilient in very wet or very dry seasons than those with less controlled cropping traffic

	– In the absence of subsoil constraints, CTF can deliver better water use and fertiliser use efficiencies

	– Costs of conversion to CTF depend on how well current machinery fits, the length of a transition plan and the capacity to use partial CTF to accommodate existing machinery configurations

	– CTF soils leach fewer nutrients into groundwater, have less water erosion, better infiltration, more controlled run-off and fewer greenhouse gas emissions.

	As an example133

	West Wyalong’s (NSW) predominantly loamy soils are known for their nutrients and water retention, while still allowing excess water to drain away. The region normally receives 475 to 525 millimetres of rain a year, most of it during cool winters, and has average temperatures about 30°C to 33°C from December to February.

	After eight years of drought from 2000, a team from Wyalong Rural Investments (WRI), recognised the need to make every drop of water count. They set about improving their soil structure to allow it to absorb as much water as it can and hold it for as long as it can.

	In a dryland farming system the soils need to be as porous and non-compacted as they can be. The soils were electromagnetically surveyed and soil tested, to determine the soil type and compaction.

	A no-till controlled-traffic system with full stubble retention has been applied. The stubble helps protect the soil from rain and runoff, and when it’s incorporated into the soil it increases porosity.’

	All sowing, spraying and harvesting machinery was aligned onto three-metre tramlines to limit compaction.

	Runoff onto neighbouring properties has been noticeably reduced.

	Soil inversion134

	– Department of Agriculture and Food (WA) research into soil inversion techniques is showing improved soil characteristics, in particular the removal of compaction, and amelioration of soil water repellence.

	– Complete soil inversion using the mouldboard plough has demonstrated weed control of more than 90 per cent

	– Positive results and strong support from growers will allow further research to investigate the long-term consequences and how it can complement a minimum tillage system

	Deep ripping135

	– Deep ripping of compacted soils is most likely to improve grain yields on sandy soils and where compaction has occurred on upper parts of the soil profile through machinery traffic or livestock trampling

	– Deep ripping is less effective on heavy clay soils unless combined with gypsum on sodic soils prone to waterlogging

	– Deep ripping will provide little benefit if other subsoil constraints such as salinity, sodicity or acidity are also present

	– Recent advances in machinery, such as ‘slotting’ and deep placement equipment to simultaneously introduce ameliorants at depth with ripping, could increase the financial and agronomic effectiveness of this approach to managing subsoil constraints

	Nitrogen

	Nitrogen (N) is essential for plant growth. It is a part of every living cell. Plants require large amounts of nitrogen for normal growth. For example (Table 6) wheat contains about 20 kg/ t.

	Organic matter makes up over 95% of the nitrogen present in the soil. In their natural state most soils contain 2% organic matter or less. Soil organic matter contains about 5% nitrogen, but only about 2% of the organic matter is decomposed each year, often less. Each 1% of organic matter releases only about 10 to 40 kg/ ha of nitrogen each year, not nearly enough to meet the needs of most agricultural crops.

	Plants take up most of their nitrogen as the ammonium (NH4+) or nitrate (N03-) ion. Some direct absorption of urea can occur through the leaves, and small amounts of N are obtained from materials such as water-soluble amino acids. Except for rice, most crops take up most of their nitrogen as nitrate in aerobic soils. However, research has shown that crops use substantial amounts of ammonium nitrogen, if it is present in the soil, especially in wet conditions. Wheat and ryegrass have also shown benefits from ammonium-N. One reason for the higher yields is that reduction of nitrate to ammonium in the plant requires energy (nitrate-N is reduced to ammonium-N, then converted to amino acids in the plant). The energy is supplied by carbohydrates that could otherwise be used for growth or grain formation.

	The nitrogen present in the soil, apart from that in the soil air, occurs in three major forms:

	Organic-N, part of the soil organic matter, not available to growing plants until it has been converted to mineral forms, firstly to ammonium nitrogen and then to nitrate-nitrogen, by the decomposition of soil organic matter through the process of mineralisation

	– Ammonium-N, often adsorbed on clay minerals, silt and organic colloids

	– In some clay types, especially those known as 2:1 layer clays, ammonium-N can be fixed in a more permanent way than simple adsorption

	– Ammonium-N is usually in very low supply except following the application of nitrogen fertilisers, and is a mineral form of nitrogen that can be utilised by many plants

	– Nitrate-N, the most common mineral form of nitrogen in soil, is readily available for plant uptake

	– Nitrogen fertilisers are rapidly converted to this form on application to the soil

	– Most of the nitrate-N remains in the soil solution and is therefore subject to leaching, particularly in sandy, free-draining soils in high rainfall areas.

	Under aerobic conditions and provided that moisture and temperature are not limiting, i.e. the conditions that favour plant growth, ammonium-N in soils is rapidly converted to nitrate N by certain nitrifying bacteria. This process is called nitrification. Nitrification is important for several reasons:

	– Nitrate is readily available for use by crops and micro-organisms

	– Nitrates can be lost through denitrification, (nitrate-N is reduced to either N2 or nitrous oxide), commonly under anaerobic or waterlogged conditions

	– Nitrates are highly mobile in the soil, and move freely with soil water. Much nitrate-N may leach through the soil profile, especially in deep, sandy free-draining soils under high rainfall.

	Factors affecting nitrification/ denitrification

	Soil conditions that have the greatest influence on nitrification and denitrification are:

	– Soil pH- Nitrification rates are reduced in acid soils. Nitrification can occur in the pHw range of 4.5–10.0, with pHw between 6.0 and 7.0 being the optimum.

	– The application of lime to strongly acid soils benefits nitrifying bacteria and has been shown to increase denitrification under some conditions

	– Moisture:

	– Nitrifying bacteria are most active in moist, aerated soils, but are relatively inactive in waterlogged soils. Soils with sufficient moisture to grow crops will have enough moisture for normal nitrification

	– Wet soils do not contain enough oxygen to supply the needs of the nitrifying bacteria, and as a result very little nitrate will be produced.

	– When oxygen is excluded from the soil, bacterial denitrification can occur because the bacteria responsible for the process obtain their oxygen needs from nitrates in the soil, which can sharply reduce the nitrogen available for plant root uptake and release nitrous oxide as a greenhouse gas

	– Temperature:

	– nitrification and denitrification begin at temperatures just above freezing point and continue to increase as soil temperature increases, up to about 30°C, above this temperature range, rates of nitrification and denitrification decrease

	– Aeration:

	– Nitrification requires oxygen (02)

	– Well-aerated soils of medium to coarse texture have high oxygen contents and support rapid nitrification because of good drainage and air movement between the soil and the above-ground atmosphere; the reverse is true for denitrification

	– Plant residues:

	– Denitrification occurs when soil bacteria oxidise organic residues under anaerobic conditions.

	– Large amounts of residues, combined with a low oxygen supply in the soil, enhance denitrification reactions and gaseous nitrogen losses.136

	Soil test values

	Nitrate levels fluctuate widely, depending on the season or rainfall. Agronomists generally like to see a level of 10 mg/ kg or more in pasture soils, and a level greater than 20 mg/ kg in horticultural crops.

	Critical values and ranges137

	A soil test critical value is the soil test value required to achieve 90 per cent of maximum potential crop yield, while the critical range reflects the degree of uncertainty around the critical value. The narrower the range, the more reliable the prediction of a fertiliser response from the available data (see Figure 11, Table 21).

	The critical range determines if a nutrient is likely to be deficient for crops based on whether the soil test value is greater than or less than the upper or lower critical range value.

	If the soil test value is less than the lower limit, the site is likely to respond to an application of the nutrient resulting in higher crop yields.

	For values within the range there is less certainty about whether a response will occur. Growers have to exercise judgement about the cost benefit of adding fertiliser in the coming season.

	If the soil test is above the critical range, fertiliser may be applied to maintain existing soil levels or a controlled rundown of nutrient reserves can be conducted until fertiliser applications become viable.

	Table 21 Summary of the effect of crop yield potential on the critical nitrate-N values (kg/ ha) and critical ranges for the 0 to 60cm sampling layer for 90 per cent of relative yield. The wider critical ranges at high yield potentials reflect a lack of trial data

	
		
				Nutrient

				Crop

				Region

				Maximum yields
with N fertiliser
(t/ ha)

				Critical values
(kg/ ha)

				Critical range
(kg/ ha)

		

		
				N

				Wheat

				All

				<1

				NA

				NA

		

		
				 

				 

				 

				1–2

				32

				27–39

		

		
				 

				 

				 

				2–3

				43

				38–48

		

		
				 

				 

				 

				3–4

				56

				48–64

		

		
				 

				 

				 

				4–5

				79

				56–110

		

		
				 

				 

				 

				>5

				110

				84–130

		

	

	Critical values for nitrate and mineral nitrogen are mostly supplied by laboratories as milligrams per kilogram and sometimes kg per hectare. To convert mg N/ kg to kg N/ ha the soil test value in each sampling layer is multiplied by the depth of the soil sample (millimetres), then multiplied by the bulk density and divided by 100, i.e.

	soil N (kg/ ha) = nitrate (mg/ kg) x bulk density (g cm-3) x test depth (cm)/10.

	As an example, a soil test result of 10.0mg nitrate-N/ kg from a 10cm soil core in a vertosol soil (bulk density 1.1g/ cm3) would represent about 11kg N/ ha. If that same concentration was found in a sample from the 10 to 30cm layer (bulk density 1.3g/ cm3) it would represent about 26kg N/ ha.

	Soil bulk density changes with texture and gravel content. As a rule, the bulk density of vertosols can range from 1.1 to 1.3 g/ cm3. The SoilMapp app provides details of soil bulk densities across Australia.

	How Wet/N? – modelling N

	Note that this app, along with others such as ‘Potential Yield calculator (PYCAL)’ have been incorporated into the ‘CliMate’ website (CliMate II, Managing Climate Variability Program): https://climateapp.net.au/

	HowWet? uses records from a nearby weather station to estimate how much plant available water (PAW) has accumulated in the soil and the amount of organic nitrogen that has been converted to an available nitrate during a fallow. HowWet? tracks soil moisture, evaporation, runoff and drainage on a daily time step. Accumulation of available nitrogen in the soil is calculated based on surface soil moisture, temperature and soil organic carbon.

	HowWet? estimates how much:

	– rain has been stored as plant-available soil water during the most recent fallow period

	– nitrogen has been mineralised as nitrate-N in soil, and

	– provides a comparison with previous seasons.

	This information aids in the decision of what crop to plant and how much nitrogen fertiliser to apply.

	Grain growers in regions where stored soil water and nitrate at planting are important in crop management decisions. This is of particular importance to northern Australian grain growers with clay soils where stored soil water at planting can constitute a large part of a crop’s water supply.

	Questions this tool answers

	– How much longer should I fallow? If the soil is near full, maybe the fallow can be shortened

	– Given my soil type and local rainfall to date, what is the relative soil moisture and nitrate N accumulation over the fallow period compared to most years? Relative changes are more reliable than absolute values

	– Based on estimates of soil water and nitrate-N accumulation over the fallow, what adjustments are needed to the nitrogen supply?

	Inputs

	– A selected soil type and weather station (APSoil/ BoM data can be used to define local conditions)

	– An estimate of soil cover and starting soil moisture

	Phosphorus

	Phosphorus (P) is essential for plant growth. No other nutrient can be substituted for it. The plant must have phosphorus to complete its normal production cycle. The amounts of phosphorus taken up from the soil by some crop and pasture species are shown in Table 6. Phosphorus plays a role in photosynthesis, respiration, energy storage and transfer, cell division, cell enlargement and several other processes in the living plant. It promotes early root formation and growth. In annual crops, it is particularly important that their roots have access to readily available phosphorus in the early stages of crop development.

	Phosphorus availability

	Phosphorus availability varies with the following factors:

	– Amount of clay- Soils high in clay content will fix more phosphorus than sandy soils

	– Type of clay- Soils high in certain types of day minerals, like aluminium and iron oxides and hydroxides (common in the regions of high rainfall), and amorphous clay and humus-Al complexes (common in soils formed in volcanic ash), retain or fix more added phosphorus than other soils

	– Phosphorus buffer capacity (PBC)-PBC is the potential of a soil to adsorb P, or resist a change in (or buffer) the status of plant available P, e.g.:

	– sands – usually weakly buffered, addition of P in deficient situations results in yield increases up to the point where P is no longer the factor limiting yield

	– krasnozems – highly buffered, applied P can be added and plants may not respond because the P is being adsorbed

	– Time of application:

	– The longer the soil and added phosphorus are in contact, the greater the chances for fixation. On high-fixing soils, the crop must use the applied fertiliser before the phosphorus is fixed. On other soils, utilisation of applied phosphorus may continue for years

	– Aeration:

	– Oxygen (02) is necessary for plant growth and nutrient absorption. It is also essential for microbiological breakdown of soil organic matter, an important source of phosphorus

	– Compaction:

	– reduces aeration and pore space in the root zone. This reduces root growth and therefore, phosphorus uptake and plant growth

	– Phosphorus status of soil:

	– Soils that have received more phosphorus fertiliser than has been removed may show an increased content of available phosphorus

	– This may be enough to reduce current fertiliser needs if the soil content is high enough

	– Temperature:

	– When temperatures are too high or too low, they can restrict uptake of phosphorus by the plant. That is why crops respond to starter-P on cold, wet soils, even when soil-P levels are high

	– Other nutrients:

	– Calcium on acid soils and sulfur (S) on alkaline soils seem to increase phosphorus availability, as does ammonium-N (NH4+-N)

	– Zinc (Zn) fertilisation with borderline phosphorus deficiency tends to restrict phosphorus uptake further

	– Crop:

	– Some crops have fibrous root systems; others are tap rooted

	– Wheat has a relatively shallow root system while lucerne explores deep (often several metres) into the soil profile

	– Therefore, crops differ greatly in their ability to extract available phosphorus from the soil

	– Soil pH:

	– The influence of soil pH on P-fixation varies according to the soil clay mineral and the exchangeable aluminium (Al3+) present in the soil

	– Phosphorus availability is greatest between pHw 6.0–7.0138

	Soil test values139

	In northern wheat growing areas, phosphorus (P) reserves have been run down over several decades of cropping, while in southern and western areas, after decades of consistent phosphorus (P) application, many soils now have adequate P reserves.

	Before deciding on any fertiliser strategy, soil testing should be used to gain a thorough understanding of the nutrient status across the farm. Testing subsoil (10 to 30 centimetres) P levels using both Colwell-P and BSES-P soil tests (see soil P tests) is important in developing a fertiliser strategy.

	Adding fertiliser to the topsoil in systems that rely on stored moisture does not always place nutrients where crop needs them. Applying P at depth (15 to 20cm deep on 50cm bands) can improve yields over a number of cropping seasons (if other nutrients are not limiting).

	Addressing low P levels will usually increase potential crop yields, so match the application of other essential nutrients, particularly nitrogen (N), to this adjusted yield potential.

	Some soil P test critical values for wheat are shown in Table 22.

	Table 22 Critical values (mg/ kg) and critical ranges for the 0 to 10cm sampling layer for 90 per cent of relative yield (Colwell P)140

	
		
				Crop

				Soil type

				Critical values (mg/ kg)

				Critical range (mg/ kg)

		

		
				Wheat and barley

				Vertosols

				17

				12–25

		

		
				 

				Chromosol/Sodosol

				22

				17–28

		

		
				 

				Brown/red chromosol

				25

				18–35

		

		
				 

				Calcarosol

				34

				26–44

		

		
				Barley

				Ferrosols

				76

				46–130

		

		
				Canola

				All soils

				18

				16–19

		

		
				Field pea

				All soils

				24

				21–28

		

		
				Wheat

				Grey sands

				14

				13–16

		

		
				 

				Other soils

				23

				22–24

		

	

	Potassium

	Potassium (K) is one of the three major essential plant nutrients along with nitrogen (N) and phosphorus (P). Agronomic crops contain about the same amount of potassium as nitrogen, and both are required in greater amounts than phosphorus.

	Although most soils contain thousands of kilograms of potassium, often 20 000 kg/ ha or more in the root zone, only a small amount is in a form which is available to plants during a growing season. Soil potassium exists in four pools:

	– Structural K – tightly held in the lattice of primary minerals, unavailable for plant growth

	– It is slowly released as soil minerals are weathered over many years

	– Fixed K – becomes slowly available to plants over a growing season

	– It is fixed or trapped between layers of certain soil clays that shrink and swell

	– Sandy soils contain much smaller reservoirs of fixed K than those containing greater amounts of clay

	– Exchangeable K

	– readily available to plants and is held in the exchangeable form by the negative charges on the surface of soil organic matter and clay particles

	– Solution K:

	– the smallest pool of potassium, but the most readily available to plants

	– It is the potassium that is dissolved in the soil water.

	The amount of potassium taken up by crop and pasture species can vary widely. For example, a 2 t/ ha wheat crop will contain approximately 7 kg K/ ha in the grain, while up to 215 kg K/ ha can be removed in the cane, tops and trash of a typical sugar cane crop (see Table 6).

	Potassium is absorbed by plant roots as the positively charged ion K+. Unlike nitrogen and phosphorus, potassium does not form organic compounds in the plant, and is highly mobile within plant tissues. This allows for the involvement of potassium in many biological processes, including:

	– Photosynthesis – when potassium is deficient, photosynthesis declines, and the plant’s respiration increases, lowering the plant’s carbohydrate supply

	– protein synthesis

	– breakdown of carbohydrates, a process which provides energy for plant growth

	– controlling ionic balance within plant cells and therefore plant turgidity, including the cells that control the opening and closing of plant leaf (stomata)

	– translocation of metal ions such as iron (Fe)

	– ability of plants to resist pest and disease damage

	– fruit initiation

	– the plant’s ability to withstand the effects of drought

	– improving cold tolerance

	Soil factors affecting potassium uptake141

	Potassium is relatively immobile in the soil, reaching plant roots primarily by diffusion. Therefore, any factor that restricts root growth or reduces the rate of diffusion can decrease potassium uptake. Several of those factors are discussed below.

	– Soil aeration – Uptake of potassium is affected more by poor aeration than are most other nutrients. Minimum or reduced tillage systems and compaction all limit potassium uptake

	– Soil K level – As the level of soil test potassium drops, root uptake decreases

	– Fixation – Soils with a high capacity to trap potassium and hold it in an unavailable form (clays that shrink and swell during dry and wet soil conditions) reduce the amounts available for plant uptake

	– Cation exchange capacity (CEC) – In general, soils with high CECs have greater storage capacity and supplying power for potassium

	– Soil temperature – Low soil temperatures reduce the availability and uptake of potassium by plant roots.

	– Soil moisture – Moisture is needed for potassium to move to plant roots for uptake. Both drought stress and excess moisture reduce the uptake of potassium

	– Reduced or zero cultivation systems – Conservation of crop residues on the soil surface can lead to stratification of potassium and medium to long-term reduction in the supply of potassium from the soil pool.

	Soil test values142

	The Better Fertiliser Decision for Crops (BFDC) National Database holds historic data for 356 potassium (K) fertiliser rate experiments (431 treatment series) for different rain-fed grain crops and soil types across Australia. Bicarbonate extractable K (Colwell soil-test K) is the most extensively used soil test reported in the database.

	The emergence of K deficiencies and the need to apply K fertilisers to soils for broad-scale cropping are relatively recent phenomena in Australia. It is therefore not surprising that the prediction of K fertiliser response by crops from measurement of available soil K using various soil-test procedures has only been successful in a few crop species grown on a limited range of soil types across several states of Australia.

	This has resulted in limited historical data being available to explore the available soil-test K (STK) relationships in the BFDC National Database, with the majority experiments conducted on lighter textured soils in WA, and on crops important to those Mediterranean climates and farming systems (i.e. wheat, canola, and lupin).

	Critical Colwell STK for wheat in the top 10 cm of soil varied:

	– 40 mg K/ kg soil for the Tenosols and the Chromosols

	– 47–49 mg K/ kg soil for the Kandosols

	– 64 mg K/ kg soil for the Brown Ferrosols

	The sandy-textured soils (Tenosols and Kandosols) typically have much lower cation exchange capacities than the Brown Ferrosol site used for the long-term K study.

	Higher critical Colwell STK for wheat on the Ferrosol is consistent with other observations, that potential buffer capacity of K (PBCK) increased as CEC increased Vertosol soils.

	Higher PBCK in the higher CEC soils was accompanied by a reduction in soil solution K concentration and activity, particularly in response to K fertiliser addition. It was speculated that this would reduce the ability of plants to rapidly accumulate K in soils with higher CEC, thus causing crops to respond differently to similar rates of applied K on Ferrosol and Vertosol soils.

	It is therefore possible that even bigger differences in critical Colwell STK for a given crop species will emerge as negative nutrient budgets and declining native K fertility reserves result in K deficiency becoming more common on heavier textured (and higher CEC) soils in other grain producing regions.

	Sampling

	Collecting soil samples for nutrient testing143

	The greatest source of error in any soil testing service comes from collection of the soil.

	Soil sampling does not have a single, definable strategy. The strategy needs to be closely aligned to the reasons for testing.

	The most stringent sampling requirement occurs when the reason for sampling is predicting crop response to added fertiliser.

	How many cores should be taken to represent an area? The general rule is that the more variable crop growth is in the field the more sub-samples are required to produce a meaningful paddock average.

	If the objective of soil sampling is monitoring trends in paddock fertility or problem solving, the number of cores representing an area can be substantially reduced.

	To ensure that a sample is representative:

	– Check that the soil type and plant growth from where the sample is collected are typical of the whole area to be treated

	– Avoid areas such as stock camps, old fence lines and headlands where nutrient concentrations are often significantly higher than the rest of the paddock

	– Ensure that each sub-sample is taken to the full sampling depth

	– Do not sample in very wet conditions

	– Avoid shortcuts in sampling such as taking only one or two cores or a handful or a spadeful of soil, which will give misleading results

	– Avoid contaminating the sample, the sampling equipment and the sample storage bag with fertilisers, other sources of nutrients or organic materials such as oils used to lubricate deep probes

	Taking a soil sample144

	Tools required for sampling:

	– Soil corer or spade

	– Buckets

	– New plastic bag or sample container (located in soil kit)

	– Labels if more than one sample is collected

	– Record sheet to record sample site and sample.
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	Tools and equipment should be clean prior to sampling

	Look at the soils in the area to be sampled. Submit a separate soil sample from each soil type (eg clay, loam or sand) and from paddocks that have been managed differently, because these factors affect fertiliser needs.

	For each sample, thoroughly mix a minimum of 20 soil cores (see following paragraph) in one bucket (the more cores taken the more reliable the sample). Fill the container supplied in the kit with the sample from the bucket. For multiple samples submit your samples in 500 gram bags to the laboratory. Make sure samples are clearly labelled.

	Avoid collecting surface material such as leaf or organic matter. Deeper cores may need to be taken for the investigation of subsurface acidity and salinity or for larger horticultural crops.

	A map and written plan of the soil sampling area is essential for interpreting results and any subsequent testing.

	It is recommended that soil cores be collected along a fixed transect (e.g. 1 and 2).
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	This method allows for re-testing and better monitoring of changes in fertility than random sampling. In areas where tree crops are planted samples should be collected along rows.

	A typical individual soil sample for nutrients would be 300g145 and should be stored in plastic bags or glass containers.

	Testing laboratories may have specific storage and handling requirements.

	Sampling depth146

	The most common soil sampling depth for nutrient analysis is 0 to 10 centimetres for broadacre crops. This layer was chosen because nutrients, especially P, and plant roots are concentrated within this layer.

	To obtain more comprehensive soil data, including nutrient data, sampling below 10cm should be considered for some nutrients. Suggested sampling increments for key nutrients and salinity for northern cropping regions are:

	– 0 to 10cm (N, P, K and S)

	– 10 to 30cm (N, P, K and S)

	– 30 to 60cm (N and S, salinity)

	– 60 to 90cm (N, salinity)

	– 90 to 120cm (optional) (N, salinity)

	Deeper sampling does raise issues of logistics and cost, which should be discussed with soil test providers. However, the additional information provides a clearer insight into nutrient status in the crop root zone.

	Testing examples147

	NSW DPI offers four soil test packages, incorporating different tests, designed to:

	– Get a snapshot of the chemical properties of the soil in a paddock – this is usually done prior to the sowing of a crop or pasture, and

	– Monitor changes in soil properties.

	Table 23 Soil tests performed in NSW DPI ‘standard’ soil test packages

	
		
				test1

				package

		

		
				 

				basic

				grazing

				cropping

				horticulture

		

		
				pH (CaCl2)

				✓

				✓

				✓

				✓

		

		
				pH (water)

				 

				 

				✓

				✓

		

		
				EC (water)

				 

				✓

				✓

				✓

		

		
				Available phosphorus (Colwell)

				✓

				✓

				✓

				✓

		

		
				Phosphorus buffer index

				 

				 

				✓

				✓

		

		
				Available sulphur (KCI40)

				✓

				✓

				✓

				✓

		

		
				Exchangeable cations (Gillman & Sumpter)

				 

				✓

				✓

				✓

		

		
				Walkley & Black organic carbon

				 

				 

				✓

				✓

		

		
				Chloride

				 

				 

				 

				✓

		

		
				Total Nitrogen

				 

				 

				✓

				✓

		

		
				Extractable Boron

				 

				 

				 

				✓

		

		
				DTPA extractable Copper, Iron, Maganese & Zinc

				 

				 

				 

				✓

		

	

	1 Consult laboratory or see (for example)148 for test details

	Further reading

	The ‘Soil Matters’ document149 has an extensive module described as ‘a guide to best practice in soil sampling for the measurement of soil water and analysis of nutrients.’ It contains information on the equipment needed, strategies and methods of sampling, and practical tips for speedy and efficient operation.’

	The extract below (Soil Matters p17) provides a good example of the type of practical information available.
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	Push probe

	– fast assessment of depth of wet soil to length of probe

	– minimal equipment

	– cheap and portable

	but

	– no soil removed for nutrient analysis

	– unknown soil water at greater depth or below dry layer

	– errors with deep cracks

	– relies on experience

	Hand coring

	– soil available for observation and analysis of water and nutrients

	– can sample entire root zone

	– useful for small number of samples

	– cheap ($150) and portable

	but

	– labour intensive

	– needs skill to operate

	Mechanical coring

	– efficient operation for broad scale use

	– encourages more comprehensive sampling and higher precision

	but

	– higher capital cost ($3000–5000)

	– needs skill and experience

	


Soil Biology

	Introduction

	Developing cost efficient management practices and farming systems to improve soil quality is essential to sustainable agriculture in Australia and world-wide.

	Recent experience has shown that improvement in soil structure, soil organic matter content and nutrient performance is possible through changed management practices. Improved soil quality leads to better production performance including reduced input costs for herbicides, pesticides and fuel, less wear on machinery and more efficient use of water and nutrients. The next wave of productivity improvements in Australia will come from the foundation of agriculture – the soil itself.

	Why monitor? Land holders seek to increase or optimise plant and animal productivity while maintaining on-site and off-site environmental impact. This is achieved through the implementation of a variety of management practices and philosophies which have a direct effect on biological, chemical and physical properties of the soil resource. Through appropriate monitoring of these properties over time positive and negative changes in soil quality can be identified with the overriding goal of developing better farming systems.

	Soil properties presented in this web site can be interpreted in one of two ways. For some soil properties target values are known. Here one-off sampling can be used to determine if a soil is above or below the target value. For other soil properties target values are not defined and it is important to recognise that subsequent monitoring over time is required so that positive and negative trends become apparent. Here monitoring through time provides land holders with a means of illustrating positive outcomes from their stewardship.

	http://www.soilquality.org.au/about

	Soil biological fertility150

	A fact-sheet funded by the Healthy Soils for Sustainable Farms programme, an initiative of the Australian Government’s Natural Heritage Trust in partnership with the GRDC, and the WA NRM regions of Avon Catchment Council and South Coast NRM, through National Action Plan for Salinity and Water Quality and National Landcare Programme investments of the WA and Australian Governments.

	Soil organisms improve soil fertility by performing a number of functions that are beneficial for plants. This article examines six of these functions.

	– There are more organisms in a handful of soil than there are people on Earth, but most of them can only be seen under a microscope.

	– The weight of organisms in the surface 10 cm of a cropping soil in southern Australia can be as much as 2 t/ ha.

	– About a quarter of all the organisms in an agricultural soil are located in the surface 2 cm of soil.

	– At any one time, most soil organisms (>70 %) are inactive as soil conditions are not usually optimal.

	– Although there are a few pest nematodes species, there are over 95 non-pest species.

	Fixing atmospheric nitrogen

	Symbiotic nitrogen fixation is a significant source of nitrogen for Australian agriculture and may account for up to 80% of total nitrogen inputs. In the symbiosis, rhizobia or bradyrhizobia fix nitrogen gas from the atmosphere and make it available to the legume. In exchange, they receive carbon from the legume. The symbiosis is highly specific and particular species of rhizobia and bradyrhizobia are required for each legume.

	Releasing nutrients from organic matter

	Soil microorganisms (Figure 25) are responsible for most of the nutrient release from organic matter.

	When microorganisms decompose organic matter, they use the carbon and nutrients in the organic matter for their own growth.

	They release excess nutrients into the soil where they can be taken up by plants
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	Figure 25 Colonies of bacteria shown in light blue in soil, each bacterium approximately 1 micron in size

	If the organic matter has a low nutrient content, micro-organisms will take nutrients from the soil to meet their requirements.

	For example, applying organic matter with carbon to nitrogen ratios lower than 22:1 to soil generally increases mineral nitrogen in soil. In contrast, applying organic matter with carbon to nitrogen ratios higher than 22:1, generally results in microorganisms taking up mineral nitrogen from soil.

	Increasing phosphorus availability

	Most agricultural plants (except lupins and canola) form a symbiosis with arbuscular mycorrhizal (AM) fungi (Figure 26) that can increase phosphorus uptake by the plant. The hyphal strands of AM fungi extend from plant roots into soil and have access to phosphorus that plant roots cannot reach. The AM fungi can provide phosphorus to plants and in return they receive the carbon they need to grow.

	Importantly, this symbiosis is only beneficial for plants when available phosphorus in soil is insufficient for the plant’s requirements.
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	Figure 26 A mycorrhizal fungi growing into plant cells where it has formed tree like structures (arbuscules) that allow phosphorus to be transferred from the fungi to the plant

	Increasing phosphorus availability may be especially beneficial on phosphorus fixing soils in Australia, which are widespread and can store 100 kilograms of phosphorus per hectare.

	Degrading pesticides

	The degradation of agricultural pesticides in soil is primarily performed by microorganisms. Some microorganisms in soil produce enzymes that can break down agricultural pesticides or other toxic substances added to soil. The length of time these substances remain in soil is related to how easily they are degraded by microbial enzymes.

	Controlling pathogens

	Some microorganisms and soil animals infect plants and decrease plant yield. However many organisms in the soil control the spread of pathogens. For example, the occurrence of some pathogenic fungi in soil is decreased by certain protozoa that consume the pathogenic fungi. The soil food web contains many relationships like this that decrease the abundance of plant pathogens.

	Improving soil structure

	Biological processes in soil can improve soil structure. Some bacteria and fungi produce substances during organic matter decomposition that chemically and physically bind soil particles into micro-aggregates. The hyphal strands of fungi can cross-link soil particles helping to form and maintain aggregates (Figure 27).

	A single gram of soil can contain several kilometres of fungal hyphae. In addition, soil animals increase pores by tunnelling through soil and increase aggregation by ingesting soil
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	Figure 27 Fungal hyphae (shown in blue) extending through soil

	Managing soil biological fertility

	We currently understand less about how management practices affect soil biological fertility than how they affect soil chemical and physical fertility. However, the management practices described below may help improve and maintain the biological fertility of soil.

	1. Minimise erosion as soil organisms are predominantly located in the surface layers, which are most easily eroded.

	2. Maintain or increase the organic matter content of soil as organic matter is an important source of carbon, energy and nutrients for soil organisms.

	3. Use diverse rotations as they result in diverse inputs of organic matter and a diverse population of soil organisms.

	4. Select nitrogen fixing bacteria that match the host plant and can tolerate your soil characteristics (e.g. pH) as nitrogen fixing bacteria form specific associations with legumes.

	5. Consider the release of nutrients from organic matter when determining fertiliser applications.

	6. Use fertiliser inputs that complement the activities of arbuscular mycorrhizal fungi as they only increase plant uptake of phosphorus in phosphorus-deficient soils.

	7. Choose crop rotations and management practices that decrease the suitability of soil for plant pathogens.

	8. Be patient as soil biological processes take time to develop.

	Factors affecting microbial biomass151

	The microbial biomass is affected by factors that change the water or carbon content of soil, and include soil type, climate and management practices. Rainfall is usually the limiting factor for microbial biomass in southern Australia. Soil properties that affect microbial biomass are clay, soil pH, and organic C (Figure 28). Soils with more clay generally have a higher microbial biomass as they retain more water and often contain more organic C. A soil pH near 7.0 is most suitable for the microbial biomass.

	Management of crop residues influences microbial biomass as they are one of the primary forms of organic carbon and nutrients used by the microbial biomass. Retaining crop residues rather than burning them provides a practical means of increasing the microbial biomass in soil by increasing the amount of organic carbon available to them.
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	Figure 28 The main soil properties affecting the microbial biomass and factors influenced by it

	A Practical Test To Assess The Biological Status Of Australian Grain-Growing Soils152

	Key Points

	– The PreDicta B DNA tests can measure pathogens and beneficial organisms in grain-growing soils.

	– Measuring beneficial nematodes, in addition to pathogens, will help growers assess biological soil health and consider adopting practices that will improve the health of their soils, such as planting legumes as rotation crops to enhance nutrient cycling or retaining crop residues to improve the soil’s capacity to suppress to root pathogens.

	– Some managements, particularly tillage and fertilisation practices, have detrimental effects on omnivorous and predatory nematodes.

	These tests are available from the South Australian Research and Development Institute (SARDI) through its PreDicta B soil testing service which provides a quantitative assessment of the key pathogens and beneficial organisms in grain-growing soils.

	It is important to remember that results will be influenced by many factors, particularly soil type and rainfall. The nematode community in a sandy soil in Western Australia will be quite different to a brown earth from the South Australian mid north or a clay soil from the northern grain-growing region. Results of free-living nematode analyses need to be considered at a regional level, and must always be interpreted carefully. One way of doing this is to compare results from farms in similar soil types and environments and use the comparison to determine the management factors that are influencing the nematode community.

	Biological Indicators153

	Biological indicators give information on living organisms in soil. Biological indicators of soil quality therefore measure dynamic soil properties, i.e. properties that change over time and/or with management. It is important to monitor biological indicators as they respond more quickly to changes in management or environment than physical and chemical indicators.

	For most biological indicators, there is little evidence currently available which directly links the value of the indicators to productivity or, in some cases, the risk of adverse environmental impact. However, there is good evidence from field trials carried out on a range of soils in Australia of links between biological indicators and soil processes. These have been used to create guideline ranges for the biological indicators, similar to those used for the dynamic physical and chemical indicators.

	– Indicators falling in the RED zone are high risk and need to be investigated urgently.

	– Indicators falling in the AMBER zone are moderate risk and should be investigated further.

	– Indicators falling in the GREEN zone are low risk, regular monitoring should be continued.

	As an example:

	Organic matter in soil refers to all the materials that are or were associated with living organisms.

	It is difficult to measure directly and total organic carbon (usually expressed as % C – the percentage of carbon in the soil), is measured instead. The value for total organic carbon can be converted to give tonnes of carbon per hectare using information about bulk density and gravel content.

	Low levels of total organic carbon can indicate that there might be problems with unstable soil structure, low cation exchange capacity and nutrient turnover.
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	Figure 29 An example of a biological indicator ‘traffic light’ style guide

	Where total organic carbon in a paddock is lower than the soil’s capacity to store organic matter it may be increased by increasing ground cover, reducing fallow, retaining stubble, increasing the proportion of pasture in the rotation or other management strategies that increase inputs of organic materials into the soil.

	


Variability and adaption

	Introduction

	It is evident to practically all farmers that there is great variability in both soil properties and plant yield within a paddock. In general, this variability is a result of natural variability and that generated as a consequence of human intervention. Prior to the mechanical revolution, within-paddock variability was closely monitored and its influence greatly affected management decisions because of the effort required at that time to perform most mechanical tasks. With the advent of mechanisation, equipment has been developed to manage ever larger paddocks as single homogeneous units, and the ability to respond to variability within these paddocks has diminished. Variability occurs in both horizontal and vertical directions. The main natural factors that cause this variability are climate, soil parent material, time, topography, drainage, and soil organisms. Subsequent management, fertiliser use, lime application and cropping history cause further man-made changes to the soil physical and chemical properties and their within-field variability.

	Of utmost importance is the physical ability of a soil to accept and hold water in a manner suited to the support of crop growth, not waterlogging or drying to permanent wilting point, and the expansion of the root system. In this context, it will be the within-field variability of soil texture, bulk density, surface structure, aggregate stability, and propensity to slake, disperse and form crusts which are most likely to reflect the potential variability of crop yield. Chemical properties of importance in soil are pH, essential plant nutrients, organic matter, cation exchange capacity and salinity. Because of their effects on crop yield, either directly or indirectly, knowledge of the spatial variability of these factors is important for management. An estimate of the local yield potential will help in formulating management maps in site-specific management programs.154

	The impetus for the current concept of precision agriculture (PA) in cropping systems emerged in the late 1980’s with the matching of grid-based sampling of soil chemical properties with newly developed variable-rate application (VRA) equipment for fertilisers.

	Using a compass and dead-reckoning principles, fertilisers were applied at rates designed to complement changes in soil fertility maps that had been created. Around 1990, the NAVSTAR Global Positioning System (GPS) became the first Global Navigation Satellite System (GNSS) available in a limited capacity for civilian use and the opportunity for rapid and ‘accurate’ vehicle location and navigation sparked a flurry of activity.

	The linking of yield variability data at this scale with maps of soil nutrient changes across a field marked the true beginning of PA in broad-acre cropping

	Figure 30 shows an example of fertiliser/ yield response functions for two management classes (or field partitions) defined using average yield data.
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	Figure 30 Yield response to applied nitrogen fertiliser from a trial

	As yield monitoring systems were improved, it became evident that methods other than grid sampling for collaborative information would need to be developed. In many instances, grid sampling at the intensity required to correctly characterise variability in soil and crop parameters proved cost prohibitive and, by the late 1990s, a ‘management class’ approach had become a real option for management. This approach subdivides existing fields into classes of similar crop response and helps account for current limitations in data resolution while trying to maximise the benefits of PA for crop management.

	New systems for measuring or inferring soil and crop parameters on a more continuous basis continue to be developed using both proximal (i.e. on ground-based platforms) and remote (i.e. aerial and satellite) platforms. Examples of these are apparent soil electrical conductivity measuring instruments that use electromagnetic induction, crop reflectance imaging and crop quality sensors.

	In Australia, it is common knowledge that the most dominant influences on yield variability (other than climate/rainfall) are changes in soil physical factors such as soil texture, soil structure, soil depth and organic matter levels. These are known to contribute indirectly to moisture storage limits, cation exchange capacity (CEC) and nutrient availability of the soil.

	There are two main types of variability to consider when exploring how PA may be useful for a farming operation.

	– Spatial variability in Precision Agriculture (PA) refers to the variation found in crop, soil and terrain properties across an area (e.g. field or farm)

	– Temporal variability in PA refers to the variation in crop, soil and climatic properties within a certain area at different measurement times (e.g. different growth stages; successive seasons)

	There is a large list of important components of a farming operation for which it might be useful to have data on the extent of variability. For some, such as fertiliser quality, farmers rely on outside companies to minimise the variation and so ‘remove’ the need for substantial ‘on-farm’ management. Others, such as crop yield, soil properties and pest and disease outbreaks, vary differently on each farm. Local knowledge about variability in these parts of the farming system can be used to build site-specific crop management (SSCM) strategies. SSCM aims to better identify the changing yield potential within a field and then improve decisions about the use of inputs such as fertilisers, pesticides, fungicides, lime, gypsum and fuel to better match the changing requirements of the soil and crop. A better match should mean that inputs are used efficiently, profits are maximised and waste is minimised.

	For example, if the cost of the input and the price received for the crop yield is included in a marginal revenue (MR) – marginal cost (MC) analysis. MR and MC are defined as either the change in revenue or cost as each additional unit is produced.

	Here, MC is the price of each unit of the input being applied (e.g. the price of one kilogram of nitrogen) and MR is the amount of money received for the output gained from using that unit of input.

	When the return (MR) for applying an additional unit of input is greater than the cost (MC), then applying the unit of input is profitable. If MR is less than MC, the additional unit of input is not profitable.

	Figure 31 shows an example of such an analysis using the management classes shown in Figure 30. Uniform field application was 60 kg N/ ha. MC=MR analysis shows that Class 1 optimum applied N rate = 109kg N/ ha; and Class 2 optimum = 39 kg N/ ha.155
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	Figure 31 Optimum rates of applied nitrogen fertiliser

	Impact of variation in soil attributes on crop yield variability

	Soil texture

	Soil texture is usually measured by the percentages of sand, silt, clay and gravel in a soil. It is possible to make an estimate of the soil texture in the field using simple hand-texturing techniques. The greater the amount of sand-sized particles, the coarser the soil. Soil texture influences the crop yield potential of a site by contributing to the variation in nutrient storage and availability, water holding and transport, the binding/ breakdown of agrochemicals and soil stability to disruptive forces.

	Spatial variation in soil texture within a paddock may contribute to the final pattern of crop yield. Soil electrical conductivity (ECa) and gamma radiometric surveys have been used to locate major changes in soil texture and can be used to select soil sampling sites to characterise these changes.

	Soil structure

	Soil structure may be simply described as the arrangement of particles that form the soil and the distribution of spaces between these solid particles. The structure of the soil affects the physical penetration, growth and anchorage of roots. It also regulates the air/ moisture balance (which is important for good plant growth and microbial activity) as well as the soil drainage/water holding characteristics and the erosion potential.

	The structure of a soil can be degraded by:

	– mechanical forces such as compaction by vehicles, implements or animals; disruption by cultivation;

	– wetting and drying cycles in the soil;

	– loss of organic matter; and

	– increase in sodicity.

	Structural degradation can influence yield but the degree of impact may be determined by the season. For example, in a wet year the effects of compaction may cause increased water logging, while in a dry year, especially in a hard setting soil, compaction effects will reduce the quantity of soil water and may restrict root exploration. The different impacts of soil structure decline mean that when interpreting crop variability in a paddock, it is important to consider variability over several years with the recorded seasonal conditions.

	Any spatial variability in soil structure can affect the efficient use of inputs such as fuel and nutrients, and also contribute to the spatial pattern of crop yield within a paddock.

	Soil depth

	Soil depth is defined here as the depth of soil that can be readily accessed by crop roots. This depth is a very important parameter because it greatly influences the total quantity of water and nutrients available to the plant. It may be the depth of soil to bedrock or to some subsoil layer that is impenetrable by plant roots. Some of these subsoil layers are a permanent feature of the soil resulting from the way the soil was formed, e.g. layers high in clay, boron, salinity, acidity or alkalinity. Others such as a plough pan, may be caused by previous usage. While the actual rooting depth of a plant depends on the species, it is also controlled by the amount and location of soil water. This is because if there is no soil water at depth, roots will tend to grow only in the surface soil. It should be noted that any water or nutrients that pass below the actual rooting depth of a plant are unavailable and may contribute to environmental damage, such as salinity or pollution.

	Soil organic matter

	In most soil types the amount of soil organic matter (OM) provides an indicator of the inherent soil fertility. OM plays a significant role in stabilising soil structure by binding soil particles together and in storing and releasing nutrients. The amount and type of OM also influences the quality and quantity of soil microbial activity. Of particular interest is the ability of OM to provide mineralisable nitrogen, phosphorus and sulphur as this may influence the requirements for synthetic fertiliser application. The importance of OM in storage and release of moisture and plant available nutrients increases as the percentage clay content decreases.

	Soil water

	In most regions of Australia, a lack of soil water is the factor most limiting yield. Studies have shown that 50% of the variation in wheat yield can often be explained by variability in soil moisture at the time of sowing. Variability in soil water content also influences soil biological activity and soil temperature, which in turn affect nutrient uptake in roots and also root elongation.

	The total amount of water that can be stored in the soil profile and made available to plants is called the Plant Available Water Capacity (PAWC) of the soil. The PAWC is essentially governed by the soil’s structure, texture and depth. Generally:

	– good structure provides more pore area for water to be stored;

	– clay holds more water than sand, but it also holds it more tightly than sand as the soil dries; and

	– a deeper soil provides more volume to store water.

	Although growers cannot easily alter the soil texture or depth, soil structure and crop rooting depth can in some situations be changed by management practices. Removing subsoil constraints such as salinity, boron, sodicity and layers of extreme pH can help roots extract all of the available water at depth.

	Spatial variation in PAWC is very important in regions where cropping relies heavily on stored soil water. It is less important where in-season rainfall is sufficiently uniform to supply crop needs during the season. However, the factors that contribute to a larger PAWC also allow the soil to hold more water between rain events.

	Soil pH

	Soil pH is a measure of the acidity or alkalinity of the soil. An acid soil has a pH value less than 7, a neutral soil has a pH of 7 and an alkaline soil has a pH larger than 7. The pH of the soil is important because:

	– most agronomic crops and soil organisms prefer a neutral to slightly acidic soil;

	– some soil-borne diseases tend to prefer a particular pH range; and

	– the pH can affect the availability of nutrients in the soil.

	Spatial variation of greater than 1 pH unit across a paddock will induce variability in the plant availability of nutrients, even if fertiliser is applied in uniform quantities.

	Soil nutrients

	The sufficient supply of macro- and micro- nutrients is crucial to growing crops. Variability in soil nutrients is ultimately governed by variability in soil physical factors and moisture cycles, along with the soil pH. These factors influence both plant root growth and supply of nutrients to the roots by controlling the total quantity of available nutrient, the rate of movement and the ease of delivery to the roots.

	The spatial variability in the major nutrients is usually related to increasing nutrient mobility in the soil (nitrogen is more mobile than potassium, which is more mobile than phosphorus). Adding fertiliser and increasing organic matter increases the total amount, and the variability in, nutrient content in the soil. The effect of variability in soil nutrient concentrations on crop yield is magnified by the fact that substantially less than 50% of a crop root system is able to absorb nutrients.

	Measurement of the spatial variability in soil nutrients has been aimed at determining changes in the levels of nitrogen, phosphorus and potassium prior to sowing and of deep soil nitrogen prior to pre-seeding nitrogen applications. The levels of soil nutrients are generally determined by soil sampling and sending the samples away for analysis in a laboratory. In-paddock soil nutrient sensing systems are under development.

	


Farm/ system management

	Introduction

	Ever since humans moved from simple hunting and gathering, man has contemplated how to produce food and fibre. Today with most western farms having large investments, careful consideration of the ‘what, how and when’ decisions embodied in a farming system is necessary. Despite their large investment, most farmers, however, still use the simplest of analytical methods questioning the usefulness of the available tools for other than professionals who provide guiding analyses.

	In choosing the best method of assessing farm systems, an analyst must understand the decision environment. In some areas, for example, where weather is extremely variable, risk models are important whereas in others, where the weather is extremely reliable, simpler models can be used. This stresses, of course, that the approach must be problem-based in contrast to technique-centred. And it must always be remembered that farmers seldom completely change their system overnight, preferring to make marginal changes and assess outcomes before their next move.156

	While the vision that farming systems simulation would contribute to improved farm management dates from the early 1970s, the tools have had to undergo substantial evolution before such a vision could be seriously contemplated. The trend has been for greater scope in the issues the simulation model can address and greater sophistication in the software engineering. APSIM is a modelling framework that allows individual modules of key components of the farming system (defined by model developer and selected by user) to be ‘plugged in’. APSIM was designed at the outset as a farming systems simulator that sought to combine climate risk analysis, which requires sensitivity of yield to weather extremes, with prediction of the long-term consequences of farming practice on the soil resource (e.g. OM dynamics, erosion, acidification, etc.).157

	There has been some concern among workers that simulation models are too data intensive and complex for general adoption and that their point specific results do not reflect variation that may occur at field scale,158 while others point out that multiple simulations are now possible to overcome some of these problems.159

	Precision farming (usually called precision agriculture in Australia) is a systems approach to managing soils and crops to reduce decision uncertainty through better understanding and management of spatial and temporal variability. Although precision farming (PF) started as a technology led development, it is not just synonymous with yield mapping and variable rate technology (VRT) for managing spatial variability within a field. Instead, PF should be viewed as a systems approach to crop production in which the goal is to reduce decision uncertainty through better understanding and management of uncontrolled variation.160

	One aspect of precision agriculture (PA) is site-specific crop management (SSCM). To match inputs better with soil and crop requirements as they vary in space and time, SSCM involves management of spatial units that are smaller than fields (often using potential management classes). Spatially dense, geo-referenced information is an integral component of SSCM. Crop yield, topography and apparent soil electrical conductivity are considered to be basic information layers for determining potential management classes in Australia.161

	In considering the use of visual soil examination and evaluation (VSEE) techniques in the field, which he asserts remain a crucial component of soil assessment and management packages for farmers in rural Australia, McKenzie162 identified four major soil-related issues requiring attention by Australian farm businesses:

	– Annual profitability

	– Land values

	– Predicted increases in the cost of agricultural inputs

	– Negotiations with mining and gas extraction companies

	McKenzie suggests that: ‘Whole-farm soil assessment and management plans – built upon a combination of modern soil databases, field-based VSEE techniques, and extra laboratory analysis where appropriate – are recommended for all Australian farms. This information can then be interlinked with the operations sections of farm business plans. It is recommended that a ‘first approximation’ of the main patterns of variation be prepared using VSEE techniques, followed if appropriate by detailed assessment at a small number of key locations. Yield mapping procedures are available to highlight the least-productive and best zones within a farm that can be targeted for soil sampling.

	Visual Soil Assessment (VSA)163 and VSEE use scoring systems to rank or grade soil for specific uses or as quality/ function judgments. The VSEE system also uses ‘traffic light’ type visual indicators, as used in some soil biological indicators. An example of structural assessment from the Cotton SOILpak is shown below.164 Cotton SOILpak was an early VSEE based system.
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	Figure 32 Possible scores and interpretations for the SOILpak ‘structural form’ assessment

	From the concepts outlined above, it would appear that successful systems approaches should be based on problem area definition by way of variable yield data, which is widely available, and local knowledge or simple, physical assessment. This information can be used to plan amelioration or improvement strategies which can be included in costing and management decisions.

	A key factor in this approach for this learning material is the type of soil knowledge and therefore information required to perform these assessments, or already specified by assessment and/ or management systems.

	Soil data

	The Australian Soil Resource Information System (ASRIS) provides online access to the best publicly available information on soil and land resources in a consistent format across Australia. It provides information at seven different scales:

	– The upper-three scales provide general descriptions of soil types, landforms and regolith across the continent

	– The lower scales provide more detailed information in regions where mapping is complete. Information relates to soil depth, water storage, permeability, fertility, carbon and erodibility. Most soil information is recorded at five depths

	– The lowest scale consists of a soil profile database with fully characterised sites that are known to be representative of significant areas and environments.

	http://www.asris.csiro.au/index_other.html

	SoilMapp for iPad provides direct access to best national soil data and information from the Australian Soil Resource Information System (ASRIS) and APSoil, the database behind the agricultural computer model: APSIM.

	As noted elsewhere (APSIM for PAWC), APSIM is a complex model with extensive soil property information. While this information is required for the modelling capabilities, the associated APSoil data base provides profile information for use in APSIM or other situations, with representative profiles covering much of Australia.

	Other data sets exist in government departments and research institutions. A summary of the state data systems (indicative only) is shown below.

	
		
				state

				system

				open access

				platforms

				via ASRIS/ APSoi

		

		
				 

				 

				(profile data)

				web

				portable

				 

		

		
				NSW

				eSPADE

				✓

				✓

				✓

				X

		

		
				QLD

				SALI

				✓

				✓

				 

				✓

		

		
				SA

				 

				 

				 

				 

				✓

		

		
				TAS

				 

				 

				 

				 

				✓

		

		
				VIC

				VSIS

				X

				 

				 

				 

		

		
				WA

				 

				 

				 

				 

				✓

		

	

	eSPADE is a Google Maps-based information system that allows easy, no-cost, map-based access to a wealth of soil and land information from across NSW, including many thousands of individual site-based observations of landscape and soil features available as downloadable reports individually or in bulk, and as maps of profile points classified using a number of different soil attributes. The data accessible through eSPADE is sourced mainly from the NSW Soil and Land Information System (SALIS), eSPADE sites are not included in the APSIM soil profile database, but the system is available on portable systems such as tablet computers.

	From a precision agriculture (PA) perspective, variability occurs in horizontal and vertical directions, in both soil properties and plant yield within a paddock.

	Of utmost importance is the physical ability of a soil to accept and hold water in a manner suited to the support of crop growth, and so it will be the within-field variability of soil texture, bulk density, surface structure, aggregate stability, and propensity to slake, disperse and form crusts which are most likely to reflect the potential variability of crop yield. Chemical properties of importance in soil are pH, essential plant nutrients, organic matter, cation exchange capacity and salinity.165

	Note that the data provided by the systems mentioned above is for reference or ‘nearby’ sites. As with any parameter or data set, the only way to get up to date site specific information is to sample the soil and test for parameters of interest, to appropriate depths.

	The Soil Water App requires users to select a soil type based on textural and layering categories, as shown in Table 24.

	Table 24 Soil Water App soil categorization system

	
		
				Soil Water App (SWApp) descriptors

				 

				 

		

		
				Primary

				GSG – Stace

				Other

				PAWC

				Root depth

				Texture class

				ASC order

		

		
				Clay loam

				Prairie soil

				Medium clay (non cracking) well drained

				138

				1.4

				clay loam

				Dermosol

		

		
				Clay loam over medium clay

				Red earth

				Well drained, 1.3m root depth

				119

				1.3

				clay loam/ clay

				 

		

		
				Deep clay loam

				 

				Well structured, good water holding clay loam/ clay

				200

				1.5

				Clay loam/ clay

				 

		

		
				Deep heavy cracking clay

				Black earths/ grey clays

				Deep soil, well structured, high water holding no root limitations

				300

				1.8

				Clay

				 

		

		
				Deep pale sand

				 

				Deep sand, low water holding capacity

				55

				1.6

				Sand

				Tenosol

		

		
				Deep red loam

				Red earth

				 

				182

				1.8

				Loam

				Kandosol

		

		
				Deep sand

				Sand plain soil

				 

				71

				1.8

				Sand

				Tenosol

		

		
				Heavy cracking clay

				 

				High water capacity, drains slowly

				219

				1.2

				Clay

				Vertosol

		

		
				Loam over sandy clay

				 

				Loamy surface, clay at depth

				95

				1.0

				Loam/ clay/ light clay

				Dermosol

		

		
				Loamy clay

				 

				Uniform profile

				169

				1.2

				Clay loam

				 

		

		
				Loamy duplex

				Red-brown earth

				Duplex/ texture contrast

				120

				1.2

				Loam

				Sodosol (red)

		

		
				Sand over light clay (+gravel)

				 

				Alkaline sandy duplex

				100

				1.0

				Sand/ light clay

				 

		

		
				Sandy duplex

				 

				Sand (4 inches) over sandy clay

				68

				1.0

				Sand/ light clay

				 

		

		
				Sandy loam

				 

				Yellow, pale sand, free draining

				79

				1.0

				Sand

				 

		

		
				Sandy surface light clay

				Red-brown earth

				 

				91

				0.8

				Sand/ light clay

				 

		

		
				Shallow heavy cracking clay

				 

				Shallow vertosol 60cm deep cracking but slow draining when wet

				122

				0.6

				Clay

				Vertosol

		

		
				Shallow medium clay

				 

				Medium non cracking clay. Uniform texture with depth

				75

				0.5

				Clay

				 

		

		
				Shallow sandy duplex

				 

				Sand over clay loam

				45

				0.7

				Sand/ clay loam

				 

		

		
				Shallow sandy loam

				 

				Shallow and low water holding

				49

				0.9

				Sandy loam

				 

		

		
				Yellow sand

				 

				0.9m deep, low water holding, free drainage

				70

				1.5

				Sand

				 

		

	

	VSEE techniques provide a good reference to the types of soil properties and tests relating to different field issues, as shown in Table 25.

	Table 25 A checklist of soil physical, chemical and biological factors that should be considered for soil assessments on Australian farm land, and associated soil amelioration strategies166

	
		
				Soil factor to be tested

				Associated processes that have practical importance for farmers

				‘First-approximation’ VSEE testing (rapid and inexpensive tests for use, field or home)

				Detailed testing, if required, at selected sites (uses rcomplicated testing equipment)

				Amelioration strategies to consider for the land use 

		

		
				Structural form (compaction severity)

				Water intake
Water storage
Rate of drainage of excess water and pollutants
Erosion losses
Root growth and function
Emissions of nitrous oxide and methane 

				SOILpak score
VESS
VSA

				Bulk density measurement
Penetrometer/shear vane
Image analysis/clod shrinkage parameters
Moisture status; content, potential and flowrate

				Mechanical loosening
‘‘Biological tillage’’ (loosening via shrink – swell processes; bioturbation)

		

		
				Structural stability in water

				Ability of soil to maintain vital functions associated with its soil structural form after water has been applied

				slaking/dispersion assessment

				ESP
ESI
Ca/Mg ratio
Organic carbon
dispersion test

				Gypsum
Gypsum-lime blends
Organic matter

		

		
				Structural resilience

				Ability of a soil to regain a desirable soil structural form via natural processes, for example shrinkage/swelling on wetting and drying cycles

				Slurry dried in a Petri dish in the oven (linear shrinkage)

				Cation exchange capacity
COLE testing (Coefficient of linear extensibility used to characterise the shrink-swell behaviour

				Clay addition to sandy soil
Deep mouldboard
ploughing of duplex soil

		

		
				Texture

				Water storage capacity
Nutrient retention

				Hand texturing 

				Particle size analysis

				Clay addition to sandy soil
Deep mouldboard
ploughing of duplex soil

		

		
				Stoniness

				Water storage capacity
Reduction in erodibility

				Visual estimation of coarse fragment content

				Particle size analysis

		

		
				Depth to hard rock

				Water storage

				Direct measurement in soil pit

				 

				Soil importation

		

		
				Water repellence

				Water intake

				Time for water drop to be absorbed by soil 

				‘Molarity of ethanol drop’ (MED) test

				Clay addition to sandy soil

		

		
				Waterlogging severity, impermeable bedrock, shallow watertables

				Root growth and function
Emissions of nitrous oxide
and methane

				Redoximorphic features in the deep subsoil
Depth to slowly permeable layer

				Eh assessment
Soil gas movement 

				Install drains

		

		
				pH

				Nutrient availability and the possibility of aluminium toxicity

				Indicator solution sprayed onto the soile
Carbonate patterning in alkaline soil

				Laboratory testing of pH (CaCl2), aluminium availability, ‘acid sulphate soil’ status

				Lime application

		

		
				Salinity

				Water uptake restriction,
toxicities

				Hand-held electrical conductivity meter with approximate 1:5 soil:water suspension

				Laboratory testing of ECe, boron concentrations
EM surveys

				Profile leaching

		

		
				Nutrients

				Deficiency avoidance

				Visual plant deficiency
symptoms

				Soil and plant tissue analysis by laboratories

				Fertilisers

		

		
				Soil biological status

				Soil structure improvement, improved nutrient availability

				Soil fauna observations, aroma, darkness, stubble

				Organic carbon status
Micro-organism assessments

				Biological additives

		

	

	 

	Inferred data

	In PA, while new techniques are becoming available, apparent soil electrical conductivity (ECa) is the most commonly measured soil property for on-the-go systems. Soil ECa is a measure of the ability of the soil to conduct electricity. An electrical current may be conducted through the soil via three pathways:

	– The pore-connected soil solution of water and ions

	– The cations that are bound to the surfaces of clay particles, and

	– Connected solid soil particles.

	Because of these pathways, there are a number of soil attributes that will affect the ability of the soil to conduct electricity. They are:

	– Soil texture

	– Soil cation exchange capacity (CEC)

	– Soil moisture

	– Ions in the soil solution, and

	– Soil temperature

	All of these factors impact on the yield potential of the soil.167

	Instruments are available that allow the ECa to be measured for the topsoil or to depths up to six metres. This allows for measurements to be tailored to suit specific requirements.

	Soil ECa can be measured using two different techniques: Electromagnetic induction (EMI) or Electrical resistivity (ER).

	The tables below indicate the soil properties related to various proximal sensing techniques.168

	Table 26 Continuous measurement techniques and uses – soil chemical properties

	
		
				Soil properties

				Limitations to yield

				Proximal sensing techniques that show potential

				Manual sampling methods for identification or ground-truthing

		

		
				Soil Nutrients

				Deficiency e.g. N, P, K S and trace elements or toxicity e.g. AL, B

				Visible/NIR/SWIR/MIR
Ion-selective electrodes
ISFET

				Soil sample lab test
Plant tissue test
Crop visual indicators

		

		
				Soil pH

				Nutrient availability and Al and B toxicity

				Ion-selective electrodes
ISFET

				Soil sample lab test

		

		
				Organic matter

				Low organic matter

				Visible/NIR/SWIR/MIR

				Soil sample lab test for organic C, OM fractions
NIR/MIR

		

		
				Soil Sodicity

				High sodium content

				Calibrated EMI or Resistivity

				Dispersion test on soil sample
Cation exchange capacity

		

		
				Soil Salinity

				High salt content

				Calibrated EMI or resistivity
Ground penetrating radar

				Soil sample lab analysis
Visual indication – crop patchiness

		

	

	Table 27 Continuous measurement techniques and uses – soil physical properties

	
		
				Soil properties

				Limitations to yield

				Proximal sensing techniques that show potential

				Manual sampling methods for identification or ground-truthing

		

		
				Soil Texture/
Soil type

				Low inherent yield potential due to low:
CEC, PAWC, inherent fertility

				Gamma radiometrics
EMI or resistivity (clay content)
Visible/NIR/MIR
Ground penetrating radar
Tillage draft

				Hand texturing
PSA lab measurements

		

		
				(PAWC)

				Low water content

				Calibrated EMI or resistivity
Visible/NIR/MIR/Thermal IR
Radar 

				Drained upper limit (DUL)
Crop lower limit (CLL)

		

		
				Soil Water in season
(PAW)

				Low PAW

				Thermal Infrared
Visible/NIR/MIR
Radar
Time differential satellite imagery
Harvest Index maps
Using yield or ECa map conversions to PAWC

				Soil sampling lab measurement
In situ neutron/capacitance/TDR probes
Estimate from soil texture

		

		
				Water logging

				Reduced oxygen availability

				Elevation maps may indicate sensitive areas
EMI or Resistivity indicates areas of risk

				Piezometers/dip wells
Visual observation in crop and surface water ponding
Soil hydraulic properties

		

		
				Rooting depth

				Shallow rooting depth;
abrupt changes to soil textures; subsurface compaction; rocks

				Calibrated EMI or resistivity
Ground penetrating radar

				Soil profile assessment, push probe

		

	

	


Glossary

	Sources (unless otherwise indicated)

	– Houghton and Charman169

	– Price170

	– OED171

	A

	Absorption

	The process by which a substance is taken into and included within another substance, i.e. intake of gases, water, nutrients, or other substances by plants.

	Acid

	A substance that releases hydrogen ions; a condition in which the activity of the hydrogen ion exceeds that of hydroxyl.

	Acid soil

	A soil giving an acid reaction throughout most or all of the soil profile (precisely, below a pH of 7.0; practically, below a pH of 6.5). Generally speaking, acid soils become a problem when the pH drops below 5.5. At this level, and particularly below 5.0, the following specific problems may occur – aluminium toxicity, manganese toxicity, calcium deficiency and or molybdenum deficiency. Such problems adversely affect plant growth and root nodulation, which may result in a decline in plant cover and increase in erosion hazard.

	Acidification

	Acidification of the soil is a slow natural process and part of normal weathering. Many farming activities cause an increase in the rate of acidification of the soil. Changes in soil pHCa under agricultural use are measured in tens or hundreds of years rather than thousands of years as in the natural environment.

	There are four ways that agriculture contributes to the accelerated acidification of the soil and these are shown below,172 they are:

	use of fertilisers containing ammonium or urea

	leaching of nitrate nitrogen sourced from legume fixation or from ammonium fertilisers

	– removal of produce

	– build-up of soil organic matter
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	Figure 33 Agricultural practices that increase the rate of soil acidification

	Acidity

	The activity of the hydrogen ion in the water that surrounds soil particles, measured and expressed as a pH value.

	Adhesion

	The molecular attraction between surfaces that holds substances together.

	Water adheres to soil particles.

	Adsorption

	The attachment of a substance or ion to the surface of a solid or a liquid.

	Adsorption, electrostatic

	Adsorption caused by the electrical attraction of ions to a charged surface.

	Aeolian

	A term applied to deposits of soil materials transported and or arranged by wind.

	Aeration

	The process by which air in the soil is replaced by air from the atmosphere.

	The rate of aeration depends largely on the volume and continuity of pores within the soil.

	Aerial photograph

	Any photograph taken of the surface of the earth from fixed wing aircraft, helicopters, balloons or spaCECraft.

	Aerobic

	Describes soil conditions in which free oxygen is plentiful and chemically oxidising processes prevail. Such conditions are usually found in well-drained soils with good soil structure.

	Afforestation

	The establishment of a forest on land that has not previously, or not recently, been timbered.

	Aggradation

	The process of building up of surfaces such as streambeds or floodplains, by the deposition of sediment and/or colluvium.

	Aggregate

	A cluster of particles held together by inter-particle forces or bonds. Aggregates may be spheres, blocks, plates, prisms or columns (see soil structure).

	Agronomy

	The study of land management and associated practices for the establishment, growth and use of crops and pastures. Involves an understanding of soils, land, climate, plant characteristics and animal husbandry in relation to crop and pasture production.

	Algae

	Originally: a seaweed (alga).

	In later use (chiefly in pl: algae): any of a large, diverse group of chiefly aquatic organisms which are capable of photosynthesis, many of which are plant-like in form but lack the true stems, roots, leaves, and vascular tissue which characterise typical land plants.

	Alkaline

	Containing or releasing an excess of hydroxyl over hydrogen ions.

	Alkaline soil

	A soil giving an alkaline reaction throughout most or all of the soil profile (precisely, above a pH of 7.0: practically, above a pH of 8.0). Many alkaline soils have a high pH indicated by the presence of calcium carbonate, and are suitable for agriculture. However, others are problem soils because of salinity and/or sodicity. Soils with a pH above 9.5 are generally unsuitable for agriculture.

	Alkalinity

	The quality or state of being alkaline; alkaline character or property

	The chemical condition of soil with a pH greater than 7.0. Often associated with saline soils and sodic soils.

	Allophane

	An alumino-silicate mineral that has an amorphous or poorly crystalline structure; commonly found in soils developed from volcanic ash.

	Alluvial

	Describes material deposited by, or in transit in, flowing water.

	Alluvial soil

	A soil developed from recently deposited alluvium, normally characterised by little or no modification of the deposited material by soil-forming processes, ·particularly with respect to soil horizon development.

	Alluvium

	An extensive stream-laid deposit of unconsolidated material, including gravel, sand, silt and clay (see soil texture). Typically it forms floodplains that develop alluvial soils.

	Alpine

	Describes the area above the timber line in mountainous terrain, determined by the occurrence of low temperatures. In Australia, the dominant vegetation consists of a snowgrass-herb community.

	Aluminium

	An element with the symbol Al and atomic number 13

	A silvery-grey metallic chemical, which is comparatively light in weight, strong, and corrosion-resistant, the most abundant metal in the earth’s crust and is obtained mainly from bauxite (A hydrous oxide of aluminium oxide and iron). It is a constituent of many rocks in the form of aluminosilicates.

	Aluminosilicates

	A compound containing both silicon and aluminium bonded to oxygen; esp. any of numerous substances which are silicates in which aluminium replaces some of the silicon, such as clay minerals and some other rock-forming minerals such as feldspars.

	Ammonia

	NH3

	A colourless gas with pungent smell and strong alkaline reaction, chemically a compound of three equivalents of hydrogen with one of nitrogen, (NH3)

	Most nitrogen fertiliser production comes from the commercial fixation of atmospheric nitrogen into ammonia and further processing of ammonia into other compounds

	Ammonium

	NH4

	The radical supposed to exist in the salts of ammonia, a compound of 4 equivalents of hydrogen with 1 of nitrogen, which behaves in composition as a monatomic alkaline metal, replacing, and presenting close analogies to, sodium and potassium.

	Ammonium – N

	Nitrogen (N) associated with Ammonium (NH4) which is often adsorbed on clay minerals, silt and organic colloids. In some clay types, especially those known as 2:1 layer clays ammonium-N can be fixed in a more permanent way than simple adsorption. Ammonium-N is usually in very low supply except following the application of nitrogen fertilisers (e.g. Anhydrous ammonia, Ammonium nitrate, Ammonium sulphate).

	Ammonification

	The biochemical process whereby ammonium-nitrogen is released from soil organic compounds.

	Amorphous

	Having no determinate shape, shapeless, unshapen; irregularly shaped, unshapely.

	Not composed of crystals in physical structure; uncrystallised, massive.

	Occurring in a continuous mass, without stratification, cleavage, or other division into similar parts

	Anaerobic

	Describes soil conditions in which free oxygen is deficient and chemically, reducing processes prevail. Such conditions are usually found in waterlogged or poorly drained soils in which water has replaced soil air.

	Anion

	An ion carrying a negative charge which moves towards the anode (positive electrode) during electrolysis, as opposed to cation. The word comes from a Greek word meaning ‘up’ (number of electrons down compared with protons)

	Anion exchange capacity

	AEC

	The sum total of exchangeable anions that a soil can adsorb.

	Ankerite

	A mineral closely allied to Dolomite (calcium and magnesium carbonate), with the magnesia largely replaced by iron, with or without manganese.

	Annual cropping

	A cropping system where one crop per year is grown on the same piece of land.

	Annual exceedance probability

	The chance that a particular event will be equalled or exceeded in any year, expressed as a percentage.

	It is the reciprocal of return period. For example, a 20 year return period is equivalent to a 5 per cent annual exceedance probability.

	Annual plant

	A plant which completes its life cycle and dies within one year or less. The life cycle includes production of roots, stems, leaves, flowers and finally seed for further regeneration.

	Antecedent moisture content

	The moisture content of a soil prior to a rainfall event.

	It has an important influence on the likelihood of runoff occurring as a result of subsequent rainfall, because antecedent moisture restricts the amount of infiltration which can take place.

	Anthesis

	To blossom, full bloom.

	Sometimes used to indicate the period at which the flower-bud opens

	Apedal

	Describes a soil in which none of the soil material occurs in the form of peds in the moist state. Such a soil is without apparent structure and is typically massive or single grained. When disturbed it separates into primary particles or fragments which may be crushed to primary particles.

	APSIM

	The Agricultural Production Systems sIMulator (APSIM) software is a modular modelling framework that has been developed by the APSIM Initiative and its predecessor the Agricultural Production Systems Research Unit (APSRU) in Australia.

	APSIM was developed to simulate biophysical processes in agricultural systems, particularly as it relates to the economic and ecological outcomes of management practices in the face of climate risk.

	APSIM is structured around plant, soil and management modules. These modules include a diverse range of crops, pastures and trees, soil processes including water balance, N and P transformations, soil pH, erosion and a full range of management controls. APSIM resulted from a need for tools that provided accurate predictions of crop production in relation to climate, genotype, soil and management factor while addressing the long-term resource management issues.

	The APSIM modelling framework is made up of the following components:

	A set of biophysical modules that simulate biological and physical processes in farming systems.

	A set of management modules that allow the user to specify the intended management rules that characterise the scenario being simulated and that control the simulation.

	Various modules to facilitate data input and output to and from the simulation.

	http://www.apsim.info/

	APSoil

	APSoil is a database of soil water characteristics enabling estimation of Plant Available Water Capacity for individual soils and crops. It covers many cropping regions of Australia and is regularly updated. It is designed for use in simulation modelling and agronomic practice.

	APSoil enables the user to:

	– View individual soil and crop species data in spreadsheet and graphical formats

	– Develop personal APSoil directories of locally relevant soils

	– Modify soils to fit local conditions eg sub-soil constraints

	– Include digital images or.pdf files relating to individual soils

	– Check soil files for APSIM compatibility

	– Run the APSIM model using soils developed within APSoil

	– http://www.apsim.info/Products/APSoil.aspx

	Aquifer

	A porous soil or geological formation, often lying between impermeable sub-surface strata, which holds water and through which water can percolate slowly over long distances and which yields ground water to springs and wells.

	– Unconfined aquifers are sometimes also called water table or phreatic aquifers, because their upper boundary is the water table

	– Confined aquifers are aquifers that are overlain by a confining layer, often made up of clay.

	Arable

	Describes land suitable for the economic production of crops, usually involving regular cultivation.

	Aragonite

	A carbonate of lime, crystallising in orthorhombic prisms and many derived forms, whence several varieties are distinguished.

	Arid

	Refers to climates or regions which lack sufficient rainfall for crop production or extensive sown pastures. Usually defined as a climate with annual average rainfall less than 250 mm (10 inches).

	ASRIS

	The Australian Soil Resource Information System (ASRIS) provides online access to the best publicly available information on soil and land resources in a consistent format across Australia.

	ASRIS contains information about all the APSIM reference sites, plus the 111 profiles that ‘span the wide variation found in Australia’.

	An example of the profile information from ASRIS and ‘Australian Soils and Landscapes’ is shown in the tables below.173 Note that ASRIS and the hard copy versions also include:

	– General descriptions

	– Environment, site and local climate information

	– Graphical/ illustrative profile property representation

	– General soil quality information

	– Profile and site images
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	Aspect

	The direction that a slope faces, measured at right angles to the contour.

	Association

	A stable plant community of definite composition, presenting a uniform appearance and growing in more or less uniform habitat conditions.

	Atomic number

	Z

	A number characteristic of an individual element, being the number of unit positive charges (protons) in the nucleus of its atom, which determines its place in the periodic table.

	A property of elements and compounds more or less equivalent to (the more modern terms) atomic weight and molecular weight.

	Atterberg limit

	The soil water contents at the solid/plastic and plastic/ liquid boundaries. Atterberg limits are based on the concept that a fine-grained soil can exist in any of three states depending on its water content. Thus, on the addition of water, a soil may proceed from the solid state through to the plastic and finally liquid states. The water contents at the boundaries between adjacent states are termed the plastic limit and the liquid limit. Water content is expressed as a percentage of the oven dry weight of soil.

	Plastic limit

	The plastic limit of a soil is the water content at which the soil passes from the solid to the plastic state. It is arbitrarily defined as the lowest water content at which the soil can be rolled into threads 3 mm in diameter without the threads breaking into pieces

	Liquid limit

	The liquid limit of a soil is the water content at which the soil passes from the plastic to the liquid state. It is arbitrarily defined as the water content at which two halves of a soil cake will flow together for a distance of 12 mm along the bottom of the groove separating the two halves, when dropped 25 times from a distance of 10 mm at the rate of 2 drops / second, using standard apparatus.

	Plasticity index

	The plasticity index of a soil is the numerical difference between the plastic limit and the liquid limit.

	Available nutrient

	The portion of any element or compound in the soil that can be taken up and assimilated by plants to enhance their growth and development.

	Available soil water

	That part of the water in the soil that can be absorbed by plant roots. The amount of water held between the moisture content prevailing at any point in time and the moisture content at which plant growth ceases.

	Plants have difficulty extracting moisture when the available soil water approaches wilting point. Where soil moisture can be controlled, the aim is to maintain it at a level where it can be readily extracted by plants, that is to prevent moisture depletion below about 50 per cent of the available range.

	Available water capacity

	AWC mm/ mm, mm/ cm, mm/ m

	The amount of water in the soil, generally available to plants, that can be held between field capacity and the moisture content at which plant growth ceases. Sometimes also known as the plant available water capacity (PAWC).

	B

	Backwater

	A strip cropping term for surface water backed up by vegetated strips, typically on country of less than one per cent slope. Runoff is retarded as it moves through the vegetated strips with the result that velocity is also reduced on the cultivated strips above, provided that the strips are not too wide.

	Bacterium

	Any of several types of microscopic or ultramicroscopic single-celled organisms very widely distributed in nature, not only in soil, water, and air, but also on or in many parts of the tissues of plants and animals, and forming one of the main biologically interdependent groups of organisms in virtue of the chemical changes which many of them bring about, e.g. all forms of decay and the building up of nitrogen compounds in the soil.

	Banded fertiliser

	Placement of fertiliser in a concentrated zone either on or below the soil surface.

	Banding

	A method of fertiliser or pesticide application. Banding is a general term that implies applications that concentrate fertiliser into narrow zones that are kept intact to provide a concentrated source of nutrients. Applications may be made prior to during, or after planting.

	Bank

	A constructed earth embankment, incorporating a channel on the upslope side, typically traversing a slope to control and or prevent the erosion of that slope. This is achieved by intercepting, diverting or storing runoff instead of permitting it to flow uninterrupted down the slope. The purpose of each bank is to increase the time of concentration of runoff and to control its volume and velocity so that serious erosion will not occur.

	Bar

	An offshore ridge of unconsolidated material submerged by high tide, lying at the mouth of a river or a short distance from and parallel to the beach. Bars tend to form in beach systems following periods of beach erosion and represent a temporary storage of beach sand which is returned during ensuing light weather.

	Barley

	A hardy awned (the delicate spinous process, or ‘beard,’ that terminates the grain-sheath of barley, oats, and other grasses) cereal (genus Hordeum), cultivated in all parts of the world; used partly as food, and largely (in Britain and the United States, mainly) in the preparation of malt liquors and spirits

	Basal cover

	The proportion of the ground surface actually covered or occupied by the stem or stems of a plant at ground level, expressed as a percentage.

	Basin

	The area drained by a river. The term is also used to describe an area which, when surrounded by embankments, may be flood irrigated.

	Batter

	The excavated or constructed face of a dam wall, embankment or cutting, produced as a result of earthmoving operations involving cutting and filling.

	Bean

	A smooth, kidney-shaped, laterally flattened seed, borne in long pods by a leguminous plant, Faba vulgaris. The cultivated plant that bears this seed; it has fragrant violet-tinted white flowers.

	The plant and seed of the allied genus Phaseolus, of which the best-known species are the French, Kidney, or Haricot Bean (P. vulgaris), and Scarlet Runner (P. multiflorus). The unripe pods of both, and the ripe seeds of the former, are used as culinary vegetables.

	Name given to the seeds of other plants, usually from some resemblance in shape to the common bean.

	Bed

	A variously shaped channel floor which normally carries the flowing water within a channel.

	Bedload

	The sediment that moves by sliding, rolling or bounding on or very near the bed of a channel due to the action of flowing water. It is moved mainly by tractive and or gravitational forces, but at velocities less than the surrounding flow.

	Bedrock

	Solid rock underlying the soil profile or other surface materials. It does not necessarily represent the parent material of the overlying soil.

	Belt transect

	A strip of vegetation along which and in which plants are mapped and/or other quantitative measurements such as cover are recorded.

	Benchmark

	A fixed point of reference used in levelling.

	Bentonite

	A clay, usually formed by the weathering of volcanic ash, which is largely composed of montmorillonite type clay minerals. It has great capacity to absorb water and swell accordingly. For this reason it is used to seal dams and/ or earth embankments built of coarse materials or which contain a coarse textured seam causing them to leak.

	Biennial plant

	A plant whose life cycle extends for two years. The first year it produces roots, stems and leaves. In the second year it flowers, produces fruits and seeds for future regeneration, then dies. The term is also used loosely to describe short-lived perennial plants which rarely persist more than two years in sown pasture, such as red clover.

	Bifurcation

	Division into two branches. In a soil conservation context, it is used to describe the formation of two gullies from one, due to the inflow of runoff to a gully head from two separate sources.

	Biological nitrogen fixation

	Reduction and assimilation of atmospheric-nitrogen, a capability of certain free-living and symbiotic bacteria.

	Biopore

	The continuous large pores that are formed by soil fauna and by roots of previous crops.

	Biuret

	An impurity caused by high temperatures during the manufacture of urea. It is of concern because of its phytotoxicity when urea is applied as a foliar spray. The concentration of biuret in urea varies, depending on the particular manufacturing conditions. While biuret can be tolerated in soil applications of fertiliser, some crops are sensitive to biuret when urea is applied as, or included in a foliar spray. Sensitive crops include citrus and pineapples. Grades of urea containing more than 0.25% biuret should be avoided for foliar application, especially on citrus and pineapples and other evergreen tree fruit crops.

	Bolus

	A small handful of soil which has been moistened and kneaded into a soil ball which just fails to stick to the fingers. The behaviour of the bolus and of the ribbon produced by pressing it between thumb and forefinger characterises soil texture.

	Boron

	An element with the symbol (B) and atomic number 5.

	A non-metallic solid, not fusible at any known temperature. It is obtained as a dark brown or greenish brown powder (amorphous boron); and in a less pure form as crystals (adamantine boron).

	An essential element that may be involved in carbohydrate transport. Essential for growth of pollen tubes, germination of pollen grains. A trace element that can be deficient in many crops. It can be toxic to some plants.

	Borrow area

	An area or excavation from which soil, clay, sand, rock or gravel has been extracted for a specific purpose. The material extracted is typically employed for dam construction, road construction, filling or top soiling.

	Broadcast application

	Application of either solid or fluid fertiliser or other materials on the soil surface with or without subsequent incorporation by cultivation. No specific location relative to the plant is implied. Nutrients may be applied prior to or after the crop is planted

	Breakout force

	Defined by machinery specifications, a level of work or force beyond which the machinery/ cylinder can no longer respond. Also defines the amount of power required to operate attachments to machinery.

	Brush

	Vegetative matter in the form of small branches with leaves and seeds intact, which is laid on top of disturbed ground to provide a mulch, to act as a trap for soil and seed. and/ or to provide a seed source. It is especially used as a means of introducing native seed to disturbed areas and as a trap for wind-blown sand in coastal sand drift control. Where brush is used as a surface cover it is often referred to as brush matting, as opposed to brush fencing where the branches are closely packed to form a vertical barrier.

	Buffer capacity

	The ability of a soil to resist changes in pH. The buffering action is due mainly to the properties of clay and fine organic matter. Thus, with the same pH level, more lime is required to neutralise a clayey soil than a sandy soil, or a soil rich in organic matter than one low in organic matter.

	Buffer zone

	Any area of land used or designed to isolate one area of land from another so that adverse effects arising from one area do not affect the other. For example:

	A buffer zone around a mine site intended to reduce the effects of noise, dust etc. on adjacent landholders.

	A buffer zone at the outflow of a creek or waterway designed to spread the water before it enters a strip cropping system.

	Bulk density

	ρb, BD

	The mass of dry soil (MS) per unit bulk volume (VT). The bulk volume is determined before drying to constant weight at 105 degrees Celsius. The unit of measurement is usually grams per cubic centimetre.

	1g cm-3 = 1x100x100x100 g m-3 = 1000kg m-3 = 1t m-3

	Bulk density is a measure of soil porosity, with low values meaning a highly porous soil and vice-versa. It does not, however, give any indication of the number, sizes, shapes, distribution or continuity of soil pores.

	This parameter is also· used as an indicator of the structural condition of a soil, with low values indicating a better state of aggregation than high values. The range for soils in natural condition would typically be from 1 to 2 g cm-3.

	Buried soil

	One or more layers of soil which were formerly at the surface, but which have been covered by a more recent deposition, usually to a depth greater than the thickness of the solum.

	C

	Calcareous

	Refers to materials, particularly soils, containing significant amounts of calcium carbonate. Describes rocks composed largely of, or cemented by, calcium carbonate. A calcareous soil is one containing carbonate in sufficient quantity to effervesce visibly when treated with cold dilute (N) hydrochloric acid.

	Calcareous soil

	Soil containing free carbonates of calcium or magnesium. It effervesces visibly when treated with dilute hydrochloric acid (H2S04).

	Calcium

	An element with the symbol (Ca) and atomic number 20

	A soft grey chemical element, one of the ‘metals of the alkaline earths’, being the basis of lime; though one of the most widely diffused of elements, it is found in nature only in composition.

	An essential nutrient, a constituent of the plant cell wall; required by some enzymes. Calcium acts in metabolic regulation.

	Calcium Carbonate

	CaCO3

	Carbonate of lime, or limestone, and aragonite.

	Canopy

	The uppermost vegetation layer consisting of crowns of trees or shrubs in a forest or woodland.

	Capillary

	Pertaining to, consisting of, or concerned with hair – having a very minute or hair-like internal diameter, capillary tube or capillary vessel.

	Of, pertaining to, or taking place in, capillary vessels or capillaries.

	Capillary forces

	Forces between water and soil surfaces in the small (capillary) pores.

	Capillary fringe

	The zone above the water table in an unconfined aquifer where the formation is saturated but the water in the zone is at less than atmospheric pressure.

	Carbon

	An element with the symbol C and atomic number 6

	A non-metallic chemical element which occurs in crystalline form as diamond and graphite, in black, amorphous form as coal, charcoal, and soot, and in combined form in numerous substances, including all living tissues, petroleum and natural gas, and many minerals.

	Of or relating to carbon metabolism in organisms, and the cycling of carbon compounds in natural ecosystems, to which the photosynthetic fixation of carbon dioxide is central; of or relating to carbon compounds in the atmosphere as associated with climate change; as carbon assimilation, carbon budget, carbon economy, carbon source, carbon storage etc.

	Carbonate

	A salt containing either of the anions CO32− or HCO3− (a salt containing the latter being more usually referred to as a bicarbonate), typically formed by the action of carbon dioxide or carbonic acid (H2CO3) on a base.

	A compound (sediment) formed by the organic or inorganic precipitation from an aqueous solution of carbonates of calcium, magnesium or iron, such as limestone or dolomite.

	Carbohydrate

	Organic substance with the general formula (CH20)n, for example sugars and polysaccharides.

	Carbon cycle

	The sequence of transformations whereby carbon dioxide is fixed in living organisms by photosynthesis or by chemosynthesis, liberated by respiration and by the death and decomposition of the fixing organism, used by heterotrophic species (an organism which requires an external supply of energy) and ultimately returned to its original state.

	Carbon – nitrogen ratio

	C:N ratio174

	Plant material contains about 45% carbon and depending on residue type between 0.5–10% nitrogen. The ratio of organic carbon to total nitrogen is referred to as the carbon to nitrogen (C:N) ratio. This ratio indicates the proportion of nitrogen and other nutrients relative to carbon in that material. Organic matter varies widely in its C:N ratio (Table 28) and reflects how readily organic matter decomposes, providing an indication of both the amount and rate of nitrogen release that might be expected to result from decomposition.

	Table 28 Indicative carbon to nitrogen (C:N) ratio of various organic residues

	
		
				Organic material

				Units of carbon
per unit of nitrogen
(C:N ratio)

		

		
				Poultry manure

				5:1

		

		
				Humus

				10:1

		

		
				Cow manure

				17:1

		

		
				Legume hay

				17:1

		

		
				Green compost

				17:1

		

		
				Lucerne

				18:1

		

		
				Field pea

				19:1

		

		
				Lupins

				22:1

		

		
				Grass clippings

				15 – 25:1

		

		
				Medic

				30:1

		

		
				Oat hay

				30:1

		

		
				Faba bean

				40:1

		

		
				Canola

				51:1

		

		
				Wheat stubble

				80 – 120:1

		

		
				Newspaper

				170 – 800:1

		

		
				Sawdust

				200 – 700:1

		

	

	The C:N ratio of organic inputs influence the amount of soil nitrogen made available to plants. Organic residues with a C:N ratio of between 25:1 and 30:1 have sufficient nitrogen available for microbes to decompose them without needing to use soil nitrogen stores. Residues with a lower C:N ratio (< 25:1) such as pulses and legume pastures will generally result in more rapid decomposition of organic residues and tend to release plant-available nitrogen. Residues with a higher ratio (> 30:1) such as cereal crops will decompose more slowly and result in less plant-available nitrogen being released.

	Carrying capacity

	The maximum stocking rate possible which grazing land can support throughout the greatest period of stress each year.

	Catchment

	That area determined by topographic features within which rainfall will contribute to runoff at a particular point under consideration.

	Catena

	A repetitive sequence of soils generally of similar age and parent material, encountered between hillcrests and the valley floor.

	The soils in the sequence occur under similar climatic conditions, but have different characteristics due to variation in relief, drainage and the past history of the land surface. Such variations are normally manifest in differential transport of eroded material and the leaching, translocation and re-deposition of mobile chemical constituents.

	In soil mapping, the use of this term has been largely replaced by the more general term toposequence.

	Cation

	An atom, a group of atoms, or compounds that are positively charged electrically as the result of the loss of one or more electrons, which moves towards the cathode (negative electrode) during electrolysis. The word comes from a Greek word meaning ‘down’ (number of electrons down compared with protons)

	Cation exchange

	The interchange between a cation in solution and another cation on the surface of a material such as day or organic colloids. Clay surfaces in most surface soils carry a net negative charge. This charge results in the cations being attracted to the surface, and these attracted cations balance the negative charge on the soil.

	The exchangeable cations are not held tightly against the surface, rather there is a higher concentration of cations in the soil solution near the surface where the cations have been attracted by the negative surface charge.

	Conversely, there are fewer anions in the soil solution near the surface, because they have been repelled by the negative surface charge. The zone of increased cation concentration and decreased anion concentration is called the diffuse double layer. Within this layer the sum of excess cations and deficit of anions equals the charge on the surface. So the surface charge is balanced not at the immediate surface, but within a distance from the surface.175

	[image: Image]

	Figure 34 Schematic representation of the soil surface charge (cation exchange capacity) being balanced by an excess of cations and deficit of anions in a volume of solution extending some distance from the surface

	Cation exchange capacity

	CEC – centimoles of positive charge per kg of soil; cmol[+]/ kg, which is numerically equivalent to the previously used unit of milliequivalents per 100 g (me/ 100g)

	The total amount of exchangeable cations that a soil can adsorb. expressed in centimoles of positive charge per kilogram of soil. Cations are positive ions such as calcium, magnesium, potassium, sodium, hydrogen, aluminium and manganese, these being the most important ones found in soils. Cation exchange is the process whereby these ions interchange between the soil solution and the clay or organic matter complexes in the soil. The process is very important as it has a major controlling effect on soil properties and behaviour, stability of soil structure. the nutrients available for plant growth. soil pH, and the soil’s reaction to fertilisers and other ameliorants added to the soil.

	ECEC – In acidic soil, an effective cation exchange capacity: ƩExch. (Ca+Mg+Na+K) and the exchangeable Al and H (‘exchange acidity’).

	Note that there are other definitions of ECEC,176 and some authors treat ECEC as equivalent to CEC.177

	Causeway

	A roadway across a watercourse or tidal water, specially constructed to resist the effects of submergence.

	Cellulose

	The carbohydrate most abundant in plants.

	Cemented

	Describes soil materials having a hard, brittle consistency because the particles are held together by cementing substances such as humus, calcium carbonate, or the oxides of silicon, iron and aluminium. The hardness and brittleness persist even when the soil is wet.

	Cereal

	A name given to those plants of the family Graminaceæ or grasses which are cultivated for their seed as human food; commonly comprised under the name corn or grain. (Sometimes extended to cultivated leguminous plants.)

	Channel

	A passage in which water is confined sufficiently to temporarily hold it or allow it to flow from one place to another, given sufficient head between them. Typically it comprises a floor (or bed), which carries the flowing water and sides (or banks) which confine it.

	A channel may be constructed (e.g. conduit, drain), natural (e.g. stream, river), or occur as an indirect consequence of human land use activities {e.g. rill, gully).

	Checkerboard ploughing

	A squared pattern of furrows created on generally flat land to restrict the effects of wind and water erosion and to allow revegetation to occur. Such a treatment is used in semi-arid and arid rangeland areas where scalds are a problem. The squared areas represent a means of waterponding whereby water, soil and seed can be held within both the furrows and the squares enclosed by the furrows. The whole area then has a greatly improved chance. of becoming revegetated, stable and productive.

	Chelate

	A soluble organo-metal complex. The leaching of immobile Al3+ and Fe3+ cations can be enhanced by the formation of chelates, which are metal complexes with the carboxyl group of humified organic matter. Certain micro-nutrients are supplied as chelates, often complexed with synthetic chelating agents such as ethylene tetra-acetic acid.

	Chisel plough

	A tillage implement used mainly for primary tillage at depths up to 200 mm.

	Heavy duty tines are arranged at an overall tine spacing of 300 to 350 mm. and attached to a heavy frame. The usual tine cross-section is such that the lateral dimension is greater than the longitudinal dimension. The implement can be used with a range of tillage tools from narrow points to sweeps, making it also adaptable to secondary tillage needs. Breakout force is usually in the range 1.3 to 5 kN.

	Chloride

	A simple compound of chlorine with a metal or an organic radical. A compound analogous to one or more atoms of hydrochloric acid (HCl), itself called on this type hydrogen chloride.

	Chlorine

	An element with the Symbol Cl, and atomic number 17.

	A chemical element of the halogen series which is a yellowish-green, pungent gas with diatomic molecules (Cl2), but is found in nature only in the form of its compounds, esp. common salt (sodium chloride, NaCl).

	Nearly all chlorine present in rocks, soils, water and other materials is in the chloride ion form. Chloride deficiency has not been recorded in Australia, but chloride toxicity is widespread. The dominant anion in saline soils is chloride, which is present in common salt (NaCl), calcium chloride (CaCl2) and/or magnesium chloride (MgCl2).

	Chlorophyll

	The colouring matter of the leaves and other green parts of plants; found in the cells usually in the form of minute granules (chlorophyll-bodies or -corpuscles). Its chemical composition is uncertain.

	Chlorophyll traps light for photosynthesis in plants, algae and some bacteria.

	Chloroplast

	A plastid (usually membrane-bound, discrete structures within a cell with specialised functions) containing chlorophyll.

	Chlorosis

	An abnormal condition of plants in which the green parts lose their colour or turn yellow.

	Chroma

	One method of describing soil colour uses three coordinates:

	– hue (shade)

	– value (lightness)

	– chroma (intensity).

	Hue is the colour frequency and in most soils ranges from red to yellow; value or tone refers to lightness from white to black; chroma defines the degree of colour saturation or intensity of hue.

	Clay

	Soil material consisting of mineral particles less than 0.002 mm in equivalent diameter. This generally includes the chemically active mineral part of the soil. Three broad classes of clay type are recognised: smectites (montmorillonite); kaolinite; and illite.

	When used as a soil texture group such soil contains at least 35 per cent clay and no more than 40 per cent silt.

	The clay fraction makes a disproportionately large contribution to the surface area of soils and also supplies virtually all of their charge. Hence the minerals in the clay fraction dominate the contribution of the minerals to many soil chemical and physical properties. The minerals in the clay fractions of soils largely consist of aluminosilicates (the ‘clay minerals’) as well as a range of oxides, hydroxides and oxyhydroxides.

	Table 29 Some typical properties of the main aluminosilicate minerals in the clay fractions of soils178

	
		
				Mineral

				Morphology

				Particle width

				Particle

				BET N2

				CEC

		

		
				 

				 

				or length

				thickness

				surface area

				 

		

		
				 

				 

				(μm)

				(μm)

				(m2/ g)

				(cmol+/ kg)

		

		
				Kaolinite

				Platy

				>c. 0.3

				>c. 0.05

				6–40

				0–8

		

		
				Halloysite

				Tubular or Spheroidal

				>c. 0.1

				>c. 0.07

				20–60

				5–10

		

		
				Illite

				Platy

				>c. 0.05

				>c. 0.006

				55–195

				10–40

		

		
				Smectite

				Sheets

				>c. 0.01

				>c. 0.001

				15–160

				45–160

		

		
				Vermiculite

				Platy

				>c. 0.5

				>c. 0.006

				c. 50–150

				100–210

		

		
				Palygorskite

				Fibrous

				>c. 0.1

				>0.005

				140–190

				3–30

		

		
				Allophane

				Spheroidal

				c. 0.005

				c. 0.005

				145–600

				<70

		

	

	Table 29 Some typical properties of the main aluminosilicate minerals in the clay fractions of soilsshows the main types of aluminosilicate minerals found in soil clay fractions and some of their properties relevant to their reactions to sodic conditions. Of the types described in Table 29, kaolinite, illite and smectite are the most common in soils. Kaolinites and smectites show the greatest contrast in properties among the major soil clay minerals.

	Typically, kaolinites have large particles, low specific surface areas and a low CEC, while smectites have small particles, high specific surface areas and high CEC’s. For most illites, these properties are intermediate between those for kaolinites and smectites. The shapes of their particles also contrast. Kaolinites have flat, relatively thick and generally regular (hexagonal) platy particles, while smectites have thin flakes. Illites also have platy particles which cover a range of thicknesses and which often have irregular surfaces.

	Clay loam

	A soil texture group or class representing a well-graded soil composed of approximately equal parts by weight of clay, silt and sand.

	Claypan

	A pan made up of a concentration of dense clays in the subsoil. The term is also used for the impermeable clay surface produced as a result of scalding, although this usage is colloquial.

	Clear felling

	The cutting down of an entire forest stand in one cutting operation.

	Clearing

	The removal of trees and shrubs from land to enable further land development. Such development may include agricultural or urban land uses or the planting of other tree crops.

	Cliff

	A high, precipitous face, typically of exposed bedrock, resulting from the undercutting and collapse of previously exposed surfaces.

	CLL

	The soil water content for a crop showing stress

	Crop lower limit measures the extent to which a particular crop can extract water from a particular soil type. Crops differ in their ability to extract water, determined by the length, density and osmotic potential of their roots, and the duration of their growth.

	Determining CLL:179

	– Where the CLL is measured after the DUL (drained upper limit), use either the same site or one located nearby that will not interfere with normal farm practice (spraying etc); and select crop(s) common to the soil type and region. Determine whether irrigation is necessary – if summer rains have been followed by good breaking rains there should be no need to irrigate. If not apply water equivalent to that of good rains.

	– Core for soil moisture at anthesis (to assist with determination of crop rooting depth and water extraction at maturity. Without this measurement it is possible, when sampling for CLL, to make the mistake that the dry soil at depth was a result of current crop extraction, whereas in fact it was due to extraction by a preceding crop.

	– Erecting rain-exclusion tent at anthesis – to exclude rain that might otherwise prevent the crop extracting enough water to reach CLL.

	– Core for CLL at crop maturity – to measure the CLL of a particular crop on a particular soil type.

	A theoretical lower limit can be measured in the laboratory equilibrating the soil at 1500 kPa (15 bar) suction (LL15). This shows differences between soil types, but does not differentiate between crops grown on one soil type. Crops can vary greatly in their ability to extract water, and may be quite different to the -1500 kPa value, especially at depth

	Clod

	A large (>100mm diameter, see fragment) compact and coherent soil aggregate produced artificially, usually by ploughing or digging soils that are either too wet or too dry for normal tillage operations.

	Cobalt

	An element with the Symbol Co and atomic number 27.

	A metal of a greyish colour inclining to red, brittle, slightly magnetic; in many respects closely resembling nickel; not found native, but extracted from various ores.

	Cobalt is essential for animals and for nitrogen fixation in legumes. It may act in enzyme activation for other plants.

	Codominant

	A term used to indicate the joint dominance of two or more members of a grouping, over the other members. Typically used when mapping soils, vegetation, and other land resources.

	Coffee rock

	A type of brownish sand·rock formed where iron oxides and organic matter which have leached through the soil profile, are precipitated at, or above, a fluctuating water table. A typical feature of some older coastal sands in which podzols have formed.

	Colloid

	Organic or inorganic particles less than 1 micron in diameter. Colloids have a large surface area and are often very reactive.

	Colloidal material

	The finest clay and organic material with a particle size generally less than 10–4 mm in diameter. Such material represents the finest particles removed in an erosion event, and as such remains permanently in suspension, unless subject to flocculation.

	Colluvial

	Describes material transported largely by gravity.

	Colluvium

	Unconsolidated soil and rock material, moved largely by gravity, deposited on lower slopes and/or at the base of a slope.

	Community

	A naturally occurring group of plants occupying a common location. The term is employed when it is not necessary or desirable to use a more specific designation.

	Compaction

	1. The process whereby the density of soils is increased by tillage, stock trampling and/or vehicular traffic, often resulting in the formation of plough·pans. Such compaction gives rise to lower soil permeability and poorer soil aeration with resultant increases in erosion hazard and lowered plant productivity. Deep ripping and conservation tillage are used to alleviate the condition.

	2. The process of increasing the density of a material by removing air and inducing the closer packing of its particles. This may be achieved by rolling, tamping or other mechanical means, and leads to a reduction in the porosity of the material. Optimum compaction of earthworks is dependent on the moisture content of the material and is particularly important in the control of seepage and earthwork tunnelling.

	Conservation farming

	A system of farming which involves using the land in accordance with its capability and suitability and managing the land in accordance with the principles of conservation. Such a system would include contour farming, conservation tillage, crop and pasture rotation, judicious stocking management, pasture improvement, strip cropping, and soilwater conservation works and practices where appropriate. The aim of the system is to farm in such a way as to conserve soil, water and energy resources, while ensuring continued farm productivity and economic viability.

	Conservation tillage

	A tillage system that creates a suitable soil environment for growing a crop and that conserves soil, water and energy resources. The essential elements of such a system are reduction in the intensity of tillage, and retention of plant residues.

	Conservation

	The management of human use of the biosphere so that it may yield the greatest sustainable benefit to present generations while maintaining its potential to meet the needs and aspirations of future generations. Thus conservation is positive, embracing preservation, maintenance, sustainable utilisation, restoration, and enhancement of the natural environment. Living resource conservation is specifically concerned with plants, animals and micro-organisms, and with those non-living elements of the environment on which they depend. Living resources have two important properties the combination of which distinguishes them from non living resources: they are renewable if conserved; and they are destructible if not.

	This definition is taken from the National Conservation Strategy for Australia (1983) and is consistent with that of the World Conservation Strategy (1980).

	Consumptive use

	The water used by plants in transpiration and growth, plus water vapour loss from adjacent soil or from intercepted rainfall.

	Continuous cultivation

	The repeated growing of crops requiring tillage, on the same parcel of land without an intervening pasture phase. Crops are usually grown annually, but may be grown more often in favourable seasons.

	Contour

	An imaginary line on the surface of the earth connecting points of the same elevation. Such lines drawn on maps are used to portray· the shape of the land surface.

	Conventional cultivation / tillage

	A tillage system using cultivation as the major means of seedbed preparation and weed control, and traditionally used for a given crop in a given geographical area. Typically includes a sequence of soil workings, such as ploughing, discing and harrowing, to produce a fine seedbed, and also the removal of most of the plant residue from the previous crop. In this context the terms cultivation and tillage are synonymous. with emphasis on soil preparation.

	Copper

	An element with the symbol (Cu) and atomic number 29.

	One of the well-known metals, distinguished by its peculiar red colour; it is malleable, ductile, and has very high thermal and electrical conductivity. It is found native as well as in many ores.

	An essential nutrient, a component of several enzymes in plants, and necessary for chlorophyll formation in plants.

	Coulter

	A tillage tool which cuts plant material and soil ahead of another tool. The most common kind of coulter is the disc coulter of which there are four main types:

	Plain – a simple flat disc.

	Scalloped – a simple flat disc with notches cut around the rim.

	Covalent bond

	The linking of two atoms by a bond in which they ‘share’ a pair of electrons

	Cover

	1. The proportion of the ground surface covered, over a given area, by the combined aerial and basal parts of plants, litter and mulch, expressed as a percentage of the given area.

	2. Vegetation or other material providing protection to the ground surface against erosive agents.

	Cover crop

	A temporary vegetative cover which is grown to provide protection for the soil and the establishment of plants, particularly those which are slow to establish. The latter are introduced by undersowing and in due course provide permanent vegetative cover to stabilise the area concerned. The term can ‘include an INTERMEDIATE CROP which can be removed by the use of selective herbicides.

	Crater

	A steep to precipitous closed depression excavated by explosions due to volcanism, human action, or impact of an extraterrestrial object.

	Creep

	A general term used to describe more or less imperceptible transportation of soil particles under the influence of various erosive agents. Three types of creep are commonly recognised:

	Crest

	1. The overflow section of a weir or similar structure.

	2. A landform that stands above all, or almost all, points in the adjacent terrain. It is characteristically smoothly convex upward.

	Crop Factor / crop water use

	CF

	Water storage in a soil must be balanced against plant water use. Plant water use is affected by two main influences. These are leaf area of the crop or pasture and daily evaporation.

	Plant water use is directly influenced by evaporation. The higher the evaporation, the higher the plant’s water use. Evaporation is affected mainly by humidity, temperature, wind and day length. Therefore plant water use in summer is much higher than in winter. The combined use of water by plants, and evaporation from the soil surface, is called evapotranspiration.

	Plants draw water from the soil via the roots and release this water as vapour into the air via the leaves. If the plant has a large amount of fresh, green leaves then water use will be higher. High water use is a desirable characteristic since yields are well correlated with water use through the plant. Soon after emergence, a crop will have only a small amount of leaf material, and therefore water use will be relatively low. Water use will be highest when a crop reaches maximum leaf area.

	A crop factor is a number used in calculating water use. It accounts for crop leaf area and stage of crop growth. Some crop factors of common crops for southern Australia are listed below.180

	
		
				crop

				Sub-
clover

				White
clover

				Wheat

				Canola

				Lucerne

				Millet

				Soybean

				Maize

		

		
				 

				Crop factor

		

		
				Month

				 

				 

				 

				 

				 

				 

				 

				 

		

		
				Jul

				0.7

				0.7

				0.9

				0.9

				0.7

				–

				–

				–

		

		
				Aug

				0.7

				0.7

				1.0

				1.0

				0.7

				–

				–

				–

		

		
				Sep

				0.7

				0.7

				1.0

				1.0

				0.9

				–

				–

				–

		

		
				Oct

				0.8

				0.8

				0.9

				0.9

				1.0

				0.4

				0.4

				0.4

		

		
				Nov

				0.3

				0.8

				0.6

				0.6

				1.0

				0.4

				0.4

				0.7

		

		
				Dec

				–

				0.8

				–

				–

				1.0

				0.7

				0.7

				1.0

		

		
				Jan

				–

				0.8

				–

				–

				1.0

				1.0

				1.0

				1.0

		

		
				Feb

				–

				0.8

				–

				–

				1.0

				1.0

				1.0

				0.6

		

		
				Mar

				0.4

				0.7

				–

				–

				0.9

				0.7

				0.7

				0.4

		

		
				Apr

				0.7

				0.7

				0.3

				0.3

				0.9

				0.4

				0.4

				–

		

		
				May

				0.7

				0.7

				0.4

				0.4

				0.8

				–

				–

				–

		

		
				Jun

				0.7

				0.7

				0.6

				0.6

				0.7

				–

				–

				–

		

	

	The term crop factor is commonly used as a more specific form of the parameter crop coefficient (Kc), relating to crop growth stages. The crop coefficient is an average or a seasonal average term.181

	Crop residue

	The portion of a plant or crop left in the field after harvest.

	Crop rotation

	The growing of different crops and pasture in recurring succession on the same parcel of land with a view to increasing soil fertility and structural stab1lity, and reducing plant disease and soil erosion hazard. The latter can be achieved particularly when crop rotation is integrated into a system of strip cropping on suitable slopes.

	Crumb structure

	A soil structural condition in which most of the soil aggregates are soft, porous and more or less rounded units from 1 to 5 mm in diameter. The typical surface condition of medium-textured soils recently cultivated after a period of well-managed pasture.

	Cultivation

	The growing c’ crops requiring the mechanical preparation of the soil. It typically involves a series of soil workings for seedbed preparation.

	While the term is often used synonymously with tillage, it also embraces the broader concept of crop production as distinct from just soil preparation. Pasture production is not regarded as part of this broader concept.

	Cyanobacteria

	Any of a division of prokaryotic (lacking a nuclear membrane) micro-organisms that contain green chlorophyll (green) and phycocyanin (blue), produce free oxygen in photosynthesis, and occur widely in unicellular, filamentous, and colonial forms; also called blue-green alga.

	Cyclic salt

	Salt deposited on soils from wind or rainfall. Near the sea or inland salt lakes, where the amounts deposited are likely to be significant, such salt may subsequently be leached into the soil and take part in various chemical processes there.

	Culvert

	One or more adjacent enclosed conduits for conveying runoff under a roadway or other structure. When the conduits are of rectangular cross-section the culvert is known as a BOX CULVERT.

	Cumec

	A term used for rates of flow, representing the unit of cubic metres per second.

	Cut

	Portion of land surface from which material has been removed by excavation during earthmoving operations.

	Cut and fill

	A process of slope modification in which soil is excavated from along one section of a slope and used to construct an embankment below.

	D

	Dam

	A barrier. embankment or excavated earth structure, generally built in or near a flowline, which has the primary function of impounding water for storage. The stored water is used for such purposes as stock watering, domestic supply, irrigation and firefighting.

	Dams used for water conservation on the farm are normally built of compacted soil and are called earth dams.

	Dams may also be used in conjunction with the diversion of water, creation of a hydraulic head, sediment retention or for soil erosion control. When their primary function is for gully erosion control the term gully control structure is used. When their primary function is for sediment retention the term sediment basin is used.

	Datum

	A fixed surface to which heights are referred. STANDARD DATUM relates to Mean Sea Level and was the traditional datum to which major surveys and topographical maps were related. Currently, AUSTRALIAN HEIGHT DATUM (AHD) is the nationally adopted datum surface. It was derived from the adjustment of a continental levelling network which included tidal gauges held fixed at the values of Mean Sea Level. The maximum difference in New South Wales between Standard Datum and AHO is approximately 0.06 metres.

	Debris

	Loose and unconsolidated material arising from the disintegration of rocks, soil, vegetation or other material transported and deposited in an erosion event. It is generally surficial and contains a significant proportion of coarse material.

	In the classification of mass movement, debris refers to material in which 20 to 80 per cent of the fragments are greater than 2 mm in size and the remainder of the material is less than 2 mm. This distinguishes it from earth type movements, where about· 80 per cent or more of the material must be smaller than 2 mm in size.

	Decision support system (DSS)

	In agriculture, a computer model that enables a farm manager to predict the production capacity of any site in an individual field or on the farm. Usually used in conjunction with GIS and GPS.

	Deep band fertilisation

	Deep banding refers to preplant applications of nutrients placed 5–15 em below the soil surface. Some applications place the fertiliser much deeper. The applied nutrients may be in solid, fluid or gaseous forms.

	Deflation

	The removal of fine particles from soil by wind.

	Deflocculation

	The process by which masses of colloidal, or very fine clay particles or ‘flocs’, separate in water into their constituent particles which go into suspension. It depends on the balance between exchangeable cations on the clay and in solution and on the overall ionic strength of the solution. Clays high in sodium deflocculate readily.

	Delta

	An extensive area of alluvial material formed where a river enters a large body of quieter water, such as a sea or take. It is typically triangular in shape, and may be traversed by distributary channels.

	Denitrification

	The biochemical reduction of nitrate or nitrite to di-nitrogen (N2) or oxides of nitrogen, including the greenhouse gas nitrous oxide (N20, global warming potential of 310 times greater than carbon dioxide). Occurs under oxygen-deficient conditions, especially in waterlogged soils.

	The process is favoured under high soluble organic carbon, high soil water, low aeration, pHw above about 4.5 and soil temperature in the range between 2° and 60°C. Naturally, there needs to be nitrate-N present for denitrification to occur. The products of denitrification are mainly di-nitrogen (N2) and nitrous oxide (N20).

	Denudation

	The process whereby animal and plant life in an area is seriously reduced by physical, chemical or biotic factors.

	The process whereby the surface of the earth is worn away or eroded.

	Depletion zone

	Narrow zone next to root ·where immobile nutrient concentrations in soil become markedly lowered

	Deposition

	Loose material accumulated as a result of a reduction in the velocity of the transporting agent.

	Depression storage

	The amount of water stored in depressions in the land surface. It results from runoff which collects in such depressions and therefore does not contribute to overland flow lower down the catchment. See also RUNOFF COEFFICIENT.

	Design capacity

	The calculated volume and/or discharge rate of a soil conservation structure. It is based on a given set of hydrological conditions applicable to the site and the requirements of the structure, e.g. water storage or diversion. Following its construction a structure’s capacity should be checked to ensure it meets the design requirements. If the design capacity is not achieved, the structure may fail.

	Design life

	The period of time for which a soil conservation structure is designed to perform its intended function.

	Design peak discharge

	The maximum discharge, calculated for a given set of hydrological conditions, which is used in the design of a hydrologic structure that can cope with those conditions.

	Design rainfall intensity

	The calculated rainfall intensity tor a selected design return period and design storm duration, determined to enable design of a hydrologic structure.

	Design return period

	The return period selected in order to design specific soil conservation or hydrologic structures in relation to their desired lifetime and the acceptable probability of the structure not failing within this period. For example, a graded bank may be designed to handle a once in five year storm. A more severe event may cause damage, but it could be more expedient and/or economic to repair this than to build a larger bank in the first place. A gully control structure would normally be built with a much longer design return period (e.g. 20·50 years).

	Design storm duration

	The storm duration selected in order to design specific soil conservation or hydrologic structures, normally taken as being equal to the time of concentration of the catchment concerned.

	Desorption

	Release of an ion or molecule from a surface. The opposite of adsorption.

	Destocking

	The removal of stock from a grazing area for an indefinite period.

	Detachment

	The breaking away from the soil mass, or from clods and large peds, of small soil particles capable of being moved by erosive processes.

	ABRASION DETACHMENT results from the action of wind-borne particles.

	Detention basin

	The pondage of a large detention structure.

	Detention storage

	The amount of water temporarily stored by a detention structure for a given runoff event.

	Detention structure

	A structure used to temporarily hold storm runoff in order to reduce peak flows. Such a structure may incorporate excavated, constructed or natural landscape features. The ponded water is allowed to drain at a controlled rate during and after the runoff event, thereby emptying the structure in readiness for the next event. Where large volumes of water are temporarily stored, the pondage is commonly referred to as a detention basin.

	Detritus

	Loose material arising from the mechanical weathering of rocks and transported and deposited in an erosion event.

	Die-back

	A general name for a significant decline in tree health. It mainly affects native trees and is caused by a variety of agents including insect attack, phytophthera disease, pollution from industrial development and other changes in the environment caused by human activity. In some areas these problems have caused widespread tree deaths, resulting in serious environmental concern and stimulating wide interest in tree planting.

	Direct drilling

	A minimum tillage practice in which a crop or pasture, is sown directly into untilled soil. Stubble or pasture residue may be reduced by burning or grazing, or retained. Weed control and the reduction of competition from pastures may be achieved by grazing, burning or herbicides. It is typically practised in mixed farming areas with reliable rainfall.

	Direct seeding

	Field seeding of any plant species normally transplanted as seedlings

	Disc cultivator

	A primary or secondary tillage implement which uses a series of heavy duty steel discs to cut and penetrate soil and residue. Disc sizes are in the range 610 to 660 mm diameter and machine weight per disc is in the range of 60 to 100 kg. Such implements are made in either a tandem or offset configuration and are commonly known as ‘tandem discs’ or ‘offset discs’ respectively.

	Disc implements generally cause substantial inversion of soil and burial of crop residue. They are also more aggressive in terms of their effect on soil structure. For these reasons they are not widely recommended for use in conservation tillage systems. However, they are useful where break-up and incorporation of residue is a specific requirement, as may be the case in double cropping.

	Disc plough

	A primary tillage implement using large concave discs to invert soil and incorporate residue. Disc sizes range from 710 to 660 mm in diameter and machine weight per disc is 100 kg or greater.

	On mounted disc ploughs the discs are individually mounted and inclined backwards from the vertical and disc angles are adjustable.

	Discharge

	Q, m3/ s

	The instantaneous flow rate at a specific location in a flow line or hydrologic structure. Specifically it relates to the volume of water flowing through a cross section of the flowline or structure in unit time.

	Disperse

	To break up compound particles, such as aggregates, into the individual component particles, or to distribute or suspend fine particles, such as clay, in or throughout a dispersion medium, such as water.

	Dispersible soil

	A structurally unstable soil which readily disperses into its constituent particles (clay, silt, sand) in water. Highly dispersible soils are normally highly erodible and are likely to give problems related to field and earthwork tunnelling.

	Dispersion percentage

	A measure of soil dispersibility representing the proportion of clay plus fine silt (<.005 mm approx.) in a soil which is dispersible, expressed as a percentage. It is determined in the laboratory by comparing the amount of fine material, in a soil sample, dispersed by a 10 minute shaking in water, to the amount dispersed by a 120 minute shaking in water containing dispersant. Highly dispersible clays have a high dispersion percentage.

	Disturbed area

	An area which is susceptible to erosion because the vegetative soil cover has been removed or altered. This may be accompanied by mixing or removal of some soil horizons.

	Diversion channel

	An earth channel traversing a slope designed to protect adjacent lower slopes or development works by intercepting surface water and diverting it to a stable outlet. The channel may have a minor ridge on its lower side to help contain flows. Where flows are too large to be contained by a simple channel. a diversion bank is constructed.

	Diversion channels should be parabolic or trapezoidal in cross section to permit maintenance of their protective vegetative cover. Such channels are typically graded.

	DLL

	The drained lower limit of soil water content. It is the content of water below which the plant can no,longer extract water, and wilts, sometimes referred to as ‘permanent wilting point’ (PWP).

	Potentials commonly used for soil water characteristic determination include -1.0 m and-150m, which approximate the drained upper limit and lower limit respectively. Soil water balance models that use a storage-overflow system (or tipping bucket) utilise the drained upper and lower limits as input variables. Measurement of the soil water characteristic at matric potentials closer to zero (O to-30m) is relevant to the analysis of changes in soil condition caused by cultural operations such as tillage and stubble retention.

	Dolomite

	A mineral comprised of calcium and magnesium carbonates; term applied to limestone containing some magnesium.

	Double cropping

	A cropping procedure whereby two crops are grown in one year on the same piece of land.

	Drain

	A channel for the purpose of interception and removal of excess surface or sub-surface water to a stable outlet.

	Drainage

	The interception and removal of excess surface and/or subsurface water from land, using artificial or natural means.

	Drainage depression

	A level to gently inclined, shallow, open depression with smoothly concave cross-section. rising to moderately inclined hillslopes, that conveys runoff only during or immediately after periods of heavy rainfall. Drainage depressions typically occur at the upstream end of a flow path within any given catchment. They are commonly eroded or aggraded by sheet wash but because of their tendency to concentrate flows, the potential for gully erosion may also be high.

	Drainage depressions may be subject to seasonal waterlogging or spring activity and vegetation type often indicates a wetter micro-environment than the surrounding country.

	Drainage line

	A channel down which surface water naturally concentrates and flows, conveying water only during and/or immediately after periods of heavy rainfall. Drainage lines may be stable, as in a well-grassed depression, or unstable, as in an active gully. Stable drainage lines are often used in association with soil conservation programs for water disposal.

	Drawdown

	Lowering of a water surface resulting from a withdrawal of water. Can be applied to open channel flow, a water table or stored water in a dam.

	Drill (seeder)

	A sowing machine which can simultaneously insert seed and fertiliser into the soil, via a number of soil openers, but which does not have separate cultivating tines or discs. Hoppers with a series of individual metering units are fitted to supply and meter seed and fertiliser to the soil openers via sowing tubes and boots.

	Drilling

	A procedure whereby a crop or pasture is sown using a machine that inserts seeds into the soil. Fertiliser may be applied simultaneously by the same machine.

	Dryland

	Describes land degradation or land use not involving irrigation. For example, dryland salting or dryland wheat production.

	DUL

	The drained upper limit of soil water content. It is the content of water retained after gravitational flow. DUL is sometimes referred to as ‘Field Capacity’ (FC).

	Potentials commonly used for soil water characteristic determination include -1.0 m and-150m, which approximate the drained upper limit and lower limit respectively. Soil water balance models that use a storage-overflow system (or tipping bucket) utilise the drained upper and lower limits as input variables. Measurement of the soil water characteristic at matric potentials closer to zero (O to-30m) is relevant to the analysis of changes in soil condition caused by cultural operations such as tillage and stubble retention.

	Dune

	A moderately inclined to very steep ridge or hillock built up by wind action. Dune formation may be initiated by the entrapment of transported material by wind reducing vegetation or structures.

	Duplex soil

	A soil in which there is a sharp change in soil texture between the A and B horizons (e.g. loam overlying clay). The soil profile is dominated by the mineral fraction with a texture contrast of 1Y2 soil texture groups or greater between the A and 8 horizons. Horizon boundaries are clear to sharp. The texture change from the bottom of the A horizon to the top of the B horizon occurs over a vertical distance of 10 cm or less

	Dust

	Comprises a wide range of fine materials, including soil materials, which can be transported over long distances by wind. As wind velocity or air turbulence decreases, the larger and heavier particles settle, whereas many of the smallest particles are in almost permanent suspension. The suspension fraction in wind erosion is generally accepted as being less than 100 J.lm in size.

	In a soil conservation context, a dust storm or dust cloud is the manifestation of a major wind erosion event in which soil materials comprise the majority of the dust in suspension.

	E

	Ear

	The compact flowering spike or seed-bearing head of certain cereal grasses, as wheat, barley, and rye.

	Earth

	A general term commonly used to describe a range of soil materials. In pedological terms, it is used to describe great soil groups such as Black Earths and Red Earths. The term also refers to gradational soils with an earthy fabric in their B horizons.

	In the classification of mass movement earth refers to material in which about 80 per cent or more of the particles are smaller than 2 mm in size. This distinguishes it from debris type movements which contain 20 to 80 per cent of fragments greater than 2 mm. As part of the classification. earth can be subdivided on the basis of its constituent separates, ranging from non-plastic sand to highly plastic clay.

	Ecology

	The study of relationships between living organisms and their environment.

	Edaphic

	Pertaining to the soil.

	eDirt

	eDIRT is an Internet application for the in-field digital recording of soil information, designed to be:

	– A replacement for the previous generation of scannable Soil Data Cards used to enter soil information into the NSW Soil and Land Information System (SALIS)

	– Suitable for use on both desktop and mobile platforms using all major operating systems available at the time of its development, while being optimised for use on a tablet or large smartphone with a touch screen, Internet browser, mobile network connectivity and a Global Positioning System (GPS) receiver

	– Used both online and offline (in remote areas without mobile network connectivity)

	Effective cation exchange capacity (ECEC)

	In acidic soil, there is a shortfall between ƩExch. (Ca+Mg+Na+K) and CEC which can be accounted for largely by aluminium. An effective cation exchange capacity (ECEC), which is ƩExch. (Ca+Mg+Na+K) and the exchangeable Al and H (‘exchange acidity’), and sometimes also Mn in a soil, can be calculated to denote the total amount of exchangeable cations being held by a soil.

	Note that there are other definitions of ECEC,182 and some authors treat ECEC as equivalent to CEC.183

	Effective rainfall

	That portion of the total rainfall that becomes available for plant growth.

	Effective soil depth

	The depth of soil material that plant roots can penetrate readily to obtain water and plant nutrients. It is the depth to a layer that differs sufficiently from the overlying material in physical or chemical properties to prevent or severely retard the growth of roots.

	Effluent

	The discharge or outflow of water from ground or subsurface storage.

	Electrical charges on soil particles

	(Permanent and variable charges)

	Positive or negative electrical charges related to soil particles and affecting their ability to retain or release plant nutrient ions. They may be permanent or pH  dependent and are affected by such things as the ‘size’ of the elements, their valency, H+-ion activity in the soil solution, the structure of the clay lattices and many other factors.

	Electrical conductivity

	EC, mS/ cm

	A measure of the conduction of electricity through water or a water extract of soil. It can be used to determine the soluble salts in the extract and hence soil salinity. The unit of electrical conductivity is the siemens and soil salinity is normally expressed as millisiemens per centimetre at 25°C.

	The unit is named after Ernst Werner von Siemens, a German electrical engineer and builder of the first electric elevator and trolley bus (among other inventions).

	Conductivity values of 1.5 (for a 1:5 soil:water suspension) or 4.0 (for a saturation extract) indicate the likely occurrence of plant growth restrictions.

	EC1:5 method:184

	– Prepare a 1:5 w/v soil/water suspension (eg 20g air dry soil 100ml deionised water)

	– Place soil and water in a suitable jar

	– Mechanically shake (end over end) at 25°C for 1 hour

	– Allow 20 to 30 minutes minimum for soil to settle.

	ECa – apparent/ effective electrical conductivity – the conductivity of bulk soil made upon undisturbed soils using geophysical-type sensors185

	ECE, ECe – electrical conductivity of the extract of a saturated soil paste

	ECse, EC/SE – electrical conductivity of a saturation extract

	ECw – electrical conductivity of the soil solution

	Table 30 Some examples of Values of EC in water186

	
		
				EC (dS/ m)

				Example

		

		
				0.02

				rainwater

		

		
				0.03

				normal surface soil (1:5 soil/water extract)

		

		
				0.06–0.09

				river water (these values can be considerably higher in streams affected by salinity)

		

		
				0.15

				1:5 soil/water extract one year after adding 5 t/ ha of lime (CaC03) (may vary)

		

		
				0.25

				1:5 soil/water extract one year after adding 2.5 t/ ha of gypsum (CaS04) (may vary)

		

		
				0.35

				saturated solution of lime (CaC03) with high C02 (as in a surface soil with rapid root growth)

		

		
				1.00

				poor quality bore water

		

		
				1.60

				common value for saline soil (1:5 soil/water extract)

		

		
				2.20

				saturated solution of gypsum (CaS04)

		

		
				2.40

				very poor quality bore water, 1:5 soil/water extract for saline soil

		

		
				8.00

				1:5 soil/water extract for highly saline soil

		

		
				46.60

				Seawater

		

		
				>100.00

				saturated solution of sodium chloride (NaCI), common salt (various sources)

		

		
				550.00

				Dead Sea water

		

	

	Electrochemical stability index

	Electrical conductivity (EC) of a soil is a measure of its salinity. As EC increases, soil dispersion decreases for a given sodicity value. Conversely, very low EC values mean that a soil may become dispersive where the ESP of the soil is only 2. Therefore, instead of looking just at ESP values, the ‘electrochemical stability index’ (EC1:5 /ESP) (ESI) needs to be calculated. A tentative critical ESI value for Australian cotton soil is 0.05. An economically viable response to gypsum and/or lime can be expected where ESI values are at or below this level.

	Electromagnetic induction instruments

	EM

	EMI instruments operate without needing to touch the soil surface. They contain one transmitting and one receiving induction coil at opposite ends of the instrument. The transmitting coil generates a primary magnetic field that induces eddy currents in the soil. These eddy currents (swirling electrical currents) induce a secondary magnetic field that is detected by the receiving coil. The strength of the secondary magnetic field is proportional to the amount of current flowing in the soil, from which the ECa can be calculated. Either conductivity or resistivity is measured.

	Eluviation

	The downward removal of soil material in suspension, or in solution, from a layer or layers of a soil. The loss of material in solution is described by the term leaching. Some of the eluviated materials are typically deposited in lower layers or horizons.

	Embankment

	An artificial elevation of earth, longer than it is wide, typically constructed for the purpose of controlling the flow of, or storing water as in a bank or dam.

	Emerson’s aggregate text

	A classification of soil aggregates based on their coherence in water. 5mm dry aggregates are placed in dishes of distilled water and their behaviour observed. The conditions under which they slake, swell and disperse arrows the different aggregates to be separated into eight classes. The test is particularly valuable in a soil conservation context as it grades soil aggregates according to their stability in water. The test uses natural peds, with the first separation being based on slaking. Those aggregates which do not slake are placed in class 7 if they swell and in class 8 if they do not. Of those which do slake, which form the majority of soils. those which show complete soil dispersion are placed in class 1 and those showing only partial dispersion are placed in Class 2. Those showing no dispersion are remoulded at field capacity and reimmersed in water. Aggregates which disperse after remoulding are placed in class 3 and those which do not are further separated by the presence or absence of carbonate or gypsum. Those with carbonate or gypsum fall into class 4 while those without are made up into a 1:5 suspension aggregates/water. Those soils which then show dispersion are placed in class 5 and those which show flocculation fall into class 6.

	Ephemeral

	Describes a watercourse. or portion thereof, that does not flow at all times. It generally only flows in direct response to precipitation. It receives little or no water from springs and no long continued supply from snow or other sources. Its channel is at all times above the water table.

	Erode

	To wear away the land. In a soil conservation context the main active factors responsible are rainfall, running water and wind, and these are called erosive agents.

	Erosion

	The wearing away of the land by running water. rainfall, wind, ice or other geological agents, including such processes as detachment, entrainment, suspension, transportation and mass movement.

	Escarpment

	A steep to precipitous landform comprising a linearly extensive, straight or sinuous inclined surface which separates terrains at different altitudes. The upper margin is commonly marked by a precipitous face, revealing the exposed geological strata, below which talus or scree occurs.

	eSPADE

	eSPADE is a Google Maps-based information system that allows easy, no-cost, map-based access to a wealth of soil and land information from across NSW, including:

	– Soil profiles: many thousands of individual site-based observations of landscape and soil features available as downloadable reports individually or in bulk, and as maps of profile points classified using a number of different soil attributes

	– Soil and land resources mapping: seamless maps of soil and landscape characteristics, qualities, limitations and hazards covering several key NSW catchments

	– Soil landscape mapping: maps of soil and landscape characteristics, qualities, limitations and hazards from individual 1:100,000 or 1:250,000 topographic mapsheets areas in Central and Eastern NSW

	– Land systems mapping: broadscale mapping of landscapes and soils in the Western Division of NSW

	– Statewide mapping of Land and Soil Capability (base layer for mapping of Biophysical Strategic Agricultural Land, BSAL)

	– Statewide mapping of soil fertility (base layer for mapping of Biophysical Strategic Agricultural Land, BSAL)

	The data accessible through eSPADE is sourced mainly from the NSW Soil and Land Information System (SALIS), eSPADE sites are not included in the APSIM soil profile database.

	eDIRT is an Internet application for the in-field digital recording of soil information

	Essential element

	A term usually applied to a plant nutrient that is necessary for the healthy growth of plants. (Also known as ‘Essential nutrient’.)

	Essential nutrient

	An element necessary for a plant to complete its life cycle.

	Table 31 Essential plant nutrients, including their ionic form and charge187

	
		
				 

				Non mineral

				Other ‘non essential’

		

		
				major mineral

				micro mineral

				(atmosphere and water)

				(essential to some plants, rarely deficient in soil, problems more often from excess or toxic levels)

		

		
				Nitrogen (N+)

				Boron (B3+)

				Carbon (C4+)

				Sodium (Na+)

		

		
				Phosphorus (P)a

				Chloride (Cl-)

				Hydrogen (H+)

				Cobalt (Co2+)

		

		
				Potassium (K+)

				Copper (Cu2+)

				Oxygen (O2-)

				Vanadium (V)e

		

		
				Calcium (Ca2+)

				Iron (Fe2+)

				 

				Nickel (Ni2+)

		

		
				Magnesium (Mg2+)

				Manganese (Mn2+)

				 

				Silicon (Si4+)

		

		
				Sulfur (S2-)b

				Molybdenum (Mo3+)c

				 

				 

		

		
				 

				Zinc (Zn+)d

				 

				 

		

	

	Estuary

	An open drainage depression adjacent to the sea, typically at the mouth of a river, into which the tide ebbs and flows. Tide movements accentuate erosion and continually modify the drainage channels within the estuary.

	Eutrophication

	Abundant growth of aquatic plants leading to oxygen-deficient conditions in lakes or streams, accelerated by nutrient enrichment.

	Evaporation

	E, mm/ day

	Evaporation is the process whereby liquid water is converted to water vapour (vaporisation) and removed from the evaporating surface (vapour removal). Water evaporates from a variety of surfaces, such as lakes, rivers, pavements, soils and wet vegetation.188

	Evaporation pan

	A shallow open container from which daily changes in water level are used to calculate natural evaporation from a free water surface. Allowance is made for any addition of rainfall which occurs. The Bureau of Meteorology’s standard for this purpose is the U.S. Class A Pan, which is 1.2 metres in diameter and 25 centimetres deep. The water level is adjusted daily to a depth of 19 centimetres. The term used for the measurement value is pan evaporation, Epan, mm/ day

	Evapotranspiration

	ET, mm/ day

	The combination of two separate processes whereby water is lost on the one hand from the soil surface by evaporation (E) and on the other hand from the crop by transpiration.

	Evaporation and transpiration occur simultaneously and there is no easy way of distinguishing between the two processes, hence the use of the composite term evapotranspiration for quantitative references.

	The evapotranspiration rate from a reference surface, not short of water, is called the reference crop evapotranspiration or reference evapotranspiration and is denoted as ETo. The reference crop approximates a wide area of green grass about 12cm in height, well watered and actively growing, which is completely covering the ground.

	ETo values are calculated by the (Australian) Bureau of Meteorology (BoM), using automatic weather station (AWS) data and the Penman-Monteith equation, also the approved standard for the U.N. World Meteorological Organisation. The method uses standard wind speed measurements 10 metres above ground level, air temperature, humidity and daily solar radiation values from satellite data.

	The evapotranspiration from a crop under standard conditions, denoted as ETc, is the evapotranspiration from disease-free, well-fertilised crops, grown in large fields, under optimum soil water conditions, and achieving full production under the given climatic conditions.

	Experimentally determined ratios of ETc/ETo, called crop coefficients (Kc), are used to relate ETc to ETo:

	ETc = Kc ETo.189

	As the crop develops, the ground cover, crop height and the leaf area change. Due to differences in evapotranspiration during the various growth stages, the Kc for a given crop will vary over the growing period. The growing period can be divided into four distinct growth stages: initial, crop development, mid-season and late season.

	Exchange capacity

	The total ionic charge of a soil, expressed in centimoles of charge per kilogram of soil. Its numerical value is identical to the value expressed in milliequivalents per 100 grams of soil.

	The sum of the values in a soil analysis of exchangeable cations (calcium, magnesium, sodium, potassium, manganese and aluminium). The unit of measurement is cmol(+)/ kg (previously meq/ 100 g).

	Exchange complex

	All the materials (clay, humus) that contribute to a soil’s exchange capacity.

	Exchangeable cation

	A basic cation adsorbed on a soil colloid, but which can be replaced by hydrogen or some other cation. Exchangeable cations are positively charged ions that are loosely bound to negatively charged clay particles and organic matter in soil. The unit of measurement is cmol(+)/ kg (previously meq/ 100 g).

	In most soils, Ca2+, Mg2+, Na+ and K+ comprise the bulk of the cations which are present in exchangeable form. Ammonium ions, NH4+, as well as those of micronutrient element, for example Cu2+, Co2+ and Zn2+, can also occur as exchangeable cations. Acidic soils may also contain aluminium, and perhaps iron as exchangeable cations, and H+ may also be present in this form.

	Exchangeable ions

	Ions held by electrical attraction at charged surfaces; can be displaced by exchange with other ions.

	Exchangeable sodium percentage

	(ESP)

	The proportion of the cation exchange capacity occupied by sodium ions, expressed as a percentage. Sodic soils are categorised as those with an ESP from 6 to 14%, strongly sodic soils are those with an ESP of 15% or more. Soils with a high ESP are typically unstable and as a consequence have high erodibility and often present problems in soil conservation earthworks.

	Sodium on the exchange layer; calculated as exchangeable sodium divided by the sum of the exchangeable calcium, magnesium, sodium and potassium, expressed as a percentage.

	Expansive soil (swelling soil)

	A soil which significantly changes its volume with changes in moisture content. It typically cracks when drying out, and expands on wetting. The shrinking/ swelling characteristic is normally due to the presence of montmorillonite type clays in the soil, and is characterised by testing for linear shrinkage.

	This characteristic can be detrimental to such structures as masonry walls, roads, buildings and soil conservation earthworks, unless appropriate precautions are taken.

	F

	Factual key190

	The alpha-numeric coding system for recognition and classification of Australian soils based on observable soil profile features. It has a hierarchical structure which uses the bifurcating principle to successfully separate out primary profile forms, subdivisions, sections, classes and principal profile forms. The soil profile features used include soil texture, colour, structure, pH, presence of pans, consistence, coherence and other special features related to both A and B horizons. Additional features may be added to give an extended principal profile form.

	Current standard is The Australian Soil Classification (ASC), see also nomenclature.

	Fallowing

	The management practice of leaving land in an uncropped state for a period of time prior to sowing another crop. Its purpose is to allow for the accumulation and retention of water and mineralised nutrients in the soil, and generally to also allow for weed control. Fallowing may not necessarily involve tillage, but in Australia the term is usually understood to do so.

	Feldspar

	‘Felspar’, corrupt but still common.

	A name given to a group of minerals, usually white or flesh-red in colour, occurring in crystals or in crystalline masses. They consist of a silicate of alumina with soda, potash, lime, etc.

	Fertiliser

	Any substance, natural or manufactured, added to the soil to supply essential plant nutrients for plant growth, and thereby either maintain or increase the general level of crop yield and pasture productivity. A straight fertiliser supplies only one major nutrient element (i.e. N, P or K). Mixed fertilisers are physical mixtures of two or more straight fertilisers, whereas compound fertilisers contain two or more of the major elements and are manufactured by chemical reaction.

	Ferrihydrite

	An iron-containing mineral, typically occurring as rust-brown aggregates of microscopic particles, which occurs widely in wet, iron-rich environments and is also present in the iron-storage protein ferritin.

	Field capacity (water holding capacity)

	The amount of water held in a soil after any excess has drained away following saturation. Expressed as a percentage of the oven dry weight (gravimetric), or volume (volumetric) of the soil. As a general rule, soils are considered to be at field capacity after draining for 48 hours.

	Field capacity corresponds to a soil water potential of about -10 to -33 J/ kg m (0.1 to 0.33 Bar).

	Field tunnelling

	The process of tunnel erosion as it occurs in the field. Usually occurs in soils with unstable A2 or 8 horizons as a result of flow into cracks, stump holes, rabbit burrows, or other surface irregularities. The downward movement of water into the unstable layers, and its subsequent lateral movement, creates sub-surface tunnels through which further water and soil material is moved to an outlet downslope or in the side of a gully. Eventually the surface soil collapses into the enlarged tunnel and a gully is formed.

	Fill

	Material used to raise the surface of an area to a desired level prior to or during earthmoving operations. Usually made up of soil and or rock material, but may also be solid waste.

	Flat

	A general term defining a landform which is neither a crest nor a depression and that is level or very gently inclined.

	Flocculation

	The process by which colloidal or very fine clay particles, suspended in water, come together into larger masses or loose ‘flocs’ which eventually settle out of suspension. They are easily redispersed. Flocculation depends on the balance between exchangeable ions on the clay and those in solution and on the overall ionic strength of the solution.

	Floodplain

	A large flat area, adjacent to a watercourse, characterised by frequently active erosion and aggradation by channelled or overbank stream flow. Such areas result from, and are subject to, inundation by floodwaters.

	Flow

	The movement of a fluid from one point to another. In a soil conservation context the term is normally applied to the movement of water over a surface or in a channel. Various types of flow are defined as follows:

	STEADY FLOW: Flow in which the depth and velocity remain constant with respect to time.

	UNSTEADY FLOW: Flow in which velocity changes either in depth or in direction with respect to time.

	UNIFORM FLOW: Flow in which the depth and velocity· remain constant with respect to distance.

	NON-UNIFORM FLOW: Flow in which depth or direction changes with respect to distance. For example, in flow around a bend of a pipe the direction changes with distance, or in flow with changing cross-section the depth changes with distance.

	Flux

	The rate of movement of material over a surface unconfined by flow boundaries. It is commonly expressed in terms of weight per unit width per unit time.

	Fragment

	A compact and coherent soil aggregate produced artificially (<100mm diameter, see clod), usually by ploughing or digging soils that are either too wet or too dry for normal tillage operations.

	Friable

	Capable of being easily crumbled or reduced to powder; pulverisable, crumbly.

	Frost heave

	The uplifting of a surface by the internal action of frost. Occurs when sub-zero temperatures cause water in the soil to freeze and form ice crystals. In doing so it expands, causing upward movement of the soil

	Froude number

	(Fr)

	A dimensionless number defined as the ratio of the flow inertia to the external field (the latter in many applications simply due to gravity). Named after William Froude.

	Fr = V/ √(g x d), where:

	V is flow velocity (m/ s)

	g is acceleration due to gravity (m/ s2)

	d is mean depth, (m)

	The Froude number is used to characterise conditions in flowing water in terms of its velocity and depth. For example, in a hydraulic jump, the slate of flow before and after the jump is described in terms of the Froude Number, so that the height of the jump can be calculated.

	Furrow

	A narrow longitudinal channel or trench made by a plough or grader.

	G

	Geomorphology

	The branch of both physiography and geology that deals with the form of the earth, the general configuration of its surface and the changes that take place in the evolution of landforms

	Golgai

	Surface micro-relief associated with some clayey soils, consisting of hummocks and/or hollows of varying size, shape and frequency. This phenomenon is a continuing long-term process due to the shrinking and swelling of deep subsoils with changes in moisture content. It is usually associated with the occurrence of expansive soils.

	Normal gilgai are irregularly spaced and have sub circular depressions with vertical intervals usually less than 300 mm and horizontal intervals usually 3–10 m. They are associated with flat or very gently sloping terrain.

	Gleying

	Horizon suffix g

	The grey or greenish-grey colouration of soils often produced under conditions of poor drainage, which give rise to chemical reduction of iron and other elements. It typically occurs in the clayey lower B horizons of soils situated in low topographic positions where the water table remains high for much of the year.

	Gleying is indicative of permanent or periodic intense reduction due to wetness, and is characterised by greyish, bluish or greenish colours, generally of low chroma. Mottling may be prominent; mottles may have reddish hues and higher chromas if oxidising conditions occur periodically. Roots may have rusty or yellowish outlines.

	Goethite

	A hydrous oxide of iron, of reddish or dark-brown colour, occurring in orthorhombic crystals, also massive.

	Gradational soil

	A soil in which there is a gradual change in soil texture between the A and B horizons (e.g. loam over clay loam over light clay). The soil is dominated by the mineral fraction and shows more clayey texture grades on passing down the so/um of such an order that the texture of each successive horizon changes gradually to that of the one below. Horizon boundaries are usually gradual or diffuse. The texture difference between consecutive horizons is less than 1 soil texture groups, while the range of texture throughout the solum exceeds the equivalent span of one texture group.

	Grade

	The degree of slope of a constructed or excavated surface such as a road or batter. May also be applied to the longitudinal fall of a channel such as in a diversion bank, drain or watercourse. May be expressed as a ratio or percentage.

	Grading

	Shaping and/or smoothing an earth, gravel or other surface by means of a grader or similar implement.

	Refers to the distribution of particle sizes in a soil. A well-graded soil consists of particles that are distributed over a wide range in size or diameter. Such a soil’s density or bearing properties can normally be easily increased by compaction. A poorly graded soil consists mainly of particles nearly the same size, or is deficient in particles of a certain size. Because of this, the soil’s density can be increased only slightly by compaction. An assessment of the grading of a soil can be made by particle size analysis and is important to determine the behaviour of a given soil when used in soil conservation earthworks.

	Gravel

	A mixture of coarse mineral particles larger than 2 mm but less than 75 mm in equivalent diameter.

	Gravimetric moisture content

	θg, g/ g

	The soil moisture content may be expressed by weight as the ratio of the mass of water (MW) present to the dry weight of the soil (MS) sample (gravimetric moisture content, (θg), or by volume as ratio of volume of water (VW) to the total volume (VT) of the soil sample (volumetric moisture content, θv). To determine any of these ratios for a particular soil sample, the water mass must be determined by drying the soil to constant weight and measuring the soil sample mass after and before drying. The water mass (or weight) is the difference between the weights of the wet and oven dry samples. The criterion for a dry soil sample is the soil sample that has been dried to constant weight in oven at (typically) 105°C. If the soil sample is a known volume such as a core sample, BD can also be calculated.

	θg: θv relationship – θv = θg x BD

	following from:

	θg x BD = MW/ MS x MS/ VT

	= MW/ VT

	= (VW x ρw)/ VT

	= VW/ VT (assuming ρw = 1)

	= θv

	Grazing capacity

	The maximum stocking rate possible which grazing land can support in the long term without deterioration.

	Great soil group

	A soil classification category in which soils are classified according to their mode of formation as reflected in major morphological characteristics and profile form.

	The grouping depends on an appraisal and interpretation of features such as the colour, texture, structure and consistence of soil material. the various horizons in the soil profile and the nature of the boundary between horizons. A widely used classification of Australian soils.191

	Green manure crop

	A crop grown primarily to provide a source of organic matter to the soil. It is normally incorporated into the surface soil by mechanical means, thereby, upon breakdown, providing a source of organic nutrients for subsequent field crops or existing row crops, such as vines or orchard trees. Green manure crops are typically leguminous. for example, lupins, vetches or peas, and are generally incorporated when flowering or, on light soils. before they have utilised excessive amounts of soil moisture.

	Grid reference

	A code for the identification of a point or location on a map or plan. Coordinates are stated on the edge of map sheets and the reference is always defined by quoting the easting value first followed by the northing value.

	Ground cover

	A vegetative layer of grasses and/or other low-growing plants or plant residues providing protection to the soil against erosive agents. A good ground cover is an essential part of the majority of soil conservation programs. Generally a percentage ground cover of 75 per cent or more is needed to give adequate protection against soil erosion.

	Ground truth

	The measurements or observations collected by equipment or personnel in the field for the purpose of verifying an interpretation made from remotely sensed data. Results of analysis of such data are dependent on the field information since it provides a comparison of accuracy between the images and the actual on-site conditions.

	Groundwater

	Sub-surface water contained in a saturated zone of the soil and/ or a geologic stratum. It is at a pressure equal to or greater than atmospheric pressure and will therefore flow out into a well or at the earth’s surface.

	Gully

	An open incised erosion channel in the landscape generally greater than 30 em deep. Gullies are characterised by moderately to very gently inclined floors and precipitous walls. They form by a complex of processes dominated by concentrated surface water flow and hence are frequently found in drainage lines. Major flows only occur in gullies during and/or immediately after periods of heavy rainfall.

	Gullies vary widely in shape, depending on soil type, landform and the hydrological regime of the catchment. They may be wide in relation to depth or vice-versa, and may be of ‘U’ or ‘V’ cross-section.

	Gypsum

	A naturally occurring soft crystalline mineral which is the hydrated form of calcium sulphate, having the formula CaS04 2H20. Deposits occur mainly in arid inland areas of Australia. Contains approximately 23 per cent calcium and 18 per cent sulphur.

	This mineral is also a by-product of the manufacture of phosphoric acid. Such by-product gypsum, also called DUMP GYPSUM, is more variable in quality, particularly with respect to moisture content.

	Gypsum is normally used as a soil ameliorant to improve soil structure and reduce crusting in hardsetting clayey soils. The applied calcium increases soil aggregation, which results in improved water infiltration, seed germination and root growth. Typical rates used are up to 5 tonnes/hectare, with heavier rates being required on highly sodic soils.

	Gypsum is also a useful source of nutrient calcium and sulphur, and can also be used for clearing muddy water in dams.

	N.B.It is suggested that any unknown gypsum be tested for flocculating potential before use.

	H

	Halloysite

	A clay-like earthy mineral, a hydrated aluminium silicate, resulting from the decomposition of feldspar. (d’Halloy, a Belgian geologist)

	Hardsetting

	The condition of a dry surface soil when a compacted, hard and apparently apedal condition prevails. Because of this characteristic such soils tend to give rise to high rates of runoff compared with better structured soils. Clods formed by the tillage of hardsetting soils usually retain the condition until completely broken down by further tillage operations.

	Soil on which surface sealing develops may or may not be hardsetting – a surface seal is not a criterion for the hardsetting condition. The majority of soils throughout the wet-dry climatic zones of Australia set hard in the dry season. Soils which do not set hard are pedal in the dry, as well as in the moist state (clay loams, clays), or are single grained (sands).

	Harrowing

	A procedure involving the pulling of a tight tined or disc type implement over the land surface. In an arable, situation it involves surface soil tillage to break up and re-distribute soil aggregates to achieve a more satisfactory seedbed, and in some instances to control weed growth. In a pasture situation it may be used for weed control, manure or plant residue spreading and/ or surface soil aeration. In a stubble retention system, harrowing may be used to level heaps of stubble and soil ridges, and to kill young weeds.

	Head

	The height of water above any plane of reference. It determines the hydraulic head between the water surface and the plane of reference, which may cause the water to flow to the lower level.

	Hematite

	Native sesquioxide of iron (Fe2O3), an abundant and widely distributed iron ore, occurring in various forms (crystalline, massive, or granular); in colour, red, reddish-brown, or blackish with a red streak.

	Herbicide (weedicide)

	A chemical substance used for killing plants, usually weeds. Such substances are typically concentrated and have to be diluted with water prior to spraying on to the soil, the growing crop or an area infested with weeds.

	Hidden hunger

	A costly yield-limiting condition in which crops start losing yields long before deficiency symptoms become apparent.

	Hillcrest

	A very gently inclined to steep, smoothly convex crest, standing above a hillslope, usually representing the top of the interfluve between drainage lines. Hillcrest soils are typically shallow, and they are eroded mainly by sheet flow.

	Hollock

	A small hill incorporating a narrow crest and its adjoining slopes. The crest length is less than the width of the adjoining slopes.

	Hillslope

	A gently inclined to precipitous landform usually comprising sideslopes and footslopes.

	Horizon

	The horizon or skyline is the apparent line that separates earth from sky

	Soil horizon

	Hue

	One method of describing soil colour uses three coordinates:

	– hue (shade)

	– value (lightness)

	– chroma (intensity).

	Hue is the colour frequency and in most soils ranges from red to yellow; value or tone refers to lightness from white to black chroma defines the degree of colour saturation or intensity of hue.

	Humose horizon

	A humus rich surface or near surface horizon which is:

	– 0.2m or more thick

	– 4 to 12% organic carbon if no clay

	– 6 to 18% if 60% or more clay

	– proportional organic carbon for 0 to 60% clay

	Humus

	The stable, dark-coloured fraction of the soil organic matter remaining after most added plant and animal residues have decomposed.

	Humified

	The process of converting process plant remains into humus.

	Hydrated

	Having water attached or incorporated as part of a chemical structure.

	Hydraulic conductivity

	K, mm/ hr, mm/ day, cm/ hr, m/ s, m/ day

	The flow of water through soil per unit of energy (potential) gradient. For practical purposes it may be taken as the steady-state percolation rate of a soil when infiltration and internal drainage are equal, measured as depth per unit time.

	Hydraulic conductivity is defined by Darcy’s Law, which describes the movement of water through saturated and unsaturated soils at a constant water content:

	Q/ A = K x d Ψ/ dx, where:

	Q is flow rate

	A is cross sectional area

	Ψ/ dx is the potential gradient

	K is the hydraulic conductivity

	Hydraulic head

	The energy, either kinetic or potential, possessed by each unit weight of a liquid expressed as the vertical height through which a unit weight would have to fall to release the average energy possessed.

	Hydraulic jump

	An abrupt rise occurring in the surface of a liquid when a high velocity flow discharges into a zone of lower velocity. It occurs in open channel flow and is accompanied by violent turbulence. May also be defined in terms of the sudden change from supercritical flow to subcritical flow.

	Hydrogen

	An element with chemical symbol H and atomic number 1

	At standard temperature and pressure, hydrogen is a colourless, odourless, tasteless, non-toxic, nonmetallic, highly combustible diatomic gas with the molecular formula H2. Since hydrogen readily forms covalent compounds with most non-metallic elements, most of the hydrogen on Earth exists in molecular forms such as in the form of water or organic compounds. Hydrogen plays a particularly important role in acid–base reactions as many acid-base reactions involve the exchange of protons between soluble molecules.

	Hydrograph

	Graphical representation of flow rate with respect to time. The area under the resulting curve represents the total amount of runoff from the rainfall event in question.

	Hydrologic cycle

	The continuous interchange of water between land, sea or other water surface and the atmosphere. It has neither beginning nor end, as water evaporates and is lifted, carried and temporarily stored in the atmosphere until it finally precipitates. The precipitated water may be intercepted or transpired by plants, may run off over the land surface or may infiltrate into the soil. Much of the intercepted water and runoff is returned to the atmosphere by evaporation. The infiltrated water may be temporarily stored as soil moisture and evapotranspired; percolate to deeper zones to be stored as groundwater which may be used by plants; flow out as springs; or seep into flowlines and once again evaporate into the atmosphere.

	Hydrology

	The study of water and water movement in relation to land and soil. In the soil conservation context it is concerned particularly with surface runoff and its effects in causing soil erosion.

	Hydromulching

	A procedure whereby a mixture of seed and fertiliser and/or mulching material is applied in a water slurry to exposed soil surfaces for revegetation purposes. The mulching material is applied at heavier rates than in hydro seeding in order to provide a layer of mulch to protect the soil surface and create a suitable micro environment for germinating seeds. A coloured dye is usually mixed into the slurry in order to observe areal coverage as the operation proceeds.

	Hydromulching is a fast and efficient method of stabilising disturbed areas immediately after construction operations are complete. It is particularly applicable on areas where a harsh growing environment occurs or where a low level of growth medium is present. Little prior treatment of the exposed surfaces is required except for runoff control, which is necessary to prevent the removal of material by surface flows.

	Hydrophobic soils192

	Soil water repellence occurs when hydrophobic (water repelling) plant-derived waxes and substances released by fungal hyphae coat the soil particles in the topsoil to such an extent that water does not readily or rapidly infiltrate the soil.

	These compounds are a component of the particulate organic matter so they are associated with the organically stained topsoil. Sandy surfaced soils with low clay content, typically less than 5 per cent clay are most commonly affected as they have reduced soil surface area and are more readily coated by the hydrophobic compounds.

	Hydrophyte

	An aquatic plant, or one needing a waterlogged environment for its growth

	Hydroxyl

	OH ion or group (anion).

	That is an oxygen atom (O) connected by a covalent bond to a hydrogen atom (H).

	Hydroxide

	A compound of an element or radical with oxygen and hydrogen, not with water; by some chemists restricted to compounds whose reactions indicate the presence of the group hydroxyl (OH).

	I

	Illite

	Clay material comprising a group of aluminosilicate – mica minerals of indefinite chemical composition with a 2:1 crystal lattice structure. Properties are intermediate between those of kaolinite and montmorillonite.

	Illuviation

	The process of deposition of soil material in the lower horizons of a soil as a result of its removal from upper horizons through eluviation. Materials deposited may include clay, organic matter and iron and aluminium oxides.

	Image

	The recorded representation of an object produced by optical, electro-optical, optical-mechanical or electronic means. It is a term that is typically used when the electro-magnetic radiation emitted or reflected from a scene is not directly recorded on film as is the case with a photograph.

	Image enhancement

	The manipulation of a subset of the available information content of a photograph or other image to facilitate subsequent interpretation. The process is utilised to sift out a lot of extraneous information not relevant to the project.

	Immobilisation

	Nitrogen can be converted from mineral to organic forms, in a process is called immobilisation

	Immobilisation occurs when crop residues high in carbon (C) and low in nitrogen are incorporated into the soil. The processes of mineralisation and immobilisation can occur simultaneously. The rate of mineralisation is usually faster than immobilisation, thus creating the pool of available nitrogen

	Impervious

	Describes a soil through which water, air, or roots penetrate slowly or not at all. No soil is absolutely impervious to water and air all the time.

	In situ

	A term meaning ‘in place’·. Normally applied to rocks, fossils and soils which are situated in the place where they were originally formed or deposited. When used to describe soils, it usually refers to those formed directly from and on bedrock. As with other latin words. the term should be printed in italics thus – in situ.

	Increaser

	A term used to describe a plant species, the abundance of which in a particular soil-vegetation association shows a positive correlation with grazing pressure.

	Indicator species

	A term used to describe a plant species which is characteristic of particular landforms or edaphic environments.

	A term used to describe a plant species. the occurrence or abundance of which can be used to indicate levels of range land condition for a particular soil-vegetation association.

	Indurated

	Rendered hard. Refers to the hardening of sediments into rock or soil layers into pans by heat and/ or pressure and/or cementation.

	Infiltrability

	A general term used to describe the capacity of the soil to take in water (infiltration) at its surface.

	Infiltration

	The downward movement of water into the soil. It is largely governed by the structural condition of the soil, the nature of the soil surface including presence of vegetation and the antecedent moisture content of the soil. Some typical values are presented Table 32.193

	Table 32 Scheme for inferring infiltration and permeability properties of soil horizons
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	It is the process that divides precipitation into overland flow, which may cause erosion, and water which can be taken into the soil and made available for plant growth.

	The process is driven by capillarity and gravitational forces. Capillary forces dominate during the early stages (sorptivity) and gravitational forces during the latter stages of an infiltration event (hydraulic conductivity). Permeability is a more general term used to describe the rate at which water moves through the profile.

	The soil’s ability to absorb water is not constant. It is relatively rapid while capillary forces dominate the process and decreases to approach a much lower steady rate when gravitational forces only are operating (see Figure).
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	Generally, the larger the pores, the higher will be the infiltration rates. Thus, sands and highly aggregated clays tend to have high values.

	Only some rainfall events produce runoff.

	Initially, the soil absorbs water as fast as it arrives, for a period depending on the rainfall intensity and initial moisture content. As the soil saturates, the absorption rate decreases until it approaches the rate at which water is relocated down the profile under gravity (hydraulic conductivity).194
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	Infiltration basin

	An excavation in highly permeable soils to temporarily store runoff directed into it. The stored water drains by infiltrating into the soil, thereby reducing runoff from the adjacent site. Such basins are normally excavated at or very close to the source of runoff, and are typically used on individual residential, commercial or industrial allotments.

	Infiltration rate

	The rate at which water moves downward into the soil at any given time. It is measured as volume flux per unit of surface area, in units of mm/ h.

	Runoff occurs when the rainfall rate exceeds the infiltration rate for a given soil condition. The saturated (or ‘steady-state’) infiltration rate is the rate which occurs when the soil is saturated and infiltration and drainage are equal.

	Infiltrometer

	An apparatus for measuring infiltration.

	Inlet

	The entrance of any structure through which water may flow. It may be a simple grate at the entrance to a pipe, a complete entrance structure such as in a drop inlet culvert, or merely the entry point at which water flows into a channel

	Inoculation

	The introduction of a pure or mixed culture of micro organisms into the soil. This is usually achieved by mixing the inoculant with the seed at sowing time or by coating the seed with it prior to sowing.

	The aim of this procedure is to enhance the germination and/or growth of plants. It is typically used to improve legume stands by introducing the appropriate rhizobia, which are nitrogen-fixing bacteria associated with legumes.

	Induration

	The action of hardening; the process of being hardened or becoming hard; also, hardened condition.

	Interception loss

	Describes that portion of rainfall which is caught by vegetation but subsequently evaporates.

	Interception storage

	Describes that portion of rainfall which is caught and stored on vegetation. In forests interception can amount to 10 to 15 mm while in crops it may be only 0.5 to 1 mm. The rate of interception is initially high but the available capacity is rapidly filled so its ability to reduce runoff rates within a given catchment is relatively small.

	Interflow

	Shallow seepage flow, usually occurring within duplex soils.

	Internal drainage (profile drainage)

	The rate of downward movement of water through the soil governed by both soil and site characteristics. It is assessed in terms of soil water status and the length of time horizons remain wet (soil bolus exudes water when squeezed). It can be difficult to assess in the field and cannot be based solely on soil profile morphology. Vegetation and topography may be useful guides. Soil permeability, ground water level and seepage are also important. The presence of mottling often, but not always, reflects poor drainage. Categories are as follows:

	– Very poorly drained: Free water remains at or near the surface for most of the year. Soils are usually strongly gleyed. Typically a level or depressed site and/ or a clayey soil

	– Poorly drained: All soil horizons remain wet for several months each year. Soils are usually gleyed, strongly mottled and/ or have orange or rusty linings of root channels

	– Imperfectly drained: Some soil horizons remain wet for periods of several weeks. Subsoils are often mottled and may have orange or rusty linings of root channels

	– Moderately well drained: Some soil horizons may remain wet for a week after water addition. Soils are often whole coloured but may be mottled at depth and of medium to clayey texture

	– Well drained: No horizon remains wet for more than a few hours after water addition. Soils are usually of medium texture and not mottled

	– Rapidly drained: No horizon remains wet except shortly after water addition. Soils are usually of course texture, or shallow, or both, and are not mottled

	Internode

	The part of a stem between two of the nodes from which leaves arise

	Invader

	A term used to describe a plant capable of establishing on new sites and subsequently dominating those areas on which it was formerly scarce or absent. The invasion usually occurs as a result of some change in land management such as grazing pressure, cropping or fire.

	Invert

	The lowest portion of the internal surface of a channel or pipe. Where trickle flows occur in earth channels, the invert may have to be lined with concrete or similar material to prevent erosion.

	Ion

	Any individual atom, molecule, or group having a net electric charge (either positive or negative) through the loss or gain of an electron

	Iron

	An element with the symbol (Fe) and atomic number 26.

	A strong, hard, magnetic, silvery-grey metal much used as a material for construction and the making of tools, weapons, machines, containers, vehicles, ships, etc.

	Iron is a catalyst in the formation of chlorophyll and acts as an oxygen carrier. It also helps form certain respiratory enzyme systems. Iron deficiency shows up as a pale green leaf colour (chlorosis), with sharp dis6nctions between green veins and yellow interveinal tissues.

	Irrigation

	The action of supplying or fact of being supplied with moisture; a moistening or wetting.

	The action of supplying land with water by means of channels or streams; the distribution of water over the surface of the ground, in order to promote the growth and productiveness of plants.

	Isohyet

	A line on a map joining centres which receive equal amounts of rainfall.

	Isovel

	A line representing points of equal velocity. Isovels are used to graphically demonstrate the distribution of flow velocities in channels.

	J

	Jarosite

	A hydrous sulphate of iron and potassium, occurring usually in yellowish rhombohedral crystals

	K

	Kaolin

	A fine white clay produced by the decomposition of feldspar, used in the manufacture of porcelain; first employed by the Chinese, but subsequently obtained also in Cornwall, Saxony, France, United States, etc. (Chinese kao-, kau-ling, name of a mountain (< kao high + ling hill) northwest of the town of King-tê-chên in North China, whence the material was originally obtained).

	Kaolinite

	A clay mineral of the Kaolin sub group, shared sheets of silicate tetrahedrons and aluminium oxide and hydroxide octahedrons (1:1)

	L

	Land capability

	The ability of land to accept a type and intensity of use permanently, or for specified periods under specific manage men!, without permanent damage. It is an expression of the effect of biophysical land resources, including climate, on the ability of land to sustain use without damage under various uses, such as crop production requiring regular tillage, grazing, woodland, or wildlife. Land capability involves consideration of:

	– the various land resource attributes

	– the production to be obtained from the land

	– the activities or inputs required to achieve that production

	– the risks of damage to the land, on-site or off-site, resulting from those activities, and

	– the inter-relations of the above

	Lagoon

	A natural closed depression filled with water that is typically salty or brackish, bounded at least in part by forms aggraded or built up by waves or reef building organisms.

	Lake

	A natural closed depression facilitating the collection of runoff and its storage as still water.

	Land

	The surface of the earth’s outer crust not covered by bodies of water. The term land is also used in a comprehensive, integrating sense to encompass the physical environment within a profile from the atmosphere above the earth’s surface down to some metres below the surface. Land therefore includes climate. landform, soils, hydrology and vegetation, to the extent that these influence potential for land use.

	Land capability classification

	The systematic arrangement of land into various categories according to their capability for particular land uses and the treatment required to sustain those uses without land degradation.

	In a soil conservation context, land capability classification is based on a balance between usage and conservation measures which allow the most intensive use of the land without soil erosion and with a permanently sustained level of usage. It relates to the degree of hazards and limitations in managing the land, and thus the classification is primarily concerned with the risk of erosion.

	Land classification

	The systematic arrangement of land into various categories based on selected properties of the land or its potential for some particular purpose. Land classification varies essentially from the genetic approach, where land is sub divided into natural regions on the basis of environmental factors, to the parametric approach where land is subdivided by mapping key attributes such as slope and terrain component, in quantitative terms.

	Land degradation

	The decline in quality of natural land resources, commonly caused through improper use of the land by humans.

	Land degradation encompasses soil degradation and the deterioration of natural landscapes and vegetation. It includes the adverse effects of overgrazing, excessive tillage, overclearing, erosion, sediment deposition, extractive industries, urbanisation, disposal of industrial wastes, road construction, decline of plant communities and the effects of noxious plants and animals.

	Land information system

	A mapping and land information data base designed for interactive use by land managers. Such a system is frequently computerised.

	Land management

	The application to land of cultural, structural, vegetative or any other types of measures, either singly or in combination, in order to achieve a desired land use. In a soil conservation context land management includes provision for the control and or prevention of soil erosion.

	Land reclamation

	Making land capable of more intensive use by changing its general character, as by drainage of excessively wet land, or recovery of submerged land from seas, lakes, and rivers. Large-scale reclamation projects usually are carried out through collective effort. Simple improvements, such as clearing of stumps or stones from land should not be referred to as land reclamation.

	Land suitability

	The potential uses of the land based upon the consideration of physical, technical and socio-economic conditions prevailing. Full suitability evaluation involves a multidisciplinary approach to land evaluation and includes a basic inventory of land resource data; an understanding of the ecological requirements of the land use contemplated: basic data on the economics of land use, land improvement, new technologies, marketing and transport, and a knowledge of the attitudes and goals of people affected by the proposed changes.

	Land system

	An area, or group of areas, commonly delineated on a map, throughout which there is a recurring pattern of topography, soils and vegetation.

	Land use

	The purpose for which land is used. The term encompasses the entire spectrum from generalised descriptions such as rural land use to specific conditions such as improved pasture production.

	Land use planning

	The conscious pursuit of goals, relating to the purpose for which land may be used by means of the formulation and implementation of strategies, policies and programs based on scientific and technical studies.

	Landform

	Any one of the various features that make up the surface of the earth.

	The detail with which landform is described depends on the purpose for which it is being classified or evaluated. For example, in land capability classification, the degree of slope and the morphological type are commonly the only land form attributes recorded. These attributes provide the essential landform data necessary to evaluate capability.

	Landholder

	Any individual, group of individuals or organisation which owns, occupies or manages land for any purpose.

	Landscape

	That part of the land’s surface, more or less extensive, being viewed or under study, that relates to all aspects of its physical appearance, including various vegetation associations and landforms. Underlying geology and soils, and land use, may influence the character of a landscape.

	Landslide

	A general term used to encompass the types of mass movement where the material is displaced downslope and along distinct surfaces of separation. The term encompasses a wide variety of materials but relates specifically to slope failures that ·Involve the ‘sliding’ of the moving material over the ground surface.

	Leachate

	Liquid containing dissolved minerals and salts as a result of leaching. Under natural conditions, refers to seepage water containing dissolved minerals and salts.

	In a mining context, the minerals and salts are dissolved as water seeps through an ore body or waste material. In some waste treatment processes, chemicals are added to promote leaching.

	In a soil context, the leachate may be formed naturally by water seeping through the soil, or artificially in the laboratory in certain soil testing procedures.

	In a landfill context, the leachate may result from water passing through waste material such as at a garbage disposal site.

	Leaching

	The removal in solution of the more soluble minerals and salts by water seeping through a soil, rock, ore body or waste material.

	Legume

	The fruit or the edible portion of a leguminous plant, e.g. beans, peas.

	When atmospheric nitrogen combines with hydrogen a process called nitrogen fixation occurs. This biological fixation may be symbiotic or non-symbiotic. It usually refers to the fixation of atmospheric nitrogen by the root-nodule bacteria (Rhizobium) associated with legumes. Bacteria in these nodules fix nitrogen from the atmosphere and make it available to the legume.

	Lepidocrocite

	A red to reddish-brown hydroxide of iron, FeO(OH), which is found as scaly or fibrous orthorhombic dipyramidal crystals, often in association with goethite.

	
Levee

	A long linear rise bordering a watercourse, comprising part of the floodplain formed by ·deposition of sediment from overbank flow during floods. Relief is low and the outer slope very gentle.

	A constructed embankment designed to prevent flooding of selected areas. II is usually built along the banks of a watercourse to prevent inundation of adjacent land, or around a facility to prevent access of flood water to it.

	Level

	An instrument that is used to establish a horizontal line of sight. Optical levels, which are mounted on a tripod or other support. use a bubble system to establish the line of sight. The bubble is contained in a vial of liquid attached to the instrument.

	Lime

	A naturally occurring calcareous material used to raise the pH of acid soils and or supply nutrient calcium for plant growth. The term normally refers to ground limestone (CaC03) but may also include processed forms such as hydrated lime (Ca(OH)2) or burnt lime (CaO). The processed forms are also effective for treating dispersible soils.

	The effectiveness of lime application depends on its fine ness and subsequent incorporation into the top few centimetres of soil. The finer grades of lime are more effective.

	Lime requirement test

	A laboratory test used to determine the amount of lime required to raise the pH of a soil to a pre-determined level, normally in the range of 6.0–6.5.

	Limestone

	A rock (rock types) which consists chiefly of carbonate of lime, and yields lime when burnt. (The crystalline variety of limestone is marble.)

	Liming

	The application of lime to the soil.

	Linear shrinkage

	The decrease in one dimension of a soil sample when it is oven dried, at 105°C for 24 hours, from the moisture content at its liquid limit, expressed as a percentage of the original dimension. lt is used as a measure of the shrink-swell potential of a soil.

	Ltihosol

	A shallow soil showing minimal profile development and dominated by the presence of weathering rock and fragments therefrom. Such soils are typically found on steep slopes. exposed hillcrests and rocky ranges where natural erosion exceeds the formation of new soil material. One of the ‘Great Soil Groups’, not used in current Australian Soil Classification system, see nomenclature.

	Litter

	The uppermost layer of organic material in a soil, consisting of freshly fallen or slightly decomposed organic materials which have accumulated at the ground surface.

	Littoral

	A term applied to deposits of soil materials arranged or transported by tidal water.

	LL15

	LL15, the 15 Bar lower limit of soil water content, is approximately the driest water content achievable by plant extraction. This defines the ‘bottom of the bucket’.195 LL15 is a laboratory measurement which is often easier to obtain than the crop defined limits, the amount of water retained by soil when the soil water potential is -1,500 J/ kg (-15 Bar).

	Crop lower limit (CLL) is the amount of water remaining after a particular crop has extracted all the water available to it from the soil

	Loam

	A medium-textured soil of approximate composition 10 to 25% clay, 25 to 50% silt, and less than 50% sand. Such a soil is typically well-graded. A soil texture grade or class.

	Lucerne

	The leguminous plant Medicago sativa, resembling clover, cultivated for fodder; purple medick.

	Lunette

	A crescent-shaped dune at the margin of a playa or lake. The sediments comprising the lunette are typically fine-grained and originate from the floor of the playa or lake during dry periods. Lunettes are formed by wind and wave action.

	Lupin

	Any plant of the genus Lupinus (family Leguminosæ); cultivated in the warmer districts of Europe for the seed and for fodder. The species now common in flower-gardens are of American origin. The flowers, blue, rosy-purple, white and sometimes yellow, grow in clusters of long tapering spikes.

	Narrow-leaved Lupin – Lupinus angustifolius – Narrow-leaved Lupin because the leaflets are narrower than in other species.

	Lysimeter

	A device to measure the quantity or rate of water movement through or from a block of soil, usually undisturbed and in situ, or to collect such percolated water for quality analysis.

	M

	Macropore

	In rigid soils, there is an approximate relation between matric potential and pore diameter. Certain ranges of matric potential correspond to functional pore classes. Pore class limits are arbitrary and different classifications have been proposed. However, the following distinctions are useful. Macro-porosity can be defined as the total volume pores drained at -1.0 m matric potential, that is, pores >30 µm equivalent diameter. Macro-porosity corresponds to the summation of soil aeration capacity and transmission porosity where the latter is defined as the volume of pores drained between -0.1 m and -1.0 m (300 to 30 µm). Pores draining between -1.0 and-150m are considered to contain water available to plants. Residual porosity is the volume of pores draining at matric potentials more negative than -150m, these have an effective diameter <0.2 µm. Characterising each of these functional pore groups using the soil water characteristic would require determination of water contents at potentials of -0.1 m, -1.0 m, and -150m. Measurements at potentials more negative than -150m are unnecessary for most applications.196

	Magnesium

	An element with the Symbol Mg and atomic number 12

	A light, silvery, metallic chemical element of the alkaline earth group which burns with an intense white light and is a major constituent of rock-forming minerals.

	A secondary plant nutrient, Magnesium is taken up by plants as the Mg2+ cation. In the plant, it serves many functions, actively involved in photosynthesis and aids in phosphate metabolism, plant respiration, protein synthesis and the activation of many enzyme systems.

	Manganese

	An element with the symbol (Mn) and atomic number 25

	Manganese is a metallic micro-nutrient functioning primarily as a part of enzyme systems in plants. It activates several important metabolic reactions and plays a direct role in photosynthesis by aiding chlorophyll synthesis.

	Manning’s formula

	A formula used to predict the velocity of uniform water flow in an open channel or pipe:

	V = (R⅔ x S½)/ n, where

	V is mean velocity (m/ s)

	R is hydraulic radius (m)

	S is channel slope

	n is manning’s roughness coefficient for the channel lining (about 0.03 for a straight even bed and 1.0 for an uneven bed with weeds)

	It is particularly useful in soil conservation design work in calculating specifications for banks and waterways.

	Map scale

	The relation, expressed as a ratio, between a unit of length on a map and the actual length it represents on the land surface. A map scale of 1:2 000 000 is a small scale (objects are drawn 1 / 2 000 000 th of their actual size); while a map scale of 1:2000 is a large scale (objects are drawn 1 / 2 000 th of their actual size). The smaller the map scale the larger the area of land surface represented. For example, one square centimetre on a 1:2 000 000 scale map represents 400 square kilometres whereas a similar unit on a 1:2000 scale map represents 400 square metres.

	Map unit

	A delineated area on a map representing parts of the landscape having elements that vary within more or less narrow limits, depending on the intensity and objectives of the survey.

	Marginal land

	Land which, due to its climatic, geographic or topographic location, and/ or the nature of its soils, cannot be used for a form of regular agricultural or pastoral use without stringent land management controls to protect it from degradation. Marginal land may be found in different climatic zones and the factors rendering the land marginal will vary from zone to zone.

	Mass movement

	A general term encompassing erosion processes in which gravity is the primary force acting to dislodge and transport land surface materials. It is a function of the gravitational stress acting on the land surface and the resistance of the materials to dislodgement. When the gravitational stress exceeds this resistance, mass movement occurs. The occurrence of mass movement depends upon the interaction of various factors including landform, lithology, soil type, rainfall intensity and duration, drainage characteristics, vegetal cover, and human intervention.

	Massive

	Refers to that condition of a soil layer in which the layer appears as a coherent, or solid, mass which is largely devoid of peds, and is more than 6 mm thick.

	Matrix

	Finer-grained fraction, typically a cementing agent, within a soil or rock in which larger particles are embedded.

	Meandering

	The natural winding of channels, which results from a complex geomorphological process involving stream bank erosion and alluvial deposition.

	Mechanical stability

	The ability of a dry soil to maintain its structure under the influence of mechanical agents, such as tillage or abrasion from windborne materials. It relates to soil coherence and is characterised in the laboratory by repeated dry sieving on a rotary sieve.

	Medick

	Any of various Eurasian and North African plants, chiefly yellow-flowered, constituting the genus Medicago (family Fabaceae (Leguminosae)), which resemble clovers but have spirally coiled, sometimes spiny, seed pods; spec. one of those grown for fodder or green manure.

	Mesophyte

	A plant belonging to a class intermediate between hydrophytes and xerophytes, i.e. one needing only a moderate amount of water.

	Metal

	Hard, shiny, malleable material of the kind originally represented by gold, silver, copper, etc.

	Any of a class of substances, originally comprising gold, silver, copper, iron, lead, tin, and alloys such as bronze and brass, that share the properties of high density, malleability, ductility, opacity, good conduction of heat and electricity, and a characteristic lustre. Later also (esp. in Chem.): any of a large class of chemical elements that typically have these properties and that form simple positive ions and basic oxides.

	Microrelief

	Minor variation in the configuration of the land surface such as is caused by the presence of gilgai, rabbit holes. ploughing and scalding.

	Minimum tillage

	A general term describing a conservation tillage system in which the crop is grown with the fewest possible tillage operations. Herbicides and / or grazing may be used for fallow weed control.

	Mineral

	A naturally occurring substance of neither animal nor vegetable origin.

	Mineralogy

	A description of the distribution of minerals in a region, or within a rock, rock or soil type, see also parent material.

	Mineral soils

	Soil other than those described or classified as organic soil. The surface 30 cm should contain:

	– Less than 20 per cent organic matter if the clay content of the soil is 15 per cent or lower

	– Less than 30 per cent organic matter if the clay content of the soil is higher than 15 per cent.

	Mineralisation

	The process by which organic-N is converted to available forms is called mineralisation. It occurs as micro-organisms decompose organic materials for their energy supply. Nitrogen can also be converted from mineral to organic forms. This process is called immobilisation.

	Molybdenum

	An element with the symbol (Mo) and atomic number 42

	A brittle, silvery-grey chemical element, one of the transition metals and occurs as an essential trace element in plants and is added to steel and other alloys to give strength and corrosion resistance.

	Molybdenum is a metallic micro-nutrient required in the smallest quantities of all the essential elements. Molybdenum is required for the synthesis and activity of the enzyme nitrate reductase, and is also vital for the process of symbiotic nitrogen fixation by Rhizobia bacteria in legume root nodules.

	Monitoring site

	An area of land having defined boundaries within which long-term changes in environmental conditions, such as soils, vegetation and/ or land use, can be studied. The site may be left undisturbed to examine natural changes or may be specifically managed to examine the effects of particular treatments. Monitoring techniques include transect inventory, site photography, aerial photography, and remote sensing.

	Monoculture

	A cropping system where only one type of crop is grown.

	Montmorillonite

	Clay material comprising a group of aluminosilicate minerals with a 2:1 expanding crystal lattice structure. They are reactive clays generally with high shrink/ swell potential and high cation exchange capacity.

	Mottling

	The presence of more than one soil colour in the same soil horizon, not including different nodule colours. The sub· dominant colours normal!y occur as scattered blobs or blotches, which have definable differences in hue, value or chroma from the dominant colour. Mottling is often indicative of slow internal drainage, but may also be a result of parent material weathering.

	Mound

	An artificial elevation of earth, proportionally similar in length and width, typically constructed as a temporary storage of soil materials or permanently constructed for landscaping purposes during the rehabilitation of disturbed terrain

	Mulch

	A natural or artificial layer of plant residue or other material on the soil surface which provides protection against erosion and aids plant establishment mainly by restricting moisture loss. It may also increase infiltration and minimise temperature fluctuations.

	Mulching

	The application or retention of a mulch. Usually refers to the application of mulch to disturbed areas as a temporary expedient to assist the establishment of permanent vegetative cover, or the retention of plant residues on arable land between cropping phases to assist in erosion control.

	Multiple cropping

	The growing of more than one crop each year on the same parcel of land.

	Multispectral imagery

	An image produced by focusing various incoming bands of radiation within the electromagnetic spectrum upon a transducer which converts the radiation to a different type of signal, which is then recorded upon some medium. The three camera television system of viewing the terrain in green, red and infrared used in some satellites for remote sensing is an example of multispectral imagery. This multispectral approach allows recognition of terrain features by their differences in reflectance. For example, the green band allows maximum penetration of light through water to enhance sub-aqueous features, while the red band gives maximum contrast of cultural features.

	N

	Natural resources

	The naturally occurring components of the environment which are of value to the human population, including land, soil, water, flora, fauna, minerals and energy sources. The value may be direct in that the resource fulfils an immediate human need and can be bought or sold (e.g. fish, timber), or it may be indirect in that it is needed to support or provide amenities important to humans (e.g. landscape).

	Native pasture

	Indigenous pasture, bushland and/ or timber species adapted to the prevailing environmental conditions including climate, soils and natural grazing patterns.

	Neutralising value

	The neutralising value (NV) of a liming material is its capacity to neutralise acidity. The higher the NV the more pure is the product. Pure calcium carbonate (pure limestone) is taken as the standard with an NV of 100. The neutralising value of commercial limestone is usually between 96 and 98. Other liming materials are more reactive than limestone and therefore have higher neutralising values, for example pure form hydrated lime 135(NV), and pure form burnt lime 179(NV).

	Nickel

	An element with the symbol (Ni) and atomic number 28

	A hard silvery-white chemical element which is one of the transition metals, is both malleable and ductile, and which usually occurs in combination with arsenic or sulfur.

	Essential for the growth of some plants, almost never deficient in the soil and problems are more often associated with excess or toxic levels

	Nitrate

	A salt of nitric acid (HNO3); the ion NO3-.

	Nitrate N

	NO3-

	Nitrate nitrogen is produced in the soil by the breakdown of organic matter, or of ammonium forms of nitrogen. Leaching of the nitrate form of nitrogen is a major contributor to agriculturally induced soil acidification.

	Nitrification

	Ammonium nitrogen reacts with oxygen in the presence of nitrifying bacteria to produce nitrate nitrogen.

	At the same time, hydrogen ions are released, and if there are insufficient calcium and magnesium ions present to buffer their effect, acidity will be increased (i.e. pH is lowered).

	Nitrifying bacteria

	Biological fixation may be symbiotic or non-symbiotic. It usually refers to the fixation of atmospheric nitrogen by the root-nodule bacteria (Rhizobium) associated with legumes.

	Symbiotic N fixation by legume bacteria is considered the most important natural nitrogen source in soils

	Non-symbiotic fixation of nitrogen is carried out by some free-living bacteria. The amount fixed by these organisms is much less than the amount fixed symbiotically.

	Nitrogen

	An element with the symbol (N) and atomic number 7

	A non-metallic chemical element, which, as a colourless, odourless gas with diatomic molecules (N2), forms approximately four-fifths of the earth’s atmosphere, and which is also a constituent of numerous compounds, including ammonia, nitric acid, nitrates, and proteins.

	Nitrogen (N) is essential for plant growth. It is a part of every living cell. Plants require large amounts of nitrogen for normal growth.

	Nitrogen fixation

	Generally, the conversion of free nitrogen to nitrogen combined with other elements. Specifically in soils, the assimilation of atmospheric nitrogen from the soil air by soil organisms to produce nitrogen compounds that eventually become available to plants.

	No-tillage

	A minimum tillage practice in which the crop is sown directly into a soil not tilled since the harvest of the previous crop. Weed control is achieved by the use of herbicides and stubble is retained for erosion control. It is typically practiced in arable areas where fallowing is important.

	Nodule

	A small segregated mass of material that has accumulated in the soil because of the concentration of one or more particular constituents, usually by chemical or biological action. Nodules vary widely in size. shape, hardness and colour, and may be composed of iron or manganese compounds, calcium carbonate or other materials

	Nomenclature

	Approximate relationships between local soil classifications197

	
		
				Classes198

				Great Soil Groups199

				Factual Key (Northcote)200

				Australian Soil Classification Orders201

		

		
				Shallow stony soils

				Lithosols

				Many Uc and Um classes, fewer Uf1 soils

				Rudosols, Tenosols

		

		
				Ironstone gravel soils

				(Gravelly) red and yellow earths, podzolic soils and earthy sands

				(Gravelly) KS Uc, KS-Gn2, KS-Dy soils

				Range of Kandosols, Kurosols, Chromosols and Tenosol

		

		
				Deep sands

				Calcareous, siliceous and earthy sands

				Uc 1–5 soils

				Rudosols, Tenosols

		

		
				Cracking clays

				Black earths, grey, brown and red clays, wiesenboden

				Ug soils, mainly Ug5

				Vertosols

		

		
				Calcareous soils

				Solonised brown soils, Calcareous sands, grey-brown and red calcareous soils

				Gc 1–2, some UcS, Um1 and Um5 soils.

				Calcarosols

		

		
				Massive sesquioxidic soils

				Red, yellow and grey earths, calcareous red earths, red and brown hardpan soils

				Gn2 and Um5.3, .5 soils

				Kandosols, Tenosols

		

		
				Structured sesquioxidic soils

				Krasnozems, euchrozems, xanthozems

				Gn3 and Um4.4 soils

				Ferrosols, Dermosols

		

		
				Texture contrast soils with or without weak A2 horizon

				Desert loams, red-brown earths, non-calcic brown soils, some podzolic soils

				Dr1, Dr2.1, 2.3 and similar Db soils

				Sodosols, Chromosols, Kurosols

		

		
				Texture contrast soils with strongly developed A2 horizon

				Solodized – solonetz, solodic soils, soloths, many podzolic soils

				Wide range of D (duplex) soils

				Sodosols, Chromosols, Kurosol

		

		
				Texture contrast soils with laterite and prominent subsoil development

				lateritic podzolic soils

				lateritic Dy3 and Dy5 soils

				Chromosols, Kurosols, Sodosol

		

		
				Soil with sesquioxide – humus B horizons

				Podzsols, humus podzols

				Uc2, Uc3, some Uc4 soils

				Podosols

		

		
				Humic soils

				Alpine humus soils, humic gleys

				Um7.1, Gn3.9 and many Dg4 soils

				Tenosols, Hydrosols

		

		
				Highly saline soils

				Solonchaks and highly saline other great groups

				Uf1, Uf4, some Um1, Dy1 and Ug5 soils

				Hydrosols

		

		
				 

				Neutral to alkaline, and acid peats

				O soils

				Organosols

		

	

	Nutrient

	An element that contributes to an organism’s growth and health, essential to completion of the life cycle.

	O

	Oats

	The cereal which yields this grain, which may be any of several grasses of the genus Avena, but principally Avena sativa, having loose panicles (loosely branching clusters) of large pendulous two or three flowered spikelets (a subdivision of an ear of grain) and widely grown in cool temperate regions.

	Open-cut mine

	A mining operation where the extraction of the ore is downwards removing overburden and spoil until the required seam of ore is reached. Removal is by surface based machinery and vehicles.

	Opportunity cropping

	A flexible cropping procedure whereby advantage is taken of unexpected favourable seasonal conditions, particularly those relating to soil moisture, to grow more than one crop per year on the same piece of land. May also apply to growing a crop in localities and or at times of the year when regular crop production is not possible, to take advantage of special market situations.

	Ore

	Rock or other geologic material from which minerals are extracted.

	Organic

	Describes substances or materials derived from animals or plants

	Organic carbon

	Total organic carbon forms are derived from the decomposition of plants and animals. They are capable of decay or are the product of decay. They contain organic compounds whose molecules contain carbon, oxygen, nitrogen and hydrogen; therefore carbonates, bicarbonates and elementary carbon like graphite are not organic carbon. The term total carbon is different to total organic carbon, which refers specifically to the organic carbon fraction. The terms total organic carbon, soil organic carbon and organic carbon are the same

	Organic fertiliser

	Organic material that releases or supplies useful amounts of a plant nutrient when added to a soil. Relies on micro-organisms to decompose it before the nutrients contained therein are released and become available to plants.

	Organic matter202

	Organic matter includes all elements such as hydrogen, oxygen, phosphorous, sulphur and nitrogen that are associated with carbon in organic molecules.

	Soil organic matter consists of plant, animal and microbial residues in various stages of decay.

	Organic matter is difficult for laboratories to measure directly, so they usually measure total organic carbon. This is probably why organic matter and organic carbon are often confused and used interchangeably. A conversion factor of 1.72 is commonly used to convert organic carbon to organic matter:

	Organic matter (%) = Total organic carbon (%) x 1.72

	This conversion factor assumes organic matter contains 58% organic carbon. However this can vary with the type of organic matter, soil type and soil depth. Conversion factors can be as high as 2.50, especially for subsoils.

	Organic soil

	Organosol – ASC

	A soil in which soil organic matter dominates the profile. The surface 30 cm should contain 20 per cent or more organic matter if the clay content of the mineral soil is 15 per cent or lower, or 30 per cent or more organic matter if the clay content of the mineral soil is higher than 15 per cent.

	Orthophosphate

	A general class of phosphate compounds manufactured from orthophosphoric acid (H3P04) including primarily ammonium calcium salts. This is the form of phosphorus in most commonly used fertiliser products, such as single superphosphate, MAP, DAP.

	Orthorhombic

	Designating or relating to a crystal system referred to three unequal axes which intersect each other at right angles.

	Outcrop

	The exposure at the surface of rock that is inferred to be continuous with underlying bedrock.

	Outlet

	The point at which water discharges from a river, creek or other flowline: lake, tidal basin or drainage depression: or pipe, channel, dam or other hydrologic structure.

	Overburden

	Soil and rock material which must be excavated to expose an orebody or coal seam in preparation for open-cut mining

	Overclearing

	The removal of trees and shrubs. particularly from steep areas, to an extent which makes the land susceptible to appreciable soil erosion.

	Overgrazing

	Continued grazing of pasture or rangeland at a level which permanently and adversely affects its plant components. This leads to a reduced capacity to produce forage, deterioration in pasture or range condition and increased erosion hazard.

	Overland flow

	Water flowing in a thin layer over the land surface. In a soil conservation context it is usually storm runoff and may lead to sheet erosion

	Overstocking

	The placement of a number of grazing animals on a given area of pasture or rangeland that will adversely affect its plant components by the end of the grazing period. The effect may only be temporary, and in this respect the term differs from overgrazing. However, continued overstocking will lead to overgrazing.

	Ox-bow

	A long curved closed depression, usually swampy or water-fined, formed by plugging of the ends of a bend in a stream channel with alluvium. The bend thus becomes separated from the main channel.

	Oxide

	A compound of oxygen with another element or with an organic radical, e.g. carbon monoxide, CO; carbon dioxide CO2.

	Oxidation

	A chemical change involving addition of oxygen or its chemical equivalent. It includes the loss of electrons from an atom, ion or molecule during a chemical reaction. It may increase the positive charge of an element or compound.

	Oxygen

	An element with the symbol (O) and atomic number 8

	A non-metallic chemical element, atomic number 8, which as a colourless, odourless gas with diatomic molecules (O2), forms approximately one-fifth of the earth’s atmosphere, is essential for aerobic respiration, and is the chief agent of combustion, rusting of metals, etc., and which is also a constituent of numerous compounds, including water, many organic substances, and many minerals.

	Oxyhydroxide

	A complex containing an oxide group and a hydroxide group, e.g. the oxyhydroxide of manganese, MnOOH.

	P

	Paleosol

	Buried soil.

	No classification system has yet satisfactorily resolved this question. A buried soil may be overlain by another soil profile or by recently deposited material that has not had sufficient time to develop enough pedological features to meet any of the requirements for the defined (ASC) soil orders. In such cases the overlying material shall be regarded as a phase of the classified soil below. Typical examples would be very recent silty or sandy alluvium deposited on a flood plain, windblown sand, or a recent layer of volcanic ash.

	– If the soil material overlying the buried soil is less than 0.3m thick and has pedological development sufficient only to qualify as a Rudosol, then it is also regarded as a depositional phase of the buried soil below

	If the same overlying material is greater than 0.3m thick it could be classified together with the buried soil as, for example, a Stratic (unconsolidated apper layer) Rudosol/ Black Vertosol

	– If, however, the overlying material had sufficient pedological development for it to be classified other than as a Rudosol it would be so classified irrespective of its thickness. An example would be Yellow-Orthic (sand plain soil with a small clay increase with depth) Tenosol/ Black Vertosol.

	Palygorskite

	A silicate of magnesium and aluminium that occurs as soft, light-coloured, fibrous layers, and has a structure based on silica tetrahedra arranged in double chains. (Palygorsk, the name of a locality by the Popovka river in Ukraine)

	Pan (hardpan)

	A hardened, compacted and or cemented horizon, or part thereof, in the soil profile. Such pans frequently reduce soil permeability and root penetration and thus may give rise to plant growth and drainage problems. Deep ripping or chisel ploughing is used to overcome such problems.

	The hardness is caused by mechanical compaction or cementation of soil particles with organic matter or with materials such as silica, sesquioxides. or calcium carbonate. The hardness does not change appreciably with changes in moisture content, and pieces of the hard layer are not subject to slaking.

	Parent material

	The geologic material from which a soil profile develops. It may be bedrock or unconsolidated materials including alluvium, colluvium, aeolian deposits or other sediments.

	Parent material classification203
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Muscovite Mica (similar to many clay minerals in sedimentary rocks)
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	Notes:

	– The term ‘siliceous’ is synonymous with the term ‘acidic’ when used in relation to rock types

	– The term ‘acidic’ is considered archaic now, as the terms ‘acidic’ and ‘basic rock’ were based on an incorrect idea, dating from the 19th century, that silicic acid was the chief form of silicon occurring in rocks, the modern term is ‘felsic’

	– The term ‘basic’ is an old term which is synonymous with the more modern term, ‘mafic’, describing a silicate mineral or rock that is rich in magnesium and iron (magnesium and ferric)

	– Most minerals are silicates (except limestones) but silicon and ferromagnesian content vary considerably
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	Particle size analysis

	The laboratory determination of the amounts of the different separates in a soil sample such as clay, silt, fine sand, coarse sand and gravel (particle size classes). The amounts are normally expressed as percentages by weight of dry soil and are determined by dispersion, sedimentation, sieving, micrometry or combinations of these techniques.

	Pasture

	Grasses, legumes and/ or other herbage used or suitable for the grazing of animals. The term also includes the land covered by such herbage and used or suitable for grazing. Annual/ perennial pasture consists largely of annual/perennial grasses and/or legumes respectively. Four pasture types are commonly recognised:

	Native pasture

	Consists of indigenous species which are well adapted to the prevailing environmental conditions including climatic factors, soil nutrient status and natural grazing patterns. Their biomass, nutritional value and palatability are often less than that of improved pastures. but they have advantages in long term persistence under drought conditions if managed adequately. and often prefer conditions of low soil fertility

	Improved pasture

	Consists of introduced species not indigenous to the area being considered. Many of the legume pasture species, such as the white clovers, have been introduced into Australia. Pasture improvement increases grazing productivity per unit area but requires careful management, such as fertiliser application and weed control, to maintain sustained production

	Semi-improved pasture

	Pasture where improved species have been encouraged to invade native pasture by such practices as broadcast seeding and fertiliser application

	Naturalised pasture

	Pasture where a balance between improved and native species has been reached. It results from the spread of improved species by natural seed and vegetative distribution or the deterioration of improved pastures by the invasion of native species.

	Pea

	The hardy annual climbing plant Pisum sativum (family Fabaceae (Leguminosae)), cultivated in many varieties, which has large papilionaceous flowers succeeded by long pods, each containing a row of edible round seeds

	Peak discharge

	Q, m3/s

	The maximum discharge resulting from a set of hydrological conditions.

	Peat

	A firm brown deposit resembling soil, formed by the partial decomposition of vegetable matter in the wet acidic conditions of bogs and fens, and often cut out and dried for use as fuel and in gardening.

	Ped

	An individual, natural soil aggregate.

	Pedal

	Describes a soil in which some or all of the soil material occurs in the form of peds in the moist state. Strongly pedal soils have two thirds or more of their soil material in the form of peds, and weakly pedal soils have less than one third of their soil material in the form of peds.

	Pediment

	A land surface worn down by erosion to a nearly flat or broadly undulating plain, typically with numerous rapidly migrating and very shallow stream channels. Pediments are eroded, and locally aggraded, by frequently active stream flow or sheet flow, with sub-ordinate wind erosion.

	Pedology

	The study of soils, particularly their formation, morphology, distribution and classification.

	Pedogenic

	Of, relating to, or designating the process of soil formation (pedogenesis); soil-forming.

	Penetrability

	The ease with which a probe can be pushed into the soil. May be expressed in units of distance, speed, force, or work depending on the type of penetrometer used.

	Penetrometer

	An instrument used to measure resistance to penetration in soil. Such measurements are important in relation to soil density studies or the location of pans.

	Penetrometer resistance is commonly used as an indicator of soil strength and is frequently measured with a standard cone. The standard cone has a 30° angle and a base of 12.82 mm. It conforms to ASAE Standard S313.1 (ASAE 1983). The resistance is commonly recorded initially at 5 mm and then at 15 mm intervals to 440 mm as the penetrometer is pushed into the soil at a rate of 30.5 mm/s. The data is recorded on an electronic data logger.

	Percolation

	The movement and filtering of fluids through porous materials. Generally refers to water lost by drainage due to gravity below the root zone, when a soil profile is above field capacity.

	Permanent wilting point

	PWP

	A laboratory measure of the amount of water held in a soil at the point when foliage wilts and does not recover when placed in a humid atmosphere. Expressed as a percentage of the oven dry weight of the soil, by convention is taken to be amount of water retained by soil when the soil water potential is -1,500 J/ kg.

	In the field existing foliage withers and dies as a result of moisture stress. However, in the long term, plants may recover if more water becomes available, due to the production of new shoots.

	Permeability

	A general term used to describe the rate at which water moves through the soil profile.

	Perennial plant

	A plant whose life cycle extends for more than two years and continues to live from year to year. Some perennials, such as grasses and herbs, have above· ground parts which die down in the autumn, leaving an underground structure, such as a bulb or rhizome, to overwinter and produce new growth in the spring. Woody perennials, such as shrubs and trees. have permanent woody stems from which the plant makes new growth each year.

	Permanent clearing

	The removal and non·replacement of trees and shrubs to facilitate an alternative form of land use such as pasture or cereal cropping.

	pH

	A measure of the acidity or alkalinity of a solution (or of a medium containing a solution, such as soil, blood, etc.) equal to the logarithm to the base 10 of the reciprocal of the effective concentration (activity) of hydrogen ions (in moles per litre), introduced by Danish chemist Peder Sørensen at the Carlsberg Laboratory in 1909.

	On a scale from 0 to 14, a pH of 7.0 denotes neutrality, higher values indicate alkalinity, and lower values indicate acidity. Soil pH levels generally fall between 5.5 and 8.0 with most plants growing best in this range. An example of the pH scale is:
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	Sorensen was mainly working with acidic solutions, and so used a negative log to express the term as positive. The lower the pH number, the higher the concentration of hydrogen ions; a drop of 1 unit of pH represents a ten-fold increase in the concentration of hydrogen (acid) ions.

	pH(CaCl2)/ pHw

	pH(CaCl2)/ pH(Ca) or pHCa, pH(w) or pHw

	Soil pH in calcium chloride. This is the standard method of measuring soil pH in all states other than Queensland, which commonly use pHw.

	soil pH measurement requires:204

	– Air-dry soil sample (≈40–45° C, < 2mm, for example 20.0g)

	– Five times sample weight (for example 100ml) of a dilute concentration (0.01M) of calcium chloride (CaCl2), or deionised water

	– Mechanically shake (end over end preferred) at 25°C for 1 hour in a closed system

	– Allow 20–30minutes for the soil to settle

	– Measure pH using an electrode on the same day

	– The results are usually expressed as pH(CaCl2)/ pHCa/ pHca or pH(w)/ pHw.

	– Because the pH varies depending on the method of extraction (CaCl2 or water) and the indicator used in field studies, the method should be stated with the results.

	pH(CaCl2)/ pH(w) relationship205

	– Soil pH measurement in a salt solution, either 0.01 m CaCl2 or 1 m KCl, should be the preferred method compared with measurement in water because it is less affected by soil electrolyte concentration and provides a more consistent measurement

	– However, the pH difference between measurements in water and CaCl2 is related to the soil solution electrolyte concentration, with the difference between the two methods becoming smaller with increasing soil electrical conductivity (EC)

	– A linear model for the pHCa/ pHw relationship:

	– pH1:5Ca = −0.05 + 0.9 pH1:5w + 0.14 ln(EC1:5w) (R2 = 0.94, n = 11583), where ln is the natural log, and EC1:5w is electrical conductivity (1:5 soil to water ratio) in dS m−1, provides a reasonable fit to the data

	– The use a curvilinear relationship slightly improves the prediction, and confirms the hypothesis that at pH < 4 and >7.5 the difference between pHw and pHCa is smaller

	– Other work provides a similar model when EC data is not available:

	– pH1:5Ca = −0.373 + 0.923 pH1:5w (R2 = 0.93, n = 7884)

	Phosphorus

	An element with the symbol (P) and atomic number 15

	A non-metallic chemical element which is widespread (chiefly in the form of phosphates) in living organisms and in minerals, and in its commonest form is a whitish waxy solid which undergoes spontaneous oxidation (with chemiluminescence) or ignition in air.

	Phosphorus is essential for plant growth. No other nutrient can be substituted for it. The plant must have phosphorus to complete its normal production cycle. Phosphorus plays a role in photosynthesis, respiration, energy storage and transfer, cell division, cell enlargement and several other processes in the living plant. It promotes early root formation and growth. Phosphorus improves the quality of fruit, vegetable and grain crops, is vital to seed formation and is involved in the transfer of hereditary traits from one generation to the next. In annual crops, it is particularly important that their roots have access to readily available phosphorus in the early stages of crop development. Phosphorus helps roots-and seedlings develop more rapidly and improves cold tolerance. It increases water use efficiency, contributes to disease resistance in some plants and hastens maturity, and is important to harvest yield and crop quality.

	Phosphorus tests206

	Colwell-P

	The Colwell-P test uses a bicarbonate (alkaline) extraction process to assess the level of easily available soil P and was the original test for P response in wheat.

	The Colwell-P level (0 to 10cm) that gives maximum yields varies between soil types, but is usually in the range of 15 to 50 parts per million.

	It is used alongside the phosphorus buffering index (PBI) to give an indication of the levels and accessibility of P in the soil.

	BSES-P

	The BSES-P test was developed for the sugar industry but is now an important tool in the grains industry. BSES-P uses a dilute acid extraction to assess the size of slower release soil P reserves.

	These reserves do not provide enough P within a season to meet yield requirements, but they partially replenish plant-available P.

	Because the P measured by BSES-P releases only slowly, changes in the test value of subsoil layers may take years. Therefore this test needs to be done only every four to six years, and is most important in the subsoil layers.

	PBI

	The PBI indicates the availability of soil P (or how much fertiliser P a soil can fix into unavailable forms).

	The buffering capacity of a soil refers to its ability to maintain its P concentration in solution as the plant roots absorb the P.

	The higher the value, the more difficult it is for a plant to access P from the soil solution.

	Values of PBI less than 100 are considered low (P is readily available) while values more than 200 are considered high.

	PBI value is unlikely to change rapidly over time so it does not need to be measured on every 0 to 10 cm soil sample, nor every year.

	PBI and critical P level

	There is a positive relationship between PBI and the Colwell-P value required for near maximum crop yield.

	Desirable levels of Colwell-P may be up to 10 units higher for high PBI soils than for low PBI soils.

	DGT

	The DGT (diffusive gradients in thin films) test was developed because existing soil testing methods, such as Colwell-P on its own without reference to PBI, had been shown to be poor predictors of plant available P on certain soil types (calcareous, acidic with high iron or aluminium).

	The DGT test is a plastic device that uses an iron oxide gel as a P sink, which attracts available P through a membrane.

	It is deployed on moist soil (100 per cent water-holding capacity) for around 24 hours after which the device is washed. The amount of P bound to the gel is removed by washing with a solvent, then measured.

	The DGT measurement incorporates the initial soil solution P concentration, as well as the ability of the soil to resupply the soil solution pool in response to the removal of P. In this way, it is designed to mimic the action of plant roots so is a better method of predicting plant P requirements than methods based on chemical extractions, for example, Colwell-P.

	Photosynthesis

	A process used by plants and other organisms to convert light energy, normally from the Sun, into chemical energy that can be later released to fuel the organisms’ activities. This chemical energy is stored in carbohydrate molecules, such as sugars, which are synthesised from carbon dioxide and water. In most cases, oxygen is also released as a waste product. Most plants, most algae, and cyanobacteria perform photosynthesis. Photosynthesis maintains atmospheric oxygen levels and supplies all of the organic compounds and most of the energy necessary for life on Earth.

	Although photosynthesis is performed differently by different species, the process always begins when energy from light is absorbed by proteins called reaction centres that contain green chlorophyll pigments. In plants, algae and cyanobacteria, sugars are produced by a subsequent sequence of light-independent reactions called the Calvin cycle.

	Phreatic line

	The line marking the upper surface of the zone of saturation in a body of soil material (the water table). The location where the pore water pressure is under atmospheric conditions (i.e. the pressure head is zero).

	Water movement through an earth embankment follows a pathway determined by this line. i.e. seepage will occur at or below it. Provided the water level behind the embankment is maintained, · the line of seepage eventually reaches a steady-state determined by the density and permeability of the material.

	Phycocyanin

	Various blue or blue-green pigments that are the dominant photosynthetic pigments in most blue-green algae.

	Phytotoxicity

	Poisonous or injurious to plants

	Piezometer

	Any of various instruments for measuring the (static) pressure of a liquid or gas, or something connected with pressure. Such instruments include:

	– one for measuring the compressibility of a liquid

	– one for measuring the pressure of water at any point in a water main, an aquifer, etc. (A narrow tube, open at each end, inserted down a hole in the ground to the depth of the water table, which enables measurement of its elevation or hydraulic head)

	– one for measuring the resistance or sensitivity to pressure of different parts of the surface of the body

	– one for measuring the pressure of gas in the bore of a gun when it is fired

	– one for measuring the depth of water by means of the compression of air in a tube

	Unconfined aquifers are also referred to as phreatic aquifers because their upper boundary is provided by the phreatic or piezometric surface.

	Pit

	A closed depression excavated by human activity. It may be relatively large as associated with gravel or coal extraction, or small as associated with soil profile examination. The term is also used synonymously with the noun ‘mine’.

	Pivot line

	A line joining turning points on a strip cropping plan. It represents the projection along which each strip changes direction due to changes in topography.

	The angles either side of a pivot line, made by its intersection with the key lines, must be equal otherwise the strip widths either side will be unequal. The total angle of a bend in the strips must not be too small, to allow for turning machinery. Recommended minimum angle is 130°, but this is negotiable provided the landholder understands the problems.

	Plain

	A general term encompassing large, very gently inclined or level landforms of unspecified geomorphological origin.

	Planimeter

	An instrument used to measure areas on a map. Its main advantage lies in its ability to measure irregular shapes such as for catchment areas. Planimeters consist of a graduated measuring wheel pivoted on a tracer arm. The area is determined by the number of revolutions of the measuring wheel in relation to the map scale.

	Plant available water capacity

	Available water holding capacity

	The amount of water in the soil, generally available to plants, that can be held between field capacity and permanent wilting point, the moisture content at which plant growth ceases.

	Plant nutrient

	Any element essential to the growth of plants or which can be beneficially utilised by them. Such nutrients are supplied from the soil or from application of fertiliser and include:

	– Major elements: Nitrogen, phosphorus, potassium

	– Minor elements: Calcium, magnesium, sulfur

	– Trace elements: Iron, copper, zinc, manganese, boron, molybdenum, chlorine, (sodium)

	Plateau

	A level to rolling landform of plains. rises or low hills standing above a cliff or escarpment which extends around a large part of the plateau’s perimeter. Plateaux are commonly associated with flat-lying strata or lava flows.

	Playa

	Originally and chiefly in Spanish-speaking countries: a beach

	A flat area of silt or sand, free of vegetation and usually characterised by salt deposits, that lies at the bottom of a desert basin and is dry except after rain.

	Plough pan

	A pan made up of a layer of soil compacted by repeated tillage at a constant depth over many years.

	Ploughing

	A primary tillage operation which is performed to loosen and shatter soil with partial or complete soil inversion. The operation also incorporates organic residues into the soil.

	Pluviometer

	An instrument for measuring rainfall which incorporates a continuous record in the form of a pen trace on a graduated time chart which is known as the PLUVIOGRAPH. The total amount of rainfall and its intensity at any time can be measured.

	Point source

	A source of pollution which can be pinpointed. In a soil conservation context it typically applies to a source of sediment which can be limited to one precise location. For example, an actively eroding gully head could be a point source of sediment contributing to the blocking of an adjacent road culvert.

	Pore space – Porosity

	Ø, ratio or per cent

	The fraction of the bulk volume or total space (VT) within soils that is not occupied by solid particles (VS), i.e. occupied by air (VA) or water (VW).

	The degree to which a soil is permeated with pores; the term refers not only to the fraction of the soil volume made up of pores, but also to the size and shape of the pores and the degree of connection between them.

	Porosity is difficult to measure, and is commonly inferred from bulk density (ρb):

	ϕ = 1 – ρb/ ρs, where

	ρs is the density (specific gravity) of soil solids, (MS/ VS)

	M is mass, and

	ϕ = (VA + VW)/ VT

	= VT/ VT – VS/ VT

	= 1 – VS/ VT

	= 1 – (MS/ VT)/ (MS/ VS)

	= 1 – ρb/ ρs

	Pore Space Relations

	The pore space relations in soil, as shown in the figure below, indicate the proportions of solids (S), water (W) and air (A) in the soil sample (total, T).

	For example, a sample may have the following pore space relations by volume:
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	This data also indicates that the moisture content of the sample is 13%, or 0.13 cm3/ cm3, and that the total porosity of the sample is 51%.

	The figure also defines the terms used in describing soil particles and pore space
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	Pore size distribution207

	Soils have a wide range of pore size distribution (PSD) from nanometre to micrometre scale.

	The detailed characterisation of soil pore structure in a wide pore size range is important for understanding soil processes.

	An example is shown in Figure 35 for four different types of soils, representing the most important soil types in China.
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	Figure 35 Example of cumulative pore size distributions for four black soils

	Potassium

	An element with the symbol (K) and atomic number 19

	A soft, light, silvery-white, highly reactive chemical element belonging to the alkali metal group, which is present in numerous minerals and is essential (in the form of cations) to various biological processes, including the transmission of nerve impulses and plant growth, and whose salts are used as ingredients of fertilisers and in the manufacture of soaps and glass.

	Precipitation

	P, mm

	Any rainfall, hail or snowfall

	Precision Agriculture

	An integrated information- and production-based farming system that is designed to increase long term, site-specific and whole farm production efficiency, productivity and profitability while minimising unintended impacts on wildlife and the environment208

	Presswheel

	One of a set of wheels, attached to the rear of a drill, which passes along a row after it has been sown and firms the soil around and or over the seed. Single wheels and twin inclined wheels are used which may have a metal or rubber tyre. The tyre may have a convex or concave outer profile.

	Primary particles

	The individual mineral particles of which a soil is made up, such as sand, sill and clay particles, in their non· aggregated state.

	Primary cover

	Short term quick-growing plants used in vegetative stabilisation while longer lasting vegetation is being established.

	Prior stream

	The remnants of a former stream channel. Typically a long, generally sinuous low ridge built up from materials originally deposited by channel flow along the line of the former streambed. It can also include buried channels under alluvium which may still contain flowing water.

	Protein

	Originally: a complex, nitrogenous, organic substance taken to be a distinct compound and regarded as the basic component of a large group of substances essential to living organisms.

	Later: any of this group of substances, which occur in all living organisms, esp. as structural components of body tissues such as muscle, hair, etc., and as functional components such as enzymes and antibodies. Also as a mass noun: such compounds collectively, esp. as a component of the diet; food consisting chiefly of proteins, as meat, fish, soya beans, etc.

	Puddling

	The act of destroying soil structure by compaction or tillage of the soil at high moisture content, thereby reducing its porosity, permeability and aggregation. Stock often damage soil structure in this way when they are left on wet or waterlogged pasture.

	Q

	Quartz

	A common rock-forming mineral consisting of silica, SiO2, which occurs as colourless or white hexagonal prisms or as polycrystalline masses, and in cryptocrystalline forms.

	R

	Radical

	An atom or group of atoms which behaves as a unit and is regarded as a distinct entity.

	Rainfall intensity

	The rate of rainfall for any given time interval, usually expressed in millimetres per hour (mm/h).

	Raindrop splash

	The result of the violent break up and dispersion of raindrops when they hit the ground surface. If the surface is not protected soil particles may be dislodged and spattered a considerable distance, due to the energy of the raindrop’s impact.

	Rangeland (range)

	Land used for extensive grazing of sheep, cattle or other domestic stock. Rangeland vegetation is typically native or naturalised pasture, and the country in general is often considered to receive insufficient rainfall to support the economic production of crops on a regular basis.

	Rating curve (discharge curve)

	A graphic representation of the discharge of, or flow through, a structure or channel section as a function of water stage or depth of flow. A tabular presentation of the same data is known as a rating table.

	Rational formula

	A formula for estimating peak discharge of runoff from the catchment above a specific point, viz:

	Q = F x C x I x A, where:

	Q is the discharge (L3/ T)

	F is a units conversion factor

	C is the runoff coefficient (dimensionless)

	I is the rainfall intensity (L/ T)

	A is the watershed drainage area (L2)

	The rational formula is based on the following assumptions:

	– The rainfall is of uniform intensity over the whole catchment for the duration of the design storm

	– The rainfall duration is equal to the catchment’s time of concentration

	– The return period of the peak discharge is equal to that of the rainfall intensity.

	As presented the formula can be used for catchments up to 100 hectares. For catchments larger than 100 hectares and up to 1200 hectares a correction factor is applied, to account for the likely breakdown of the above assumptions in larger catchments which results in the overestimation of peak discharge. For catchments larger than 1200 hectares the rational formula is not reliable and rainfall-runoff computer models may be required for design purposes.

	Reafforestation (Reforestation)

	The re-establishment of a forest on land from which a previous forest has recently been cleared or destroyed.

	Recharge area

	An area where water is absorbed to be added to a geologic zone of saturation or aquifer.

	Redox

	Designating a reaction in which oxidation of one reactant is coupled with reduction of another; of, relating to, or participating in such a reaction.

	Also: of or relating to the degree of oxidation or reduction of a chemical species, tissue, etc.

	Reduction

	The process which is the reverse of oxidation; the removal of oxygen from, or addition of hydrogen to, a compound.

	Also in extended use: partial or complete donation of an electron to an atom or molecule; a decrease in the oxidation state or of the proportion of electronegative constituents in a molecule or compound.

	Reduced tillage

	A general term describing a conservation tillage system in which the crop is grown with fewer tillage operations than would be the case for conventional tillage. Herbicides and or grazing may be used for fallow weed control.

	Refill point

	An estimate of when crops need irrigating to avoid yield reducing stress. The moisture content (in the crop root zone) about halfway between field capacity and permanent wilting point, expressed as a ratio (eg mm/ m) or as a depth for a given root zone (mm/ m * m)

	Ideally, the aim is to keep the water content of the soil close to field capacity for as much of the season as possible, without saturating the soil for periods of greater than 15 hours. A useful strategy to avoid crop stress is to estimate how much water a soil holds in the root zone between field capacity and permanent wilting point, and aim to replenish it by irrigating when about half of this water is used. This is called the refill point. Crops are therefore irrigated before yield reducing stress occurs.209

	Regeneration

	The re-establishment of depleted vegetation by natural self· seeding and regrowth. It is commonly associated with stands of native timber that have been logged or partially cleared, burnt or depleted in some way, that are being encouraged to return to their natural condition. In a soil conservation context, it is associated with erosion control. especially in low rainfall pastoral areas where native pastures are encouraged to re-establish by such practices as excluding stock and vermin.

	Regolith

	The layer or mantle of loose, noncohesive or cohesive rock material, of whatever origin that nearly everywhere forms the surface of the land and rests on bedrock. It comprises rock waste of all sorts: volcanic ash: glacial drift: alluvium: wind-blown deposits: accumulations of vegetation. such as peat: and soil.

	Rehabilitation

	The treatment of degraded or disturbed land to achieve an agreed level of capability and stability, preferably at least equal to that which existed prior to degradation or disturbance. Such rehabilitation may involve the reshaping of the land surface, spreading available topsoil, construction of soil conservation works, revegetation, and the establishment of land use practices which will ensure continued stability and productivity.

	Remote sensing

	The collecting of information about an object or phenomenon by the use of sensing devices not in physical or intimate contact with the subject under investigation. The distance of separation might be as close as a few millimetres or as far as 800 kilometres or more, as in the case of satellites. The devices range from cameras to various scanners and radiometers.

	Return period (recurrence interval) (storm frequency)

	The average period in years between the occurrence of a storm of specified magnitude and an equal or greater storm. It is an average figure, not an interval. For example, a storm with a return period of five (5) years does not occur regularly every five years but would probably occur ten (10) times in fifty (50) years.

	Return periods may also be calculated for floods, and in such cases the term FLOOD FREQUENCY can be used.

	Rhizome

	An elongated, usually horizontal, subterranean stem which sends out roots and leafy shoots at intervals along its length.

	Rhizobium

	Any bacterium of the genus Rhizobium (family Rhizobiaceae), comprising aerobic, Gram-negative, typically rod-shaped bacteria which invade the root hairs of leguminous plants and induce the formation of root nodules, in which the bacteria live as symbionts (symbiosis – two different organisms which live attached to each other and contribute to each other’s support) and fix atmospheric nitrogen, making it utilisable by the host plant; also (loosely): any bacterium that performs a similar function.

	Rill

	A small channel, cut by concentrated runoff, through which water flows during and immediately after rain. Rills typically form as a result of the action of heavy rainfall on exposed soil surfaces such as recently tilled land or constructed batters. They may be up to 30 cm in depth but would be largely obliterated by tillage operations. This distinguishes them from gullies.

	Riparian

	Belonging to a river bank. Typically used to describe the rights of access to a river via its banks. Riparian vegetation is that which occurs from normal river level to the edge of the floodplain.

	Rip-rap

	Loose rock or stone used to protect earth surfaces against erosion by flowing water or wave action, as in a retaining wall.

	Ripper

	A heavy duty tillage implement consisting of one or more heavy duty tines which penetrate deeply, loosening and shattering the soil without inversion. Depth of working normally exceeds 200 mm.

	Ripping

	The tillage of soil or other material by tined implement without inversion, for the purpose of loosening it and/ or improving water movement and root penetration. Ripping carried out to loosen the soil below normal tillage depth is known as DEEP RIPPING

	River

	A watercourse that conveys relatively large flows. Under average coastal and tableland climatic conditions rivers typically have continuous flows.

	Root nodule

	A small swelling on the root of a plant; specifically one on the root of a legume or other higher plant containing symbiotic microorganisms which fix nitrogen.

	Rotary sieve

	An apparatus used for separating dry soil into its various constituent fractions. It consists of a rotating nest of concentric cylindrical sieves of various diameters. Rotations are generally slow. typically 7 r.p.m

	Rotational grazing

	The successive grazing of pastures on a sequential basis as a means of optimising management of both stock and pasture. Such a system often involves short periods of heavy grazing followed by periods of rest for herbage recovery in the same season. This allows for control of weeds, stock parasites, pasture cover, sward height, stage of growth and composition. II also provides opportunities for pasture fertilisation and renovation as necessary, and general pasture management in relation to stock numbers, feed availability and rainfall occurrence.

	Runoff

	RO, mm

	Runoff (also known as surface runoff and overland flow) is the flow of water that occurs when excess rainfall, stormwater, meltwater, or water from other sources flows over the earth’s surface. This might occur because soil is saturated to full capacity, because rain arrives more quickly than soil can absorb it, or because impervious areas send runoff to surrounding soil that cannot absorb all of it.

	Runoff coefficient

	The C factor in the rational formula, which equals the ratio of the rate of runoff to the rate of rainfall. It indicates the proportion of the rainfall rate that is actually contributing to the runoff rate and as such the coefficient is always less than 1.0

	The runoff coefficient depends on rainfall intensity, topography, depression storage, infiltration, interception loss and interception storage. For its estimation, numerical values are allocated to various runoff producing characteristics related to these factors, the sum of which gives the runoff coefficient. This assessment is subjective and represents one of the main problems in the application of the rational formula for calculating runoff rates.

	Runon

	Surface water flowing onto an area as a result of runoff occurring higher up the slope.

	Rural capability

	The ability of an area of land to sustain permanent agricultural or pastoral production, at its most intensive level, consistent with protection from soil erosion and without permanent damage. Land which is used beyond its rural capability will deteriorate rapidly, resulting in loss of production and a permanent loss of soil resources.

	Rural capability classification

	A method of land classification which ranks land according to various intensities of rural use which are compatible with conservation of the soil resources of that land.

	The classification does not necessarily reflect the existing land uses, rather it indicates the potential of the land for such uses as crop production, pasture improvement and grazing. In assessing this potential, the classification takes into account climate, physical characteristics of the soil and landform to determine the most intensive rural use which is compatible with conservation management and sustained production.

	The dominant emphasis in rural capability classification is placed on soil breakdown which is essentially related to the potential use of the land in terms of tillage practices. The classification system used by the Soil Conservation Service of New South Wales is based on four categories related to tillage practices. (N.B. Other States’ systems may vary somewhat.)

	The first represents land suitable for regular cultivation. The land must be capable of sustaining at least two successive seasonal or annual tillage phases for crop production in which the tilled layer is inverted or shattered without producing either a significant increase in soil erosion susceptibility or a significant deterioration in soil structure. The proportion of time under tillage phases shall not be less than half the length of time under other land uses. It includes land where the soils are: sufficiently deep with a structure and texture which will not readily break down under tillage: free of excessive salts: relatively free of large stones so as not to restrict the use of farm machinery: and which have efficient drainage but sufficient moisture holding capacity to suit the requirements of the crop to be grown.

	The second category includes land suitable for occasional cultivation, which is capable of the infrequent growing of crops utilising tillage practices involving a series of soil workings. It is land suitable for grazing that can be occasionally tilled for pasture establishment or renewal, but because of site factors such as soil type, slope, topographic location or drainage is not suited to regular cultivation.

	The third category represents grazing land unsuited to tillage operations and includes excessively steep or stony land, areas with high erosion potential and or soils which limit productivity due to their depth or physica1 fertility.

	The final category includes land unsuitable for the cropping or grazing enterprises mentioned above because of the land’s physical limitations to conventional rural production, which result in an extreme erosion hazard if general land clearing occurs.

	These four categories, defining potential intensity of rural use, are further subdivided depending on the soil conservation measures required to sustain permanent production. The following eight classes are defined:

	Land suitable for regular cultivation:

	Class I

	No special soil conservation measures required

	Class II

	Simple soil conservation measures required such as adequate crop rotation. May include strategic earthworks

	Class III

	Intensive soil conservation measures required such as graded or diversion banks and waterways, together with management practices as in Class II.

	Land suitable for grazing and occasional cultivation:

	Class IV

	Simple soil conservation measures required such as stock control and application of fertiliser. May include strategic earthworks

	Class V

	Intensive soil conservation measures required, such as level or diversion banks and contour ripping, together with management practices as in Class IV.

	Land suitable for grazing only:

	Class VI

	Judicious soil conservation management measures required to ensure an adequate ground cover is maintained. Such measures may include limitation of stock. broadcast seeding and fertiliser application, prevention of fire and destruction of vermin.

	May include strategic earthworks.

	Land unsuitable for general rural production:

	Class VII

	Land best protected by green timber because of erosion hazard, steepness, shallowness or infertility. General clearing of timber is not recommended but strategic logging or very limited grazing may be practised under strict control for management purposes such as fire control

	Class VIII

	Land unsuitable for agricultural or pastoral uses. Should not be cleared, grazed or logged but utilised for activities compatible with the preservation of the natural vegetation such as wildlife refuges and scenic areas.

	S

	SALI

	Queensland Governments Soil and Land Information (SALI) database

	Saline soil

	A soil which contains sufficient soluble salts to adversely affect plant growth and/or land use. Generally a level of electrical conductivity of a saturation extract in excess of 4 mS/ cm at 25°C is regarded as a suitable criterion to define such a soil.

	SALIS

	NSW Soil And Land Information System

	SALIS provides a substantial database of information collected by earth scientists and other technical experts. SALIS contains:

	– Physical and chemical data from more than 70,000 points across NSW, of which about two thirds are publicly available. The information is collected by field staff of OEH and many other contributors, who add thousands of extra collection points each year

	– several soil map datasets, including the NSW Soil Landscapes (based on 1:100,000 or 1:250,000 map tiles), NSW Soil and Land Resources (seamless coverages based on major catchment areas) and Land Systems of Western NSW.

	While the underlying data for the older Soil Landscapes and Land Systems datasets is available via PDFs of the original published reports, the underlying data for the Soil and Land Resources dataset is sourced from the SALIS database itself.

	Salt

	A compound formed by the union of an acid radical (negatively charged radical, Cl-, SO4-, NO3- etc) with a basic (positively charged Na+, Ba2+, Fe3+ etc) radical; an acid having the whole or part of its hydrogen replaced by a metal.

	A substance, known chemically as sodium chloride (NaCl), very abundant in nature both in solution and in crystalline form, and extensively prepared for use as a condiment, a preservative of animal food, and in various industrial processes.

	All soils in Australia contain variable quantities of salts, with the most common being composed of sodium and chloride ions.

	Saltation

	Particle movement in water or wind where particles skip or bounce along a stream bed or land surface.

	The preferred usage relates to the bouncing movement of particles of soil or sand grains across the land surface when being moved by wind. Particles between 0.1 and 0.5 mm are commonly moved in this way.

	Salting

	The accumulation of free salts in part of a landscape to an extent which causes degradation of vegetation and/or soils. Typically caused by hydrological changes as a result of human use of land, particularly in areas of marine geology. Two broad types of salting are recognised:

	1. Dryland salting

	Salting associated with non-irrigated land. It is commonly caused by the clearing of hillslopes which allows an increase in rainfall intake and a rise in water table level. Subsequently, seepage is increased enabling dissolved salts to flow laterally underground and surface as salty water lower down the slope. The salt becomes concentrated in out-flow patches typically resulting in death of normal vegetation and the creation of bare areas which become an erosion hazard. Salt crystals can often be observed on these patches.

	2. Irrigation salting

	Salting associated with irrigated land. It is caused by the irrigation of crops using river water and/or groundwater which may be already mildly saline. A cycle can build up, under continued irrigation, whereby the salinity of both soils and water sources increases. This is due to a complex interaction of irrigation practice, crop needs, leaching requirements and the nature of soils, landform, geology and climate of the area.

	Salting of irrigated land can follow the raising of saline water tables to within capillary reach of plant roots, due to movement of excess water to the water table.

	Control measures include careful regulation of irrigation in relation to crop needs, crop selection, drainage and soil amelioration as well as improved catchment management to reduce base levels of river salinity.

	Sand

	A fairly uniform deposit of granular breakdown material largely derived from siliceous rocks and composed mainly of quartz grains. In some soils calcareous fragments of sand size are included.

	A soil separate consisting of particles between 0.02 and 2.0 mm in equivalent diameter. Fine sand is defined as particles between 0.02 and 0.2 mm, and coarse sand as those between 0.2 and 2.0 mm.

	Saprolite

	Soft, clay-rich, thoroughly decomposed rock formed in situ by chemical weathering of igneous and metamorphic rocks.

	Scald

	A bare area produced by the removal of the surface soil by wind and/or water erosion. The result is exposure of the more clayey subsoil which is, or becomes, relatively impermeable to water. A typical erosion form on duplex soils in arid or semi-arid regions. Scalds vary in size from a few square metres to hundreds of hectares, and are very difficult to revegetate due to the lack of topsoil, low permeability, and often saline surface. The term is also used for a bare surface area caused by salting.

	Scalding

	The process involved in the formation of scalds.

	Scarifier

	A tillage implement used for both primary and secondary tillage at depths up to 150 mm. Medium duty tines are fitted at an overall tine spacing ranging from 150 to 250 mm. The usual tine cross-section is such that the longitudinal dimension is greater than the lateral dimension. Breakout force is usually in the range of 0.6 to 1.4 kN.

	Scouring

	A term commonly used to mean localised erosion of a bank or channel which typically occurs due to excessive slope, turbulence or flow velocity. Can also be applied to localised deflation due to wind erosion.

	Scree

	Steep slope covered with loose fragments of rock.

	
Seasonal cracking

	A phenomenon in expansive soils which during a dry period develop cracks as wide or wider than 6 mm and which penetrate at least 0.3 m into the soil material.

	Secondary cover

	Long term or permanent cover used in vegetative stabilisation. It can be established at the same time as or after a primary cover.

	Sediment

	Material of varying size, both mineral and organic, that is being. or has been, moved from its site of origin by the action of wind, water, gravity or ice, and comes to rest on the earth’s surface either above or below sea level

	Sediment basin

	The pondage of a large sediment trap, formed by the construction of a barrier or dam, built at a suitable location on a flowline to entrap gravel, sand, silt or other sedimentary material carried by runoff.

	Sediment discharge

	The quantity of sediment, measured in dry weight per unit time, transported through a channel cross-section. It is obtained by multiplying the sediment concentration by the stream discharge.

	Sediment load

	The sediment carried in flowing water, including sediment in suspension and bedload.

	Sediment yield

	The total amount of sediment produced by a catchment and delivered by flowing water to a point under evaluation, usually the catchment outlet. It may be expressed 1n terms of a single rainfall event or in terms of a specified period of time.

	Sedimentation

	Deposition of sediment. The typical use of the term would infer deposition by water.

	In a soil conservation context, sedimentation is an end point in the erosion process, with transported soil material being deposited in locations such as in a channel, along a fence line, on an area of low slope, or in a gully, creek, river, sediment trap or dam.

	Seedbed

	The layer of soil which, when suitably prepared, receives sown seeds and provides for their subsequent germination and growth.

	Seeding

	Any process whereby seeds are transmitted to a suitable growth medium which will provide for their germination and subsequent growth. It may occur naturally or be carried out as in sowing.

	Seepage

	The process by which water percolates downwards and/ or laterally through the soil, often emerging at ground level lower down a slope. The term is frequently used in relation to the percolation of water through a constructed earth wall.

	Self-mulching

	The condition of a well-aggregated soil in which the surface layer forms a shallow mulch of soil aggregates when dry. Aggregation is maintained largely as a response of the clay minerals present to the natural processes of wetting and drying. Such soils typically have moderate to high clay contents and marked shrink-swell potential. Any tendency to crust and seal under the impact of rain is counteracted by shrinkage and cracking, thus producing a mulch effect as the soil dries out. Tillage when wet may appear to destroy the surface mulch which, however, will reform upon drying.

	Semi-arid

	Refers to climates or regions which lack sufficient rainfall for regular crop production. Usually defined as a climate with annual average rainfall greater than 250 mm (10 inches) but less than 375 mm (15 inches). In northern Australia regular crop production may become unreliable where annual average rainfall is less than 700 mm (28 inches), mainly due to high evaporation rates.

	Sensor

	Any device which gathers energy, typically electro magnetic radiation, and presents it in a form suitable for obtaining information about the environment. Passive sensors such as thermal infrared and microwave utilise electro-magnetic radiation produced by the surface or object being sensed. Active sensors such as radar supply their own energy source.

	Sesquioxide

	An oxide containing three equivalents of oxygen to two of another element or radical, e.g. aluminium oxide Al2O3.

	Shear failure

	A breakdown of the ability of soil material to maintain its aggregated structure such that one body of soil material is caused to move past, or in relation to, the adjacent materials. It is a principal factor in the initiation of landslides and landslips.

	Shear strength

	The internal resistance of a soil to shear along a plane. The resistance is caused by inter-granular friction and cohesion.

	Shear stress

	The force per unit area acting along a given plane and tending to cause shear failure within a soil mass. All landslides involve shear failure of land surface materials under shear stress.

	Sheet flow

	Overland flow

	Water flowing in a thin layer over the land surface. In a soil conservation context it is usually storm runoff and may lead to sheet erosion.

	Shrink swell potential

	The capacity of soil material to change volume with changes in moisture content, frequently measured by a laboratory assessment of the soil’s linear shrinkage. Relates to the soil’s content of montmorillonite-type clays.

	Shrub

	A perennial plant having one or more woody main stems. frequently branching near ground level.

	SI units

	The International System of Units, from French, Système International d’Unités. Table 33 shows base units.

	Table 33 SI base units

	
		
				Quantity

				Unit

				Symbol

				Dimension

		

		
				Length

				metre

				m

				L

		

		
				Mass

				kilogram

				kg

				M

		

		
				Time

				second

				s

				T

		

		
				Amount of substance

				Mole

				mol

				N

		

		
				Electric current

				ampere

				A

				I

		

		
				Thermodynamic temperature

				kelvin

				K

				Θ

		

		
				Luminous intensity

				candela

				cd

				J

		

	

	Selected derived units are shown in Table 34, and some numerical prefixes are shown in Table 35.

	Table 34 Selected derived SI units

	
		
				Quantity

				Unit

				Symbol

				in other SI unit

		

		
				Force, weight

				newton

				N

				(=MA) – kg m/ s2

		

		
				Work, heat or energy

				joule

				J

				(=FD) – Nm

		

		
				Pressure, stress

				Pascal

				Pa

				(=F/area) – N/ m2, kg/ m/ s2

		

		
				Concentration

				Mole per cubic metre

				mol / m3

				 

		

		
				Concentration

				Mole per litre

				mol/L M

				 

		

		
				Density

				kilogram per cubic metre

				ρ

				(=M/volume) – kg / m3

		

	

	Table 35 Prefixes for numerical fractions and multiples of units

	
		
				Fraction

				Prefix

				Symbol

				Multiple

				Prefix of multiple

				symbol of multiple

		

		
				10–1

				deci

				d

				10

				deca

				da

		

		
				10–2

				centi

				c

				102

				hecto

				h

		

		
				10–3

				milli

				m

				103

				kilo

				k

		

		
				10–6

				micro

				ll

				106

				mega

				M

		

		
				10–9

				nano

				n

				109

				giga

				G

		

		
				10–12

				pico

				p

				1012

				tera

				T

		

	

	Sideslope

	That section of a hillslope which comprises the middle and upper slopes where soil processes are usually transportational. A sideslope generally ties between a hillcrest and a footslope, supplying depositional material for the latter.

	Silicon

	An element with the symbol (Si) and atomic number 14

	A non-metallic element, which in respect of its abundance in the ground ranks next to oxygen, and is usually found combined with this as silica; it may be obtained in the form of powder, scales, or crystals.

	Essential for the growth of some plants, almost never deficient in the soil and problems are more often associated with excess or toxic levels.

	Silt

	A soil separate consisting of particles between 0.002 and 0.02 mm in equivalent diameter.

	Silviculture

	The establishment, development, care and reproduction of stands of trees with the aim of continuous production of timber.

	Single attribute mapping unit

	A map unit relating to an individual land resource attribute which is separately identified in the mapping, display and analysis phases of a land resource survey. Examples include the mapping of landform, vegetation, soils, or soil erosion as separate units.

	Sink-hole

	A steep-sided closed depression, often in a limestone region, through which water may enter the ground and pass into an underground watercourse. The hole is formed by solution and erosion of soluble material and/ or the roof collapse of an underground cavern.

	Site drainage

	The natural interception and removal of excess surface water from land.

	Site-specific crop management (SSCM)

	A form of precision agriculture (PA) whereby decisions on resource application and agronomic practices are improved to better match soil and crop requirements as they vary in the field

	Slaking

	The partial breakdown of soil aggregates in water due to the swelling of clay and the expulsion of air from pore spaces. It does not include the effects of soil dispersion. It is a component, along with soil dispersion and soil detachment, of the process whereby soil structure is broken down in the field. This breakdown results from the action of raindrop impact, raindrop splash, runoff and seepage, and contributes to soil erosion and the failure of earth structures.

	Slasher

	A machine used to reduce the size of standing plant material. Such material may comprise trash from a prior crop or fallow, or a stand of vegetation which needs cutting down for a specific management purpose. The blades of the machine rotate in a horizontal plane and are driven by the tractor power take-off. Wide machines may have several rotors, and double sets of blades are sometimes used to achieve finer cutting. The blades of a FLAIL SLASHER rotate in a vertical plane. It has a more aggressive cutting action and higher power requirement than a slasher.

	Slope

	An incline, upward or downward, from the horizontal. Its angle is measured in degrees or as the ratio of the difference in elevation to the horizontal distance between two points, expressed as a percentage.

	In land resource surveys, slope is measured at the direction of greatest declivity (slope). This allows the identification of the most limiting slope. Since measurement of individual slopes is impractical with broad scale surveys, slope intervals are utilised. Such intervals are selected on the basis of practicability and experience in land resource data evaluation for land capability classification. In a soil conservation context, slope intervals are chosen on the basis of an assessment of the inter-relationships between slope and soil erosion hazard for specific types of land use.

	A landform which is neither a crest nor a depression and that has an inclination greater than about one per cent.

	Smearing

	Realignment of soil particles in a thin layer from random to parallel orientation under the base of mouldboard ploughs and spinning wheels (extreme shearing).210

	Smectite

	A group of 2:1 layer-structured silicates (two silica tetrahedral sheets and a shared aluminium and magnesium octahedral sheet), with high CEC and shrink swell characteristic (formerly the montmorillonite group).

	Sod

	(TURF)

	A piece of earth containing plants with matted roots. Frequently used for the revegetation of critical areas where a stable vegetative sward is required for erosion control. Grasses such as kikuyu and couch, which have stolons, are particularly suited to this method of revegetation.

	Sodding

	The action of covering, laying, or providing with sods

	Sodic soil

	A soil containing sufficient exchangeable sodium to adversely affect soil stability, plant growth and/or land use. Such soils would typically contain a horizon in which the ESP or amount of exchangeable sodium expressed as a percentage of cation exchange capacity would be 6 or more. The soils would be dispersible and may be improved by the addition of gypsum. Strongly sodic soils are considered to be those with an ESP of 15 per cent or more.

	Sodic soils have extremely poor physical characteristics which in agricultural soils lead to problems managing water and air regimes in the soil. The lack of soil structural stability results in dispersion of the surface during rainfall to form a seal. This seal limits infiltration partitioning a greater proportion of rainfall to runoff, and hence reduces water availability for crops growing in the soil, and increases the risk of erosion. On drying, the seal hardens as a crust which can prevent emergence of germinating seeds resulting in poor crop establishment. In addition, sodic soils are difficult to cultivate and have poor load-bearing characteristics. These behaviours are a result of the influence of Na on the clay fraction in the soil. When the cation exchange is occupied by Ca or Mg, the individual clay platelets aggregate, and the soil behaves in many respects like a silt or sand because the aggregates of hundreds of clay platelets are of this physical size. The aggregated clay soil has good structural characteristics. When the exchange is occupied by Na, the individual clay platelets repel each other and these aggregates of clay platelets break up. The soil structure is destroyed, the clay disperses in water and is easily eroded. The breakaway gullies commonly encountered in duplex soils are an excellent illustration of how easily Na saturated clays are eroded – the soil literally melts away. In a cultivated soil, much lower levels of Na saturation result in the various adverse agronomic outcomes as a result of only a small portion of the clay dispersing. It is always important to remember that sodicity is a problem that impacts on the clay fraction of the soil.211

	Sodium

	An element with the Symbol Na and atomic number 11.

	An elementary alkaline metal closely resembling potassium in its appearance and properties, and occurring most commonly in the chloride (common salt).

	Essential for the growth of some plants, almost never deficient in the soil and problems are more often associated with excess or toxic levels.

	Sodium Adsorption Ratio

	SAR

	Relative content of sodium to calcium and magnesium in a soil solution or water that approximates the ESP of the soil.

	Sodium tripolyphosphate (STPP)

	A manufactured chemical of the general formula Na5 P30106H20, used for the dispersion of aggregated soils. This may be in the laboratory for particle size analysis, or for sealing leaking waterholding structures built in or from aggregated soils.

	Soil

	The natural dynamic system of unconsolidated mineral and organic material at the earth’s surface. It has been developed by physical, chemical and biological processes, including the weathering of rock and the decay of vegetation. Soil materials include organic matter, clay, silt, sand and gravel mixed in such a way as to provide the natural medium for the growth of land plants.

	Soil comprises organised profiles of layers more or less parallel to the earth’s surface and formed by the interaction of parent material, climate, organisms and topography over generally long periods of time. It differs markedly from its parent material in morphology, properties and characteristics.

	SoilMapp

	SoilMapp for iPad enables users to:

	– Learn about the likely soil types at a location

	– View maps, photographs, satellite images, tables and graphs of data about nearby soils

	– Uncover a soil’s physical and chemical characteristics, including acidity (pH), soil carbon, available water storage, salinity and erodibility

	– Get soil information to put into the farm computer model Agricultural Production Systems SIMulator (APSIM), a model that can help with management decisions on crops and project likely crop yields

	– Access the app anywhere there is wireless or internet connection to an iPad

	SoilMapp for iPad provides direct access to best national soil data and information from the Australian Soil Resource Information System (ASRIS) and APSoil, the database behind the agricultural computer model: APSIM.

	http://www.csiro.au/en/Research/AF/Areas/Sustainable-farming/Decision-support-tools/SoilMapp

	SOILpak212

	SOILpak for cotton growers is a ‘Best Practice’ soil management manual for the Australian cotton industry. It focuses on irrigated cotton production, but contains a supplement for dryland growers.

	Grey and brown cracking clays (Vertosols) are the most common of the soil types used by Australian cotton growers, so they receive the most attention in this manual. However, other soil types such as hardsetting red soil are important in some districts.

	SOILpak concentrates on the skills needed to:

	– assess the condition of a soil, with emphasis on soil structure

	– understand the management options for maintaining or improving soil condition.

	The package does not aim to make the final decision for cotton growers. Instead, it provides options which can assist growers to develop successful soil management strategies.

	Soil abrasion

	The process by which moving soil particles erode the soil surface thus providing more particles which may subsequently move.

	Soil aeration

	The process by which air in the soil is replenished by air from the atmosphere. In a well aerated soil the soil air is similar in composition to the atmosphere above the soil. Poorly aerated soils usually contain a much higher percentage of carbon dioxide and a correspondingly lower percentage of oxygen. The rate of aeration depends largely on the volume and continuity of pores in the soil.

	Soil aggregate

	A unit of soil structure consisting of primary soil particles held together by cohesive forces or by secondary soil materials such as iron oxides, silica or organic matter. Aggregates may be natural, such as peds, or formed by tillage, such as crumbs and clods.

	Soil ameliorant (soil conditioner)

	A substance used to improve the chemical or physical qualities of the soil. For example, the addition of lime to the soil to increase pH to the desired level for optimum plant growth, or the addition of gypsum to improve soil structure.

	Soil amendment

	The alteration of the properties of a soil by the addition of substances such as lime, gypsum and sawdust, for the purpose of making the soil more suitable for plant growth.

	Soil association

	A soil mapping unit in which two or more soil taxonomic (classification) units occur together in a characteristic pattern, such as a toposequence. The units are combined because the scale of the map, or the purpose for which it is being made, does not require delineation of individual soils. The soil association may be named according to the units present, the dominant unit, or be given a geographic name based on a locality where the soil association is well developed.

	Soil class

	The common taxonomic (classification) unit for a group of soils that are characterised by a particular set of morphological features or surface features that are related to soil management. It is commonly used in the mapping of soils for specific purposes and represents a group of soils that respond similarly to a set of management practices (not relevant to the current Australian Soil Classification, ASC, see nomenclature).

	Soil classification

	The systematic arrangement of soils into groups or categories on the basis of similarities and differences in their characteristics. Soils can be grouped according to their genesis (taxonomic classification), their morphology (morphological classification), and their suitability for different uses (interpretative classification) or according to specific properties. The purposes of soil classification are as follows: Generally, as a means of grouping soils into useful categories – so that statements about one particular soil are likely to apply to other soils in the same group.

	See the current Australian Soil Classification, ASC, and nomenclature.

	Soil coherence

	The degree to which soil material is held together at different moisture levels. If two thirds or more of the soil material, whether composed of peds or not, remain united at the given moisture level then the soil is described as coherent.

	Soil colour213

	Soil colour is often the first property recorded in a description by an earth scientist and may be the only feature of significance to a layperson. Fortunately, soil colour is one of the most useful properties for soil identification and appraisal. Colour plays an important role in all major systems of soil classification because it is obvious in the field. Soil colour can provide indicators of redox status and this relates to soil aeration, organic matter content and fertility.

	Indicators of good soil conditions for most forms of plant growth include the following:

	– Dark brown colours near the surface are often associated with high organic matter levels, well-aggregated soil and above-average nutrient levels

	Bright yellowish and reddish colours in sub-soils usually indicate iron (goethite and hematite) under oxidised conditions, suggesting good drainage. These coloured iron oxides also contribute to soils having good aggregation because of their strong surface charge properties. Aggregated soil materials are porous and contain sufficient air and water for root development

	Indicators of poor soil conditions include the following:

	– Mottles (blotches or specks) with dull yellow and orange (lepidocrocite) colours in a grey, bluish or olive coloured material indicate prolonged lack of soil aeration (seasonal or permanent waterlogging)

	– Rust coloured specks and iron precipitates (ferrihydrite) along fine roots indicate prolonged permanent waterlogging

	– Very pale grey or white colours may indicate considerable leaching and low organic matter status and fertility status

	– Pale coloured dense sub-surface layers overlying dense clays (usually with mottled colours) indicate a perched water table on the clay

	– Black mottles with the smell of hydrogen sulfide or mercaptene gases, which develop through anaerobic decay of organic matter, and indicate severe waterlogging

	It is expensive to monitor water table depths to estimate water duration in soils (i.e. with piezometers or dipwells) across large areas. Soil colour is a useful indicator for recognising and delineating waterlogged soils. The degrees to which visual indicators are present or recognisable varies from being obvious, such as with occurrences of thick black accumulations of organic matter on soil surfaces, to being more subtle when sub-soil mottling patterns occur. Sub-soil waterlogging can occur without any evidence on the surface.

	Ancient landscapes in Australia contain highly weathered soils with pronounced morphological features that may reflect both past and present soil hydrological conditions. Consequently, soil colours may not reflect present hydrological conditions and it is important to be able to distinguish between the relict and contemporary soil morphological features.

	Different coloured soils are easily recognised by most people but standardisation is necessary. For instance, a person farming mostly on red soils may describe darker soils as black even though they are brown coloured to others. The best way to match or describe soil colours in the field is to use the Munsell Soil Color Chart system

	This more objective notion of soil colour uses three coordinates: hue (shade), value (lightness) and chroma (intensity)

	Hue is the colour frequency and in most soils ranges from red to yellow; value or tone refers to lightness from white to black

	Chroma defines the degree of colour saturation or intensity of hue.

	Red soil matrices are generally described with hues 5 YR or redder (and chroma greater than 1), ‘reddish’ with hues 7.5 YR (and chroma greater than 1) and yellow with hues 7.5 YR or yellower. Dark colours have low value (<3) and low chroma (<2). Training is recommended before consistent colour matching is made.

	Colour of soils depends upon the type of iron oxides and content of organic matter. Uniform high chroma red and yellow colours (hues) indicate oxidising conditions and uniform low chroma colours (dark grey and blue tints) indicate reducing, waterlogged or aquic conditions. Mixtures of bright red or yellow soil matrices with blotches of dark grey or bluish form one type of mottle and indicate periodic conditions of water saturation. Red soils are nearly always better drained than yellow soils. The content and type of iron oxide affects soil chemistry. Several workers have shown that phosphate adsorption maxima increases from red (hematitic) to yellow (goethite rich) soils. Consequently, because yellow soils in some regions are closely correlated to phosphorus sorption, soil colour has been used to predict the likely need for phosphate applications.

	Table 36 Interpreting soil colour for drainage purposes

	
		
				Colour pattern of material in surface and sub-surface layers

				Texture

				Soil colour indicators (provided the colours are not relict features)

				Drainage interpretation

		

		
				Uniform coloured surface and sub-surface

				Sands

				Uniform brown and redA

				Excessively drained: Water drains very rapidly. Ground waters are deep. Soils are commonly very coarse or sandy textured, rocky or shallow

		

		
				Uniform coloured surface and sub-surface

				Loams (loam to sandy clay loam)

				Uniform brown and redA 

				Well drained: Water drains from the soil readily but not rapidly. Internal free water occurrence is very deep. Water is available to plants during most of the growing season and soil wetness does not inhibit growth (inundated for <1 day; perched watertable at 20 cm for <3 days)H

		

		
				Uniform coloured surface and sub-surface 

				Clays (light cl ay to heavy clay)

				Uniform brown, red and yellowA

				Moderately drained: Water drains from the soil slowly during some periods of the year. Internal free water occurrence is moderately deep. Water is available to plants during most of the growing seasons and soil wetness does not inhibit growth

		

		
				Uniform coloured surface overlying a mottled sub-surface deeper than 30 cm

				Loams (loam to sandy clay loam)

				Surface: uniform brown and redA
Sub-surface: low chroma mottling and no yellowish soil matrix hues or neutral coloursD

				Moderately well drained: Water is drained from the soil slowly during some periods of the year.
Intern al free water occurrence is moderately deep (0.3–1 m). The soils are wet for only a short period (inundated for <0.5 week; perched watertable at 20 cm for <1 week)H of the growing season. Soils commonly have a slowly pervious layer

		

		
				Uniform coloured surface overlying a mottled sub-surface shallower than 75 cm

				Clays (light clay to medium clay)

				Surface: uniform brown and redA
Sub-surface: low chroma mottling and no yellowish soil matrix hues or neutral coloursD 

				Imperfectly drained: Water drain s from the soil very slowly during some periods of the year.
The soils are wet for periods of up to several weeks (inundated for 1–2 weeks; perched watertable at 20 cm for 3–6 weeks) of the growing season. Soils commonly have a very slowly pervious layer

		

		
				<20% grey and bluish mottling in the surface and sub-surface layers shallower than 75 cm

				Loams and clays (light clays to medium-heavy)

				<20% grey or bluish rnottlingD and >20% yellowish or red mottlingC
FewE to common grey, bluish mottlesD

				Somewhat poorly drained: Water drains from the soil slowly enough that the soil is wet at shallow depth for significant periods during the growing season. Internal free water occurrence is shallow (25–50 cm) and commonly transitory. Wetness restricts growth of crops unless drained. Soils commonly have a slowly pervious layer, high water table and can receive additional water from seepage or very high rainfall

		

		
				>20% grey and bluish mottling in surface and sub-surface layers shallower than 50 cm

				Loams and clays (light clays to medium-heavy)

				<20% grey or bluish rnottlingD and >20% yellowish or red mottling between 0 and 75 cm. ManyG grey, bluish or black mottles

				Poorly drained: Water drains very slowly so that the soil is wet at shallow depths periodically during the growing season. Internal free water occurrence is shallow (25–50 cm) or very shallow (<25 cm) and common or persistent. Free water is commonly at or near the surface long enough (inundated for > 10 weeks) for most crops not to grow unless drained. The soil is not continuously wet directly below the plough-depth but free water is usually present at shallow depth because of: (i) slowly pervious layers, (ii) very high water tables and (iii) additional water from seepage or very high rainfall

		

		
				Uniform grey or bluish material in surface and sub-surface layers shallower than 25 cm

				Clays (light clays to medium-heavy)

				Uniform grey or bluish material throughout the soilB and with manyG grey, bluish or black mottles. Soil odour due to hydrogen sulfide gas and organic compounds

				Very poorly drained: Water drains very slowly. The soil remains wet at or very near the ground surface during most of the growing season (>3 months)H Internal free water occurrence is very shallow (<25 cm) and common or persistent. Free water is commonly at or near the surface long enough so that most crops will not grow un less drained. The soils are on level land and are continuously wet and frequently ponded

		

	

	A Uniform red, brown and yellow coloured material is strongly concentrated in iron with no localised iron depletions and concentrations (i.e. no mottles or stains present).

	B Uniform grey, bluish or bleached material (low chromas: 2 or less for all hues) is strongly depleted in iron.

	C Mottled or patchy reel and yellow material or stains has localised iron concentrations.

	D Mottled or patchy grey, bluish, black or yellow material (low chromas: 2 or less for all hues) (mottles) has localised iron depletions.

	E Few =2- 10%.

	F Common = 1 0–20%.

	G Many = 20–50%.

	H Terms and definitions under ‘Drainage interpretation’ approximately correspond with the drainage classes of McDonald et al. (1998).

	Soil complex

	A soil mapping unit in which two or more soil taxonomic (classification) units occur together in an undefined or complex pattern. The soils are intimately mixed and it is undesirable or impractical to delineate them at the scale of the map. The soil complex may be named according to the units present, the dominant unit or be given a geographic name based on a locality where the soil complex is well developed.

	Soil compressibility

	The capacity of a soil to decrease in volume on application of loading. Such decrease is equal to the decrease in the volume of the soil’s pores. Changes in volume of the particles themselves are considered to be negligible.

	Soil compressibility is commonly measured by an oedometer, in which the soil sample is laterally confined in a rigid metal ring but is compressed vertically by mechanical or hydraulic means. The changes in thickness with increasing and decreasing incremental loading over various time periods are plotted and thence used to compute a stiffness modulus (E) which is the expression of the soil’s compressibility (meganewtons per square metre or MN/ m2).

	Soil conservation

	The prevention, mitigation or control of soil erosion and degradation through the application to land of cultural, vegetative, structural and land management measures, either singly or in combination, which enable stability and productivity to be maintained for future generations.

	Soil consistence

	The resistance of soil material to deformation or rupture. Terms used for describing consistence of soil materials at various soil moisture contents and degrees of cementation are:

	wet – nonsticky, slightly sticky, sticky, very sticky, non-plastic, loose, very friable, friable, firm: very firm, and extremely firm

	Dry – loose, soft, slightly hard, hard. very hard, and extremely hard.

	Soil crust

	The term ‘soil crust’ has been applied to a variety of modifications, or additions, to soil surfaces. Several different processes may be responsible for crust formation and it is possible that essentially the same processes may produce contrasting manifestations on different soils. Perhaps the most ubiquitous crust type is that which is evidently developed on exposed soils, as a direct result of raindrop impact. In addition to throttling infiltration, this structure can alter erodibility at the soil surface, affect air movement and interfere with seedling emergence. Crusts, thought to be caused by rain impact, have long been studied and are termed ‘structural crusts’ to distinguish them from depositional crusts.

	The most areally persistent and widely described component of the rain impact soil crust is a layer of high bulk density and low porosity, of similar composition to the parent soil and typically 2–5 mm thick. It overlies apparently unmodified soil.214

	Soil dispersibility

	The characteristic of soils relating to their structural breakdown in water, into individual particles. Usually associated with high levels of exchangeable sodium on the clay fraction, and low levels of soluble salts in the soil. These factors cause clay particles to separate in water. As clay is one of the chief agents holding soil materials together, this leads to collapse of the soil structure and consequent instability.

	Soil dispersion

	The process whereby soil aggregates break down and separate into their constituent particles (clay, silt, sand) in water, due to deflocculation. The process is different from but often associated with, slaking.

	Soil erodibility

	The susceptibility of a soil to the detachment and transportation of soil particles by erosive agents. It is a composite expression of those soil properties that affect the behaviour of a soil and is a function of the mechanical, chemical and physical characteristics of the soil. It is independent of the other factors influencing soil erosion such as topography, land use, rainfall intensity and plant cover, but may be changed by management.

	In the Universal Soil Loss Equation soil erodibility is represented by the ‘K’ factor which is defined as the rate of soil loss per erosion index unit as measured on a unit plot. Such a plot is 72.6 ft. long with a uniform lengthwise slope of 9 per cent, in continuous fallow, tilled up and down the slope. The ‘K’ value can also be estimated from a knowledge of soil properties, through the use of a nomograph.

	Soil erosion

	The detachment and transportation of soil and its deposition at another site by wind, water or gravitational effects. Although a component of natural erosion, it becomes the dominant component of accelerated erosion as a result of human activities, and includes the removal of chemical materials.

	Soil fabric

	Describes the appearance of the soil material using a x10 hand lens. Differences in fabric are associated with the presence or absence of peds, and the lustre, or lack thereof, of the ped surfaces, and the presence, size and arrangement of pores (voids) in the soil mass. Descriptive terms used are Earthy, Sandy, Rough·ped and Smooth-ped.

	Soil fertility

	The capacity of the soil to provide adequate supplies of nutrients in proper balance for the growth of specified plants, when other growth factors such as light, moisture and temperature are favourable. The more general concept of soil fertility can be divided into three components:

	– CHEMICAL FERTILITY refers specifically to the supply of plant nutrients in the soil

	– PHYSICAL FERTILITY refers specifically to soil structure conditions which provide for aeration, water supply and root penetration

	– BIOLOGICAL FERTILITY refers specifically to the population of microorganisms in the soil, and its activity in recycling organic matter.

	The relative fertilities of NSW soils based on the Great Soil Groups Australian Soil Classification is shown below. Names based on Isbell (1996) are also added. Soils are ordered from low to high fertility.215

	Table 37 General fertility rating of soils in Australia

	
		
				Great Soil Groups

				ASC

				 

				nutrient fertility

		

		
				Group 1

				 

				 

		

		
				Solonchaks
Lithosols
Calcareous sands
Siliceous sands
Earthy sands
Grey brown and red calcareous soils
Ironstone gravels

				Hypernatric Sodosols
Lithic Rudosols
Calcareous Tenosols
Tenosols
Tenosols
Calcarosols
Ferric Tenosols

				soils which, due to their poor physical and/or chemical status, only support limited plant growth. The maximum agricultural use of these soils is low intensity grazing. This group includes shallow and sandy or stony soils which, by virtue of their poor water retention characteristics, can support only limited plant growth. The solonchaks, due to salinity, are chemically inhibitive to plant growth, while the calcareous sands are so deficient in cobalt and copper that animals grazing on them are affected

				low

		

		
				Group 2

				 

				 

				 

		

		
				Solodised solonetz and solodic soils
Solods
Red earths
Yellow earths
Solonised brown soils
Yellow podzolic soils
Lateritic podzolic soils
Podzols
Acid grey earths
Acid bleached grey earths

				Sodosols
Sodosols, Kurosols
Red Kandosols
Yellow Kandosols, Yellow Kurosols
Calcarosols
Yellow Chromosols, Yellow Kurosols
Ferric Chromosols
Podosols
Grey Kurosols
Grey Kurosols

				soils with low fertilities, such that, generally, only plants suited to grazing can be supported.
Large inputs of fertilisers are required to make the soil usable for arable purposes.
The podzols, due to their poor water retention characteristics, are borderline between this group and Group 1. The remaining soil types within this group are generally chemically deficient in nitrogen, phosphorus and many other elements. The solodised solonetz, sol odic soils and soloths also have poor physical conditions and difficult moisture relationships (Stace et al., 1968). The red earths are a highly variable group of soils and some of the finer textured types could be placed in Group 3.

				↓
generally increasing
↓

		

		
				Group 3

				 

				 

				 

		

		
				Grey, brown and red clays
Red-brown earths
Non-calcic brown soils
Terra rossa soils
Xanthozems
Red podzolic soils
Alpine humus soils
Humic gleys
Deep red and yellow friable loams

				Vertosols
Red Chromosols
Red Chromosols, Red Dermosols
Red Dermosols
Yellow Dermosols
Red Chromosols
Chemic Tenosols
Hydrosols
Dermosols

				soils have low to moderate fertilities and usually require fertiliser and/or have some physical
restrictions for arable use.
Except for the terra rossa and alpine humus soils, the soils within this group are moderately deficient in nitrogen and phosphorus and some other elements. The terra rossa soils and alpine humus soils have better chemical fertilities, but their shallowness limits their potential for plant growth. The grey, red and brown clays also have a somewhat better chemical status than the other soils within this group, but many of them are sufficiently hardsetting for seedling emergence to be restricted, and the high clay contents and strongly coherent nature of some subsoils restrict water and root penetration. The red podzolic soils are a highly variable group and some of the lighter textured types may be more appropriately placed in Group 2.

				↓
generally increasing
↓

		

		
				Group 4

				 

				 

				 

		

		
				Chocolate soils
Euchrozems
Krasnozems 

				Brown Dermosols, Brown Ferrosols
Red Ferrosols, Red Dermosols
Red Ferrosols

				soils have a high level of fertility in their virgin state, but this fertility is significantly reduced after
only a few years of cultivation.
The chocolate soils and euchrozems have particularly good fertility in their virgin state, but phosphate fertilisers are generally required after only a few cultivations. Physically, the krasnozems are better than most other soils; their high clay content gives them a high water-holding capacity; their structural condition and comparatively low swelling potential enable water to penetrate easily.
Chemically, krasnozems have some undesirable features. For example, they have a moderately acid pH which, if too low, allows solution of iron and aluminium leading to serious phosphorus fixation.

				↓
generally increasing
↓

		

		
				Group 5

				 

				 

				 

		

		
				Black earths
Chernozems
Prairie soils

				Black Vertosols
Black Dermosols
Black Dermosols

				soils have high fertilities and these soils generally only require treatment with chemical fertilisers after several years of cultivation. These soils generally provide good chemical and physical conditions for plant growth. The black earths are well known for their high fertility and have produced high yields without added fertilisers. However, the use of nitrogenous fertilisers is now increasing and responses to phosphates are being obtained on some soils

				high

		

	

	 

	Soil formation216

	Soil formation is traditionally considered to be dependent on five soil forming factors:

	– Parent material

	– Climate

	– Relief or topography

	– Organisms, including human activity

	– time

	Soil formation rates are poorly defined, but are almost certainly less than 1t/ ha/yr and more likely to be less than 0.5t/ ha/yr. Soil loss rates from all but the most conservative land uses (for example, good pasture) are likely to exceed those rates of formation and lead to a diminution of the soil resource.

	Soil horizon217

	A soil horizon is a layer of soil, approximately parallel to the land surface, with morphological properties different from layers below and/or above it. Notation is deduced from the profile description data:

	0 Horizons

	These are horizons dominated by organic materials in varying stages of decomposition that have accumulated on the mineral soil surface

	– 01 horizon – undecomposed organic debris, usually dominated by leaves and twigs

	– 02 horizon – organic debris in various stages of decomposition

	P Horizons

	These are horizons dominated by organic materials in various stages of decomposition that have accumulated either under water or in conditions of excessive wetness. They have long been known as peat, that have been growing in place.

	They may be divided into PI and P2 horizons as in 01 and 02 above.

	A Horizons

	These are horizons either consisting of one or more surface mineral horizons with some organic accumulation and usually darker in colour than the underlying horizons

	A1 horizon – mineral horizon at or near the soil surface with some accumulation of humified (the process of converting process plant remains into humus) organic matter, usually darker in colour than underlying horizons and with maximum biologic activity for any given soil profile

	A2 horizon – mineral horizon having, either alone or in combination, less organic matter, sesquioxides, silicate clay than immediately adjacent horizons

	It is usually differentiated from the A1 horizon by its paler colour

	– A3 horizon transitional horizon between A and B, which is dominated by properties characteristic of an overlying A1 or A2.

	B Horizons

	These are horizons consisting of one or more mineral soil layers characterised by one or more of the following: a concentration of silicate clay, iron, aluminium, organic material or several of these; a structure and/ or consistence unlike that of the A horizons above or of any horizons immediately below; stronger colours, than those of the A horizons above or those of the horizons below

	– B1 horizon – transitional horizon between A and B, which is dominated by properties characteristic of an underlying B2

	– B2 horizon – horizon in which the dominant feature is one or more of the following:

	– a concentration of silicate clay, iron, aluminium, or humus, alone or in combination

	– maximum development of pedologic organisation

	– It may be divided into subhorizons

	– B3 horizon-transitional horizon between B and C or other subsolum material

	C Horizons

	– These are layers below the solum (AB profile) of consolidated or unconsolidated material, usually partially weathered, little affected by pedogenic (soil forming) processes and either like or unlike the material from which the solum presumably formed, recognised by its lack of pedological development

	D Horizons

	– These are considered here to be any soil material below the solum that is unlike the solum in its general character

	R Horizons

	– These horizons consist of continuous masses (not boulders) of moderately strong to very strong rock (excluding pans) such as bedrock

	Transitional horizons

	– Two main kinds are distinguished:

	– transitional horizons that have subordinate properties of both horizons, but are not dominated by properties characteristic of either horizon, e.g. AB, AC, BC

	– transitional horizons in which distinct parts have recognisable properties of two kinds of horizons indicated by capital letters, e.g. A/B, A/C, B/C. Most of the individual parts of at least one of the component are surrounded by the other

	– Horizon suffixes:

	– b – buried soil horizon, mineral soils only, suffix written last, for example 2B2b

	– c – accumulation of concretions or nodules of iron, aluminium and/or manganese, B2c

	– d – densipan, very fine sandy earthy pan

	– e – conspicuously bleached horizon, for example A2e

	– f – faunal accumulation, such as worm casts, dominating certain AI horizons

	– g – strong gleying as in B2g, indicative of permanent or periodic intense reduction due to wetness

	– h – accumulation of amorphous, organic matter – aluminium complexes

	– j – sporadically bleached horizon, for example, A2j

	– k – accumulation of carbonates, commonly calcium carbonate as in B2k

	– m – strong cementation or induration

	– p – ploughing, tillage practices or other disturbance by man, for example deep ripping, only with A as in Ap2

	– q – accumulation of secondary silica, if continuous or nearly continuous, qm is used

	– r – layers of weathered rock (including saprolite) that although consolidated can be dug with hand tools

	– s – accumulation of sesquioxide-organic matter complexes in which iron is dominant relative to aluminium

	– t – (from German ton, clay) accumulation of silicate clay, only with the B, for example B2t

	– w – development of colour and /or structure in the B, little/ no accumulation of sesquioxidic-organic matter complexes

	– x – fragipan or earthy pan, A horizon with high bulk density relative to the horizon above

	– y – accumulation of calcium sulphate (gypsum) as in B21, B22

	– z – accumulation of salts more soluble than calcium sulphate and calcium carbonate

	– ? – query, where doubt is associated with the nomenclature of the horizon

	The boundary between soil horizons defines the nature of the change from one horizon to another. 11 is specified by the width of the transition zone and the shape as expressed in vertical section. Width of boundary may be expressed as:

	– Sharp = boundary is less than 2 cm wide

	– Clear = boundary is 2 to 5 cm wide

	– Gradual = boundary is 5 to 10 cm wide

	– Diffuse = boundary is more than 10.cm wide

	Shape of boundary may be expressed as:

	– Even = boundary is almost a plane surface

	– Wavy = boundary waves up and down and the pockets so formed are relatively wider than their depths

	– Irregular = boundary waves up and down and the pockets so formed are relatively deeper than their widths

	– Broken = boundary is discontinuous.

	Soil landscape

	An area of land that has recognisable and specifiable topography and soils. that is capable of being presented on maps and of being described by concise statements.

	Thus a soil landscape has a characteristic landform with one or more soil taxonomic units occurring in a defined way. U is often associated with the physiographic features of the landscape and is similar to a soil association but in a soil landscape the landform pattern is specifically described. The soil landscape may be named according to the soil taxonomic units present. the dominant unit, or be given a geographic name based on a locality where it is well developed.

	Soil loss

	The amount of soil material removed from a given area due to an erosion event, including mineral particles, organic matter and nutrients. Expressed in units of weight per unit area, the term typically applies to losses sustained by paddock sized areas (100 ha) and is measured as the amount of sediment leaving such an area as a result of the event.

	This approach however, does not account for soil which moves only within the area, or that which moves on to the area from outside it. For practical purposes these two discrepancies work in opposition and, depending on local circumstances, their net effect on the actual soil Joss may be small.

	The difficulty of.measurement of all soil movement to, from and within an area normally precludes more accurate and/ or meaningful assessment of soil losses. In practice, the smaller the area under consideration, the closer measured soil toss comes to the actual soil erosion occurring.

	Soil loss equation

	A mathematical relationship between soil loss and the various factors affecting it, used for soil loss prediction. The most widely used soil loss equation is the UNIVERSAL SOIL LOSS EQUATION (USLE) which is an erosion model developed in the United States and designed to predict the long term average soil losses in runoff from specific field areas under specified cropping and management systems:

	A = R x K x LS x C x P, where:

	A is the average annual soil loss

	R is the rainfall and runoff erosivity index (a measure of the ability of the rainfall to cause erosion, related to the rainfall intensity)

	K is the soil erodibilty factor (a measure of the susceptibility of the soil to erosion, related to soil texture)

	LS is the slope steepness and length factor

	C is the cover management factor

	P is the conservation practice factor

	Soil moisture characteristic

	The soil water characteristic is the graphical relationship between volumetric water content (θ) and soil water potential (Ψ) for a given soil (see Figure 36). It may vary widely, depending on the texture, structure and pore size distribution (frequency of pore sizes) of the soil.

	The relationship is used to indicate the ease or difficulty of removing water from the soil at different soil water contents and can therefore be important in relation to soil structure and plant growth studies.

	It is also known as the water release characteristic (in a drying soil), water retention function, soil water retention characteristic, or pF (log of negative pressure) curve.

	The soil water characteristic is a characteristic property of a particular soil layer and is necessary, but not sufficient, for prediction of both equilibrium water contents and flow of water in soil.218

	[image: Image]

	Figure 36 Examples of soil water characteristic curves for a sand (Semiaquic Podosol), sandy clay loam (Red Kandosol) and medium clay (Yellow Chromosol)

	Soil opener

	A tillage assembly used to slice through soil and create an opening for the placement of seed and/ or fertiliser during the operation of sowing. A number of such assemblies form the essential functional components of a drill. Three types are in common use:

	– Disc opener: A soil opener consisting of one, two or three discs arranged so that a small furrow is opened up for placement of seed and/ or fertiliser. The boot is usually an integral part of such an opener

	– Runner opener: A soil opener consisting of a tillage tool of narrow cross-section which forms a narrow groove in the soil. Normally used for shallow seed placement into a prepared seedbed

	– Tine opener: A soil opener consisting of a line, a boot and a tillage tool.

	Soil Organic Carbon

	Soil organic matter is made up of significant quantities of Carbon, Hydrogen, Oxygen, Nitrogen, Phosphorus and Sulfur. For practical reasons, most analytical methods used to determine the levels of soil organic matter actually determine the content of soil organic carbon in the soil. Conversion factors can be applied to the level of soil organic carbon to provide an estimate of the level of soil organic matter based on the content of carbon in the soil organic matter. The general conversion factor is 1.72, so the level of soil organic matter is ≈ 1.72 x the soil organic carbon. However this conversion factor does vary depending on the origin and nature of the soil organic matter from 1.72 to 2.0. The general convention now is to report results as soil organic carbon rather than as soil organic matter.219

	Soil organic matter

	That fraction of the soil including plant and animal residues at various stages of decomposition, cells and tissues of soil organisms, and substances synthesised by them. It is of vital importance as it contributes to the cation exchange and field capacities of the soil and provides a major source of plant nutrients and substances which assist in soil structure maintenance.

	Soil permeability

	The characteristic of a soil, soil horizon or soil material which governs the rate at which water moves through it. It is a composite expression of soil properties and depends largely on soil texture, soil structure, the presence of compacted or dense soil horizons, and the size and distribution of pores in the soil. The rate varies widely in the field, from more than 3000 mm/ day in poorly graded sands and gravels, to less than 0.01 mm/ day for some heavy plastic clays. The qualitative categories of permeability for general use are:

	– Slowly permeable – less than 10 mm per day

	– Moderately permeable – 10 mm to 1000 mm per day

	– Highly permeable – more than 1000 mm per day.

	When applied to a soil profile, the rate of water transmission is controlled by the least permeable layer

	Soil pH

	Soil acidity and alkalinity are described by the term pH, which is defined as the negative common logarithm of the hydrogen ion concentration in a solution. The pH scale covers a range from zero to 14. A pH value of 7.0 is neutral. Values below 7.0 are acid. Those above 7.0 are alkaline. Most productive agricultural soils range from 4.0 to 8.5 in pH. An acid is a substance that releases hydrogen ions (H+). At low pH, a soil behaves as a weak acid. The more hydrogen ions held on the exchange complex, the greater the soiI’s acidity. Aluminium (AI3+) also acts as an acidic element.

	Soil pH in the field can be measured using a simple test kit based on a colour-card method available from agricultural supply stores called the Raupach soil pH kit. The kit gives the soil pH on the water scale (see later) and should be used only as a guide to soil pH.220

	In the laboratory the standard method of measuring soil pH requires:221

	– Air-dry soil sample (≈40–45° C, < 2mm, for example 20.0g)

	– Five times sample weight (for example 100ml) of a dilute concentration (0.01M) of calcium chloride (CaCl2), or deionised water

	– Mechanically shake (end over end preferred) at 25°C for 1 hour in a closed system

	– Allow 20–30minutes for the soil to settle

	– Measure pH using an electrode on the same day

	The results are usually expressed as pH(CaCl2)/ pHCa/ pHca or pH(w)/ pHw.

	Because the pH varies depending on the method of extraction (CaCl2 or water) and the indicator used in field studies, the method should be stated with the results.

	While it is commonly considered that the pHw is of the order of 0.9 units higher than pHCa, the relationship is not constant across the whole pH range. In acidic soils pHCa is the preferred method of measurement, while in alkaline soils pHw is preferred.

	
		
				pH amelioration

				 

		

		
				Diagnostic soil pH range

				Causes and distribution

				Amelioration

		

		
				pHCa < 4
pHw < 4.5

				Occur in extremely weathered mineral soils of low fertility, in soils subjected to very acidifying agricultural practices and where the buffering capacity is low. Soil pH values markedly less than 4 will also be encountered in peat soils and ac id sulfate soils. Acid sulfate conditions are most commonly found in coastal (mangrove swamp), sub-coastal low-lying areas and some inland situations where oxidisable sulfide is present in groundwater and in mine sites where sulfidic ores are mined.

				These soils are difficult to ameliorate since they are usually associated with acidic sub-soils and will require large amounts of lime to return them to a productive state.

		

		
				pHCa 4–4.5
pHw 4.5–5.3

				Caused by significant soil acidification. This can be as a result of natural processes or from the long term use of intensive agricultural practices (associated with nitrate leaching from improved pastures, fertiliser effects due to ammonium nitrogen transformation and the removal of alkali in produce). In this soil pH range the process of mineral weathering is dominant and exchangeable cations such as AI and Mn may exhibit a toxicity to plants, increasing in concentration with decreasing soil pH. In addition, at these low soil pH values deficiencies of nutrients such as Mo (decreased availability) and Ca, Mg, Na and K (due to leaching loss) can occur and populations or activity of some soil micro-organisms (especially nitrifiers) are significantly altered.

				Clay mineral and organic matter content, that together usually control the buffering capacity of the soil will determine at what rate a soil is likely to acidify and decrease in pH. A sandy soil of low organic matter content (<1.0%) will acidify much more rapidly than a clay loam soil of high organic matter content (>2.0%). Amelioration of soils in this pH range is usually economically viable and necessary if productive yields are to be maintained.

		

		
				pHCa 4.5–5.0
pHw 5.3–5.8 

				Soil is in a critical range where optimum growth can be obtained for many acid-tolerant cultivars, providing that adequate amounts of N and P are available. The effects of toxicities of exchangeable Mn may still limit optimum yield potential for the more ac id-sensitive cultivars (e.g. French beans) particularly in soils with high reducible Mn contents, while below pHca 4.8 (pHw 5.5) AI toxicities will begin to limit production.

				Amelioration of these soils is economically viable, and liming strategies should be determined according to the farming system in use to obtain optimum yields and prevent sub-soil acidification

		

		
				pHCa 5.0–6.5
pHw 5.8–7.0

				This pH range is optimal for the growth of most plant species. There will be no effect of soil acidity although below pHca 5.8 (pHw 6.5) there may be an effect of Mn toxicity for those mineral soils that contain Mn.

				Soils are likely to be most productive, providing there are no nutrient deficiencies (e.g. P, N, Zn, Mo) or salinity effects.

		

		
				pHCa 6.5–7.5
pHw 7.0–8.0

				This pH range is regarded as neutral to slightly alkaline. Elements such as Zn and Mn that are strongly pH dependent become increasingly unavailable as the pH increases, whereas other nutrients such as Ca and Mo become more available. These soils generally contain high amounts of magnesium and calcium carbonate.

				Micronutrient deficiencies may occur and plants should be monitored.

		

		
				pHCa > 7.6
pHw > 8.0

				Soils are alkaline and dominated by Na, Ca and Mg carbonates. In these alkaline soils nutrient deficiencies (e.g. micronutrient) can occur. In addition, toxicities of B can exist which limit the production of sensitive cultivars. At extremely high soil pH values (greater than pHw 8.5) where exchangeable Na dominates and free NaHC03 and carbonates are present, the soil is likely to have a very poor nutritional and structural status. In some cases, a soil may become more alkaline with time because of large additions of Na (e.g. in irrigation water) causing a decline in soil structure.

				Only alkaline-tolerant plants will survive, trace elements may be required and plants should be monitored for deficiencies. If soil EC > 1.4 dS/ cm then the soil may be saline and groundwater will need to be lowered. If EC < 0.7 dS/ cm then the soil is likely to be sodic and will require acidifying; legumes and gypsum may be effective at reducing exchangeable Na.

		

	

	Soil phase

	A subdivision of a soil taxonomic unit based on characteristics that affect the use and management of the soil, but do not change the classification of the soil. Such characteristics include slope, erosion, depth, stoniness and rockiness, drainage, depositional layers, gilgai or scalding.

	Soil plasticity

	The degree to which a soil is plastic (ductile as opposed to liquid). A highly plastic soil has plastic properties over a wide range of moisture contents. A subplastic soil has properties suggesting that less clay is present than is actually the case. Such soil materials may be identified by determining two soil textures. The initial texture obtained by a 1–2 minute working of the soil sample will appear to be of a less clayey grade than the texture obtained after a 10 minute working. A non plastic soil has properties which do not allow plastic behaviour, whatever the moisture content.

	Soil porosity

	The degree to which the soil mass is permeated with pores or cavities. Porosity can be generally expressed as a percentage of the whole volume of a soil horizon that is unoccupied by solid particles. In addition, the number, sizes, shapes, and distribution of the voids are important. Generally, the pore space of surface soil is less than one half of the soil mass by volume, but in some soils it is more than half. The part of the pore space that consists of small pores that hold water by capillary action is called CAPILLARY POROSITY

	Soil profile

	A vertical cross-sectional exposure of a soil, extending downwards from the soil surface to the parent material or, for practical purposes, to a depth of one metre where the parent material cannot be differentiated. It is generally composed of three major layers designated A, B and C horizons. The A and B horizons are layers that have been modified by weathering and soil development and comprise the solum. The C horizon is weathering parent material which has not, as yet, been significantly altered by biological soil forming processes. A surface organic (0) horizon and/or a subsolum (0) horizon may also occur. The figure222[1][2] shows an example profile.
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	Soil reaction trend

	The change in pH with depth in a soil profile, from surface soil to deep subsoil. Four such trends have been defined: strongly acid, acid, neutral and alkaline.

	Soil resource

	The total extent of soil within a given area available as a natural medium for plant growth. It is limited and exhaustible, and thus, its management must aim to avoid degradation to ensure its potential productive capability is maintained or improved.

	Soil salinity

	The characteristic of soils relating to their content of water-soluble salts. Such salts predominantly involve sodium chloride, but sulphates, carbonates and magnesium salts occur in some soils.

	High salinity adversely affects the growth of plants, and therefore increases erosion hazard. Soil salinity is normally characterised by measuring the electrical conductivity of a soil water saturation extract and is expressed in millisiemens per centimetre at 25°C (mS/ cm).

	Soil series

	A unit of soil classification and soil mapping comprising or describing soils which are alike in all major profile characteristics. Each soil series is developed from a particular parent material, or group of parent materials, under similar environmental conditions. It approximates to the extended principal profile form. The name given to a soil series is geographic in nature. and indicates a locality where the soil series is well developed.

	Soil solution

	The water in a soil containing ions dissociated from the surfaces of soil particles, and other soluble substances.

	Soil stabiliser

	A substance or material used to improve soil stability, strength or bearing capacity. In a soil conservation context the primary purpose of a soil stabiliser is to reduce erosion potential. For example the addition of proprietary chemicals to achieve soil flocculation, or the incorporation of organic materials such as hay or straw into newly topsoiled areas.

	Soil strength

	Soil strength determines the resistance of soil to failure or shearing. In order to grow, plant roots often need to shear the soil. The value of soil strength that limits root growth depends upon how the soil strength is measured. The soil strength is very dependent on the moisture content at which it is measured and this needs to be taken into account when interpreting results. The units used for soil strength are commonly kiloPascals (kPa), or in the case of high soil strength, megaPascals (MPa).

	Penetrometer resistance is commonly used as an indicator of soil strength, frequently measured with a standard cone, at standard depths of 5 mm and then at 15 mm intervals to 440 mm, as the penetrometer is pushed into the soil at a rate of 30.5 mm/s.

	Root growth may not always directly reflect these limitations because roots can still grow into cracks, fissures and old biopores, which may not be detected by the penetrometer. However, once a penetrometer resistance of 2.4 MPa is reached, root growth is largely restricted to existing pores or planes of weakness. This greatly limits the volume of soil that may be accessed by the roots, particularly in a soil with few existing cracks or pores.

	Table 38 Effect of penetration resistance on root growth223

	
		
				Penetration resistance
(MPa)

				Degree of soil consolidation

				Effect on root growth

		

		
				<0.50

				loose

				not affected

		

		
				0.50–1.25

				medium

				root growth of some cereal plants may be restricted

		

		
				1.25–2.00

				dense

				cereal root growth badly restricted

		

		
				2.00–3.00

				very dense

				very few plant roots penetrate the soil

		

		
				>3.00

				extremely dense

				root growth virtually ceases

		

	

	a the resistance is very dependent on moisture content and technique

	Soil structure

	Soil structure is an all-encompassing term to describe the arrangements of the primary particles in a soil.224

	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 that are recognisable as natural voids or by the occurrence of cutans (modification of texture or structure at natural surfaces).

	Soil structure can only be described reliably in a relatively fresh vertical exposure or relatively undisturbed soil core, not from an auger boring.

	Vertical exposures that have been exposed for a long time (road cuttings, gullies) are unsuitable for the determination of structure that may alter due to daily or seasonal changes in moisture and temperature.
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	Figure 37 Soil structure, the arrangement of primary particles

	Grade of pedality225

	The degree of development and distinctness of peds.

	In virtually all material that has structure the surface of individual peds will differ in some way from the interior of peds. The degree of development expresses the relative difference between the strength of cohesion within peds and the strength of adhesion between adjacent peds. Determination of grade of structure in the field depends on the proportion of peds that hold together as entire peds when displaced and also on the ease with which the soil separates into discrete peds. Grade of pedality varies with the soil water status.

	It is important to record the soil water status of the described profile, and it is desirable that the grade of pedality be described at the soil water status most common for the horizon.

	Apedal – soils have no observable peds:

	– Single grain: loose incoherent mass of individual particles, when displaced, soil separates into ultimate particles.

	– Massive: coherent (>⅔ material remains united at the given moisture status unless force is applied), when displaced, soil separates into fragments, which may be crushed to ultimate particles.

	Pedal – soils have observable peds and are divided into:

	– Weak: peds indistinct and barely observable in undisplaced soil

	– Moderate: strong peds well-formed and evident but not distinct in undisplaced soil, adhesion between peds is usually firm or stronger

	– Strong: peds quite distinct in undisplaced soil, adhesion between peds is usually firm or weaker

	Size of peds:

	The average least dimension of peds is used to determine the class interval. The least dimension is the vertical dimension for platy structure, the horizontal dimension for prismatic, columnar, blocky and polyhedral peds; the maximum separation of convex faces for lenticular peds; and the diameter for granular peds.

	
		
				class

				size

		

		
				1

				<2mm

		

		
				2

				2–5mm

		

		
				3

				5–10mm

		

		
				4

				10–20mm

		

		
				5

				20–50mm

		

		
				6

				50–100mm

		

		
				7

				100–200mm

		

		
				8

				200–500mm

		

		
				9

				>500mm

		

	

	See Figure 38 for illustrations of the main types of soil structure.226
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	Figure 38 The main types of soil structure (pedality)

	Soil structure is an important property with respect to the stability, porosity and infiltration characteristics of the soil. Well-structured soils tend to be more resistant to erosion due to their ability to absorb rainfall more freely and over longer periods, and because of the resistance of their aggregates to detachment and profile form need to be distinguished from the soil survey taxonomic units such as soil series and soil association.

	Soil survey

	The systematic examination, description, classification and mapping of soils, with the aim of categorising soil distribution within a defined area. In practice, most soil surveys also include statements on the geology, topography, climate and vegetation of the area concerned. They may be carried out for general use, in which case a wide range of soil properties is examined, or for a particular purpose such as crop irrigation or urban planning, in which case only a limited number of soil properties may be relevant. Soil survey involves the following steps:

	1. Deciding which properties of the soil are important for the particular purpose

	2. Selecting categories for each property relevant to the particular purpose

	3. Classifying soils into map units so that soil variation within units is less than that between units

	4. Locating and plotting the boundaries of these units on maps

	5. Preparing maps and reports for publication.

	Soil texture

	Soil texture is defined by the distribution of differently sized soil mineral particles. The method of determination is important. Field texture, a common method used in soil analysis, is only approximately related to particle size distribution.227

	Field texture describes the coarseness or fineness of soil material as it affects the behaviour of a moist ball of soil when pressed between the thumb and forefinger. It is generally related to the proportion of soil particles of differing sizes (sand, silt, clay and gravel) in a soil, but is also influenced by organic matter content, clay type, and degree of structural development of the soil.

	Particle size distribution strictly refers to the ‘proportion of the total mass of mineral soil within specified particle size classes usually finer than 2 mm.’ Particle size distribution is a laboratory method involving appropriate pre-treatment, dispersion, sedimentation and sieving to extract samples for each size class.228

	There are various particle size and soil texture classification systems in use by different organisations around the world and within Australia.229 The recommended classification for use in Australia, based on particle size, is shown in Table 39,230 along with a likely surface area estimate.231

	Table 39 Recommended Australian size fraction classification and surface area estimate

	
		
				Particle size classification

				Particle diameter

				Likely surface area

		

		
				 

				mm

				m2/g

		

		
				fine clay

				<0.0002

				 

		

		
				clay

				0.0002-0.002

				5-750

		

		
				silt

				0.002-0.02

				1.0

		

		
				fine sand

				0.02-0.2

				0.1

		

		
				coarse sand

				0.2-2.0

				0.01

		

		
				fine gravel

				2.0-6.0

				<0.01

		

		
				medium gravel

				6.0-20

				 

		

		
				coarse gravel

				20-60

				 

		

		
				cobbles

				60-200

				 

		

		
				stones

				200-600

				 

		

		
				boulder

				>600

				 

		

	

	The Atlas of Australian Soils232 provided the first consistent source of spatial information for the complete Australian continent.233 In the associated work, ‘A Factual Key for the recognition of Australian Soils’,234 Northcote described nineteen soil texture grades.

	Later work describing the development of the ‘Australian Resource Information System’ and the ‘Digital Atlas of Australian Soils’ presented six texture groups based on Northcote’s texture grades, as shown in Table 40 and Table 41 and Figure 39.235

	Table 40 Texture groups and grades used in the Factual Key236

	
		
				Texture Group

				Estimated clay content

				Texture Grade

		

		
				Number

				Name

				Min

				Mean

				Max

				 

		

		
				1

				Sands

				0

				5

				8

				Sand Clayey
Sand Loamy
Sand

		

		
				2

				Sandy Loams

				8

				15

				20

				Sandy Loam
Fine Sandy Loam
Light Sandy Loam

		

		
				3

				Loams

				10

				20

				30

				Loam
Loam, Fine Sandy
Silt Loam
Sandy Clay Loam

		

		
				4

				Clay Loams

				20

				30

				40

				Clay Loam
Silty Clay Loam
Fine Sandy Clay Loam

		

		
				5

				Light Clays

				35

				40

				50

				Sandy Clay
Silty Clay
Light Clay

		

		
				6

				Clays

				45

				55

				100

				Light Medium Clay
Medium Clay
Heavy Clay

		

	

	Table 41 Median, mean and standard deviations for per cent sand, silt and clay values for each texture class

	
		
				 

				%sand

				%silt

				%clay

		

		
				Texture class1

				median

				mean

				std. dev

				median

				mean

				std. dev

				median

				mean

				std. dev

		

		
				Sands

				86.2

				86.8

				5.8

				5.9

				6.1

				4.0

				6.9

				7.2

				4.0

		

		
				Sandy loams

				68.6

				68.3

				5.4

				13.1

				13.2

				5.7

				18.0

				18.5

				6.9

		

		
				Loams

				52.2

				51.5

				6.5

				27.0

				28.1

				7.0

				21.0

				20.3

				6.6

		

		
				Clay loams

				29.0

				27.5

				7.7

				32.7

				34.1

				8.3

				38.7

				38.4

				8.4

		

		
				Light clays

				44.0

				44.6

				7.1

				13.0

				13.1

				5.4

				42.2

				42.3

				6.6

		

		
				Clays

				21.6

				21.4

				7.7

				15.8

				15.7

				6.4

				61.8

				62.9

				8.0

		

	

	1 note McKenzie’s237 ‘groups’ are now labelled ‘classes’
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	Figure 39 Six class right angled texture triangle

	Field Texture Determination238

	– Take a sample of soil sufficient to fit comfortably into the palm of the hand (a bolus).

	– Moisten soil with water, a little at a time, and work it until it just fails to stick to your fingers. This is when its water content is approximately ‘field capacity’.

	– Continue moistening and working until there is no apparent change in the feel of the ball of soil (the bolus, usually 1 to 2 minutes).

	The behaviour of the worked soil and the ribbon produced by pressing the soil out between thumb and forefinger characterises the texture as follows:

	
		
				Field texture grade

				Behaviour of moist bolus

		

		
				sand

				very little or no coherence and cannot be rolled into a stable ball (bolus), individual; grains of sand adhere to the fingers

		

		
				sandy loams

				have some coherence, can be rolled into a stable ball and will form a ribbon 15 – 25 mm long, sand grains can be felt during manipulation

		

		
				loam

				will form a ribbon about 25 mm long, the soil ball is easy to manipulate and has a smooth spongy feel with no obvious sandiness

		

		
				clay loam

				will form a ribbon about 25 – 50 mm long, the soil ball is becoming plastic, capable of being moulded into a stable shape

		

		
				light clay

				will form a ribbon about 50 – 70 mm long, plastic behaviour is becoming evident in the soil ball, which has a smooth feel with some resistance to ribboning

		

		
				heavy clay

				will form a ribbon more than 75 mm long, the soil ball is smooth and very plastic with moderate – strong resistance to ribboning

		

	

	Soil water

	Water contained in, or in transit by drainage through the soil.

	Soil water content

	θ

	The amount of water in some unit of soil.

	Gravimetric moisture content (θg) the ratio of the mass of water present in a sample to the dry weight of the soil sample, g/ g

	Volumetric moisture content (θv) the ratio of volume of water in a sample to the total volume of the soil sample, g/ cm

	Soil water potential

	Ψ

	In general terms, the amount of work (negative pressure or suction) which must be applied to remove water from soil, due to factors such as the mutual attraction between water and soil particles.

	The water content at a potential of -15 bars (atmospheres, non SI) is taken to approximate the permanent wilting point, and the water content at a potential of -0.1 bar is taken to approximate field capacity.

	Common units are:

	
		
				term

				bars

				kPa (SI)

				J/ kg

				cm water¹

				lb/ in2

		

		
				field capacity
(natural field condition)239

				- 0.001

				0.1

				0.1

				1

				0.015

		

		
				DUL240

				- 0.1

				10

				10

				100

				1.5

		

		
				field capacity
(sieved and ground soil)241

				- 0.33

				30

				30

				300

				4.35

		

		
				 

				- 1

				100

				100

				1000

				14.6

		

		
				permanent wilting point242/ LL243

				- 15

				1500

				1500

				15000

				218

		

	

	¹ cm water refers to a column of water, related to pressure by:

	Pressure = force/area = mass x acceleration/area = density x volume x acceleration / area

	100 cmH2O Pressure = 1000 kg/ m³ x 1 m² x 1 m x 98.0665 N / 1 m² = 98066.5 Pa ≈ 100kPa

	Soil water contains potential energy and this energy helps determine the state and movement of water in soil. The potential energy of water is referred to as water potential. The datum for water potential is taken to be the potential of a ‘free’ water surface, subject to atmospheric pressure at the same height as the point of concern in the soil. Thus a soil that is completely saturated, whose soil water is in equilibrium with ‘free’ water, has zero water potential at the height corresponding to the free water surface. The potential of water in an unsaturated soil is considered to be negative. As the soil dries, the water potential progressively becomes more negative as the large pores, and then the successively smaller pores, drain of water. More negative water potentials are also associated with decreasing thickness of water films covering the surfaces of soil particles. The total soil water potential can be considered as comprising a component due to mutual attraction between water and soil particles (matric potential Ψm), a component due to gravity (gravitational potential Ψg), and a component due to soluble salts (osmotic potential Ψo). These affect the movement of water in soil and, in particular, the way soil retains and releases water in the soil-plant-atmosphere continuum. An extra component, the overburden potential, is present in soils that shrink and swell.244

	Solum

	The upper part of a soil profile above the parent material, in which current processes of soil formation are active. The solum consists of either the A and B horizons or the A horizon alone when no B horizon is present. The living roots and other plant and animal life characteristic of the soil are largely confined to the solum.

	Sorptivity

	S, mm / √hr

	Since S is a measure of the capillary uptake or removal of water, it is essentially a property of the medium with some resemblance to permeability. ‘Absorptivity’ would be a suitable name for S quite comparable to ‘permeability’ or ‘conductivity.’ Since, however, a term embracing both absorption and desorption is desired, it is proposed to use the more general ‘sorptivity.’245

	In the early stages of infiltration, the rate of water movement into soil is dominated by the capillarity. By way of illustration, considering the movement of water into a horizontal column of soil, then the only force causing water to move into the soil is a result of capillarity.

	Water movement in this case can be described by Darcy’s law, which states that the horizontal infiltration rate is equal to the hydraulic conductivity times the potential gradient. At the water source, the matric potential is zero, and at the wetting front the matric potential is approximately equal to the initial matric potential of the soil. At the start of infiltration the distance from the water source to the wetting front, x, is small, so the gradient, is large and the infiltration rate is high.
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	Figure 40 Horizontal infiltration into a soil column: (a) Schematic diagram; (b) cumulative infiltration (l) versus time (t); (c) l versus √t

	As the wetting front moves further into the soil, the value of x gets larger, and hence the potential gradient gets smaller.

	Thus the infiltration rate decreases with time (t) towards zero. A plot of cumulative infiltration (I) against the square root of time generates a straight line, and the slope is the sorptivity.

	When infiltration occurs vertically in a soil, the water flow is also controlled by gravity. However, at the starting point of infiltration into dry soil, the potential gradient arising through capillarity is usually large compared with the potential gradient due to gravity. The flow of water into dry soil is essentially caused by capillarity. As time passes, the potential gradient through capillarity decreases, as it is for the horizontal situation. The potential gradient as a result of gravity remains constant, and the infiltration rate tends to a steady state. The flow caused by capillarity, however, remains as a component of this flow and the condition is often referred to as quasi steady-state. Thus, measurement of sorptivity allows an estimate of flow caused by capillarity.246

	Sowing

	The process of placing seeds in a suitable medium which will provide for their germination and subsequent growth. Usually refers to the farm practice whereby crop seeds are sown into prepared soil, using a machine called a drill or seeder at a set depth, rate and spacing.

	Spelling

	Temporary removal of stock from a grazing area to facilitate regrowth of vegetation and stabilisation of soil surfaces. The length of time involved may be as short as 6–8 weeks to permit a pasture species to set seed, or one or two growing seasons to allow development of plant cover to fully stabilise an area.

	Spillway

	An open or enclosed channel, or a combination of both, used to convey excess water from a dam or similar storage, gully control structure or detention structure.

	Spoil

	Soil, rock and other waste material excavated during mining, quarrying, or other extractive operations.

	Sprigging

	The planting of pieces of rhizome or stolon over an area to enable a stable vegetative cover to rapidly establish. The method typically uses such grasses as couch or kikuyu which, given adequate soil moisture, can quickly spread over an area and stabilise it.

	Stabilisation

	The provision of adequate measures, vegetative, structural and/ or mechanical, to prevent or control erosion.

	Stabilising species

	Plant species used for the stabilisation of drifting coastal sand dunes, all capable of withstanding shoreline exposure.

	Plant species used for the stabilisation of areas which have been eroded or disturbed.

	Stable

	The condition of a parcel of land or flowline which experiences no appreciable soil erosion or sedimentation and is thus, under current management, adequately protected from erosive agents.

	Stage

	The elevation of the free surface of stored or flowing water relative to a fixed datum.

	Stage recorder

	An instrument used for measuring and recording the height of water in a channel. It incorporates a float, rising and falling with the changes in water stage in a stilling well that is connected to a recording mechanism. By relating water heights to rates of flow, using a rating curve, a complete hydrograph is recorded. This can be used in conjunction with rainfall data to study the relation between rainfall and runoff from a catchment, and the way it is affected by landform, land management, land use and soil conservation practices. The recorder should only be used in conjunction with a calibrated flume or weir.

	Static head

	The hydraulic head due to the height of a static pool or column of water with respect to a fixed datum

	The hydraulic head due to the height of the static pool of water held in a weir or similar hydrologic structure, with respect to a fixed datum. It equals the depth of water plus the height of the channel floor above datum.

	Stilling well

	A vertical chamber, having closed sides and bottom except for a small inlet or inlets connected to a main body of water, for the attenuation of waves or surges while permitting the water level within the chamber to rise and fall with the major fluctuations of the main water body. Used with water measuring devices and stage recorders to improve the accuracy of measurement.

	Stocking rate

	The actual number of animals, or animal equivalents, carried per unit area of grazing land at a specific time.

	Stolon

	A horizontally growing stem which runs along the surface of the ground and takes root at intervals, thus producing new plants. This enables rapid vegetative propagation and is valuable in the revegetation techniques of sodding and sprigging. Examples of stoloniferous species commonly used for soil conservation purposes are couch, kikuyu and sand spinifex.

	Stream

	A linear, generally sinuous, open depression in the landscape in various parts eroded, excavated, built up and aggraded by concentrated water flow. Comprises streambed and streambanks, and in certain cases bars and channel benches.

	Strip cropping

	The conservation farming technique of growing crops in rotation in a systematic arrangement of strips at right angles to the direction of water flow. It is typically used on lands of low slope (< 2 per cent) to spread runoff and reduce its velocity in order to reduce erosion.

	It can also be used on generally level country to control wind erosion, the strips being orientated at right angles to the prevailing winds. Width of strips would depend on height of vegetation and soil erodibility.

	Judicious use of crops with different growing seasons and fallowing requirements allows sufficient plant cover to be maintained continuously over large areas to restrict both wind and water erosion to minimum levels. There are three main types of strip cropping:

	1. Contour strip cropping: Layout and tillage follow the contour and only very small deviations of strip boundaries from the exact contour are permissible.

	2. Field strip cropping (parallel strip cropping): Strips of a uniform width are positioned across the general slope but they may not exactly follow the contour.

	3. Buffer strip cropping: Permanent pasture strips, often called contour grass strips, are utilised between contour planted strips of crops in rotation. Their function is to cause runoff to spread out and drop a large part of its suspended sediment.

	Structural stability

	The ability of a soil to maintain its structure under the influence of tillage, rainfall, trampling or other adverse forces, which tend to disintegrate such structure. Sometimes characterised in the laboratory by various wet and/ or dry sieving techniques.

	Stubble

	The stumps or lower parts of the stalks of wheat or other grain left in the ground after harvesting.

	Stubble burning

	A management practice in which the stubble from one crop is burnt after harvest, prior to the sowing of a subsequent crop. However, removing the stubble exposes the soil to erosive forces

	Stubble incorporation

	A conservation farming practice whereby stubble is incorporated into the surface soil by tillage, thereby promoting stubble breakdown and providing some protection to the soil from erosion

	Stubble mulching

	A conservation farming practice whereby stubble is retained on the surface of the soil, thereby protecting the soil from erosion. Necessary tillage is undertaken using implements such as the blade plough which cause minimum surface disturbance and stubble burial

	Stubble retention

	A conservation farming practice which involves the retention of stubble either in or on the soil, between harvest and the sowing of the subsequent crop. This is done primarily to protect the soil against erosion but also to conserve soil moisture. See also stubble mulching, stubble incorporation.

	Subsidence

	The more or less vertically downwards displacement of land surface material, under the influence of gravity, due to the collapse of a sub-surface cavity, such as where an underground mine caves in causing surface collapse.

	Subsoil

	Sub-surface soil material comprising the B horizons of soils with distinct profiles. In soils with weak profile development, the subsoil can be defined as the soil below the topsoil.

	Sulfur

	An element with the symbol (S) and atomic number 32

	(Also Sulphur, the -f- spelling is now the standard form)

	A greenish-yellow non-metallic substance, found abundantly in volcanic regions, and occurring free in nature as a brittle crystalline solid, and widely distributed in combination with metals and other substances. In popular and commercial language it is otherwise known as brimstone.

	Surcharge

	The temporary increase in the level of water in a channel or storage caused by rapid inflow in excess of spillway capacity. It may also refer to an increase in loading on any structure, brought about by increased water pressure or other temporary load change.

	Surface detention

	The depth of water temporarily held on the land surface while moving freely downslope, before being transferred to the category of infiltration, channel or depression storage.

	Surface sealing (oil crusting)

	The orientation and packing of dispersed soil particles in the immediate surface layer of the soil, rendering it relatively impermeable to water. Typically occurs due to the effect of raindrop impact on bare soil and results in a reduction in infiltration. Runoff and the potential for soil erosion are thus increased, and a crust may form on drying out.

	However, surface sealing can be an important factor in reducing wind erosion, as the seal tends to resist removal of soil particles by wind action.

	Surveying

	The collection of data by measurement of relative heights and distances needed for determining the boundaries, size, position, shape and/ or contour of land. In a soil conservation context, surveying is undertaken to enable the drafting of maps and plans on which soil conservation measures are shown.

	Suspended sediment

	The sediment that is being transported by water or air while held in suspension.

	Suspension

	Particle movement in water or air where particles are kept dispersed by fluid motion in currents, by turbulence and/ or by molecular motion of the surrounding medium. With respect to wind action, suspension involves the finer soil particles, which are commonly detached by saltation, and are lifted into the air and carried away as dust. Particles thus moved are usually less than 0.1 mm in diameter and constitute the sill and clay fragments of the soil together with decomposed organic matter.

	Swale

	A linear level-floored open depression excavated by wind or formed by the build-up of two adjacent ridges. Typically associated with the depression between two adjacent sand dunes.

	Swamp

	A vegetated depression with a seasonal or permanent water table at or slightly above the floor of the depression.

	Swash zone

	The area affected by the rush of sea-water up a beach following the breaking of waves.

	Sweep

	A wing-shaped tillage tool fitted to sweep ploughs. It is designed for sub-surface tillage with minimum surface disturbance and minimum residue incorporation. Sizes range up to 1000 mm in width.

	T

	Take-all

	A significant root disease of wheat and barley caused by the fungus Gaeumannomyces graminis var. tritici, also infecting oats but to a lesser extent. It is widespread throughout the wheatbelt but causes the most damage to crops in the high and medium rainfall areas (400 to 750 mm annual average rainfall) near the southern and western edges of the wheatbelt (WA).247

	Talus

	An accumulation of rock fragments and other soil materials at the foot of a cliff or steep slope, usually forming a moderately to steeply inclined lower slope, aggraded by gravity. Due to its mode of formation it is generally unstable and may be subject to mass movement.

	Terrace

	A former floodplain on which erosion and aggradation by channelled and overbank stream flow is barely active or is inactive. Deepening or enlargement of the stream channel has lowered the level of flooding.

	Terrain

	A tract of land having particular physical features. When classifying terrain various features may be selected depending on the purpose of the classification. For example, if process is important the terrain may be described as alluvial, colluvial or aeolian; if shape is important the terrain may be described as flat, gently sloping, undulating, hilly or mountainous.

	The Australian Soil Classification – soil orders

	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.248

	The descriptive information below is not a complete definition of each order. For more information consult:

	– Isbell, R., The Australian Soil Classification Revised edition ed. Australian Soil and Land Survey Handbooks Series. 2002: CSIRO publishing. 152.249

	http://www.clw.csiro.au/aclep/asc_re_on_line/soilhome.htm
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	Figure 41 Schematic summary of the Australian Soil Classification orders

	Anthroposols [AN]

	From Greek Anthropos, man – ‘human made’ soils

	These soils result from human activities which have caused a profound modification, mixing, truncation or burial of the original soil horizons, or the creation of new soil parent materials.

	Calcarosols [CA]

	From Latin calcis, lime – calcareous throughout

	As the name suggests, the soils in this order are usually calcareous throughout the profile, often highly so. They constitute one of the most widespread and important groups of soils in southern Australia.

	The dominating feature of theses soils is the presence of variable amounts and forms of calcium carbonate, usually throughout the profile except in the case of the A1 or Ap (horizon suffix indicating ploughing, tillage or other disturbance by man, for example deep ripping)250 or the upper 0.2m if the horizon is only weakly developed. The other important feature is the absence of a clear or abrupt textural B horizon. Calcarosols can grade into Chromosols and Sodosols on the one hand, and into Vertosols, Dermosols and Kandosols on the other (sic).

	Physical limitations of the Calcarosols include shallow depth, low water retention due to much hard carbonate and wind erosion on the sandier surface soils. High salinity, alkalinity and boron toxicity are common chemical problems, while soil fertility disorders such as phosphorus deficiency and reduced availability of trace elements such as zinc, manganese and copper are widespread on the highly calcareous soils.

	Chromosols [CH]

	From Greek, chroma, colour – often bright coloured

	Soils with strong texture contrast between A horizons and B horizons. The latter are not strongly acid and are not sodic. The soils of this order are among the most widespread soils used for agriculture in Australia, particularly those with red subsoils (many non calcic brown soils, red-brown earths, duplex soils).

	The virgin soils mostly have favourable physical properties but many now have hard setting surface soils with structural degradation resulting from long-established agricultural activities.

	Dermosols [DE]

	From Latin, dermos, skin – often with clay skins on ped faces

	Theses soil lack a clear or abrupt textural B horizon, do not have a free iron oxide content greater than 5% Fe, are not calcareous throughout and have moderately to strongly structured B2 horizons

	Dermosols support a wide range of land uses, with cereal crops, especially wheat, commonly grown on the higher base status Dermosols, particularly in central New South Wales.

	Ferrosols [FE]

	From Latin, ferrum, iron – high iron content

	Soils with B2 horizons high in free iron oxide, that lack strong texture contrast between A and B horizons. Some of these soils are similar to Dermosols, but their B2 horizons have a free iron oxide content greater than 5% Fe in the fine earth fraction (particles < 2mm diameter).251

	Land use on ferrosols varies widely although extensive agriculture is not common because of the generally small areas and/ or climatic or topographic constraints. Dairy on improved pastures is common, horticulture in cooler areas, potatoes southern areas and peanuts in Queensland. Although physically attractive, the soils degrade under cropping from erosion and compaction and may also suffer from acidification.

	Hydrosols [HY]

	From Greek, hydror, water – wet soils

	This order is designed to accommodate a range of seasonally or permanently wet soils and thus there is some diversity within the order. The key criterion is saturation of the greater part of the profile for prolonged periods (2–3 months) in most years.

	Most hydrosols require some sort of drainage before they can be used for land use other than sparse grazing of native pastures. In some parts of Australia eg the wheat belt of Western Australia and the Riverine Plain of south-east Australia, saline Hydrosols are increasing in extent due to human induced rising water tables leading to salinisation.

	Kandosols [KA]

	Kandite (1:1) clay minerals (Kandite is a collective term for the kaolin minerals or members of the kaolinite group).

	These soils lack a clear or abrupt textural B horizon, are not calcareous throughout and the clay content of the massive or only weakly structured B2 horizon exceeds 15% (i.e. heavy sandy loam, SL+). The Kandosols thus grade into Dermosols, particularly in some wetter environments where difficulty may be experienced in determining grade of structure. A feature of many Kandosols is their considerable depth – ranging up 3m or more.

	Only relatively small areas of Kandosols are used for extensive agriculture, mainly for cereals in the wheat belt of southern New South Wales (red soils) and south-west Western Australia (mainly yellow or brown soils). Elsewhere, adverse climatic conditions or lack of adapted crops and infrastructure (as in the case of much of northern Australia) preclude any intensive agriculture. In addition, adverse surface soil physical properties such as hardsetting and crusting are also a deterrent. As a result, the great majority of Kandosols in Australia are used for sparse grazing by cattle and sheep but even this form of low intensity land use may encounter problems with adverse surface soil conditions.

	Kurosols [KU]

	Pertaining to clay increase

	Soils with strong texture contrast between A horizons and strongly acid B horizons. Many of these soils have some unusual subsoil chemical features (high magnesium, sodium and aluminium).

	Kurosols are not uncommon, but neither are they extensive. Some areas have been cleared and are used for dairy on improved pasture, timber getting and sparse grazing.

	Organosols [OR]

	Dominantly organic materials

	This class caters for most soils dominated by organic materials. Although they are found from the wet tropics to the alpine regions, areas are mostly small except in south west Tasmania. It is likely that their incidence is underestimated because they seldom occur in areas large enough to be shown on maps such as the Atlas of Australian Soils (1:2 million). Some organic soils have long been known as peats.

	Some areas have been drained and sown to pasture or used for vegetable growing and some sugar cane. Excess drainage can lead to peat shrinkage and decomposition, and erosions and fire are general hazards.

	Podosols [PO]

	From Russian, pod, under; zola, ash – podzols

	These soils have B horizons dominated by the accumulation of compounds of organic matter and aluminium with or without iron. They have long been known in many parts of the world as podzols, including Australia, where in they are classed as podzols, humus podzols and peaty podzols.

	Agricultural use of Podosols is very restricted because of extremely low fertility, poor moisture retention and seasonal waterlogging in the case of the Aquic Podosols. Some of these wet soils have been drained and used for sugar cane and timbers and in parts of southern and western Australia they have been sown to improved pastures for cattle and sheep.

	Rudosols [RU]

	From Latin, rudimentum, a beginning – rudimentary soil development

	This order is designed to accommodate soils that have negligible pedologic organisation. They are usually young soils in the sense that soil forming factors have had little time to pedologically modify parent rocks or sediments. The component soils can obviously vary widely in terms of texture and depth; many are stratified and some are highly saline.

	Most Rudosols have little use potential because of their properties and/ or their occurrence in arid regions. Large areas are used for sparse grazing, while some on near stream alluvium are used for a variety of crops while some sand dunes are used for irrigated horticulture.

	Sodosols [SO]

	Influenced by sodium

	Sodosols are a specific kind of sodic soil, as the name implies. The key feature is the presence of a clear or abrupt textural B horizon, the upper 0.2 m of which has an ESP of 6 or greater and is not strongly acid (pHw 5.5 or more). The Sodosol concept embraces soils with a marked texture change to a usually clayey B horizon of restricted hydraulic conductivity caused essentially by the dispersive nature of the sodic clay. A seasonal water table perched on the sodic B horizon is a common feature. Australia is noteworthy for the extent and diversity of sodic soils.

	Sodosols are used in Australia for grazing of native and/or improved pastures, for both dry land and irrigated agriculture and for native and plantation forestry. Cereal growing in particular is widely practiced on these soils in the winter-dominant rainfall zones of southern and Western Australia, although A horizon waterlogging is a problem in wetter than normal years.

	The presence of a relatively impermeable sodic clay B horizon obviously results in water and root penetration problems. Depending on the climate, the lighter-textured A horizons suffer from varying periods of waterlogging or water deficit because of their low water storage capacity. Additionally, the A horizons are usually of low chemical fertility, may suffer acidification and are frequently prone to crust formation. Many are also hard setting when dry. The usual highly dispersive nature of the subsoils makes them particularly prone to tunnel and gully erosion.

	Tenosols [TE]

	From Latin, tenius, weak, slight – weak soil development

	These soils comprise the largest soil order in the classification in terms of area (approximately 2M km2), occupying more than a quarter of the continent. The concept of Tenosols is based on soils with only weak pedologic organisation apart from the A horizons. This means that B horizons may be only weakly expressed, but much stronger development is permitted in the A horizons. It encompasses a rather diverse range of soils, which are nevertheless widespread in many parts of Australia, particularly in the western half of the continent.

	The largest areas of Tenosols are used for sparse sheep and cattle grazing of native pastures; because of their low and erratic rainfall, poor water retention and low fertility, and/ or unsuitable topography. Limited use is made for hardwood timber in some higher-rainfall east coastal occurrences and in south-west Western Australia. Also in this State, yellow Tenosols are used to a limited extent for wheat growing.

	Vertosols [VE]

	From Latin, vertere, to turn – shrink – swell clays

	Australia has the greatest area (about 88M ha) and diversity of cracking clay soils of any country in the world. These soils are recognised as a distinctive class in most countries where they occur, although their definition does vary slightly. In the Australian Classification one essential criterion is a clay field texture of 35% or more clay throughout the solum except for thin, surface crusty horizons 0.03m or less thick. This definition will thus include those Australian soils with a thin non-clayey A horizon (greater than 0.03m), a B horizon with cracks which extend to the surface.

	Vertosols are used in Australia for the grazing of native and improved pastures and for extensive dry land agriculture where rainfall is adequate, mainly in eastern Queensland and New South Wales. The most important crops are wheat, sorghum and cotton, often grown using soil moisture stored under fallow conditions. The most favoured soils are the self-mulching great groups. Vertosols are also extensively irrigated for a variety of crops such as cotton, rice and sugar cane. Irrigation problems mainly involve restricted water entry and transmission caused by adverse soil physical conditions, which in turn are at least partly induced by high sodium in the upper part of many profiles. These conditions are common in the irrigation areas on the Riverine Plain and the loer Burdekin River floodplain in North Queensland. Vertosols characteristically have a narrow moisture range suitable for cultivation. Tillage above the plastic limit readily leads to compaction and smearing. Seasonal cracking will assist these soils in recovering but irrigated soils may not have this opportunity.

	Analytical requirements for the Australian soil classification

	
		
				CALCAROSOLS

				Use of ESP at subgroup level

		

		
				CHROMOSOLS

				ESP will probably be needed for the upper 0.2 m of the B2 horizon to define the order, and cations at great group level for the major part of the B2 horizon unless the B or BC horizon is calcareous or contains a calcareous horizon; for subgroups, possible need for organic carbon or LOI (loss on ignition, a method of estimating organic carbon by combustion) to identify a humose horizon; possible need for ESP in the lower part of the B horizon.

		

		
				DERMOSOLS

				As for Chromosols except for ESP in the upper 0.2 m of the B2 horizon.

		

		
				FERROSOLS

				Probable need for free Fe if soil is not definitely formed on basalt, otherwise as above although few soils are yet known with sodic subgroups.

		

		
				HYDROSOLS

				For some suborders it may be useful to have water table conductivity. At great group level, testing for sulfides may be needed. Some great groups of some suborders may require ESP of the upper 0.2 m of any clear or abrupt textural B horizon. At the subgroup level organic carbon or LOI may be required to identify peaty or humose horizons, and cations may be required to identify base status, Ca/Mg ratio and ESP of the B2 horizon.

		

		
				KANDOSOLS

				As for Dermosols.

		

		
				KUROSOLS

				At great group level ESP will probably be needed in the upper 0.2 m of the B2 horizon and cations in the major part of the B2 horizon. At the subgroup level, as for Chromosols.

		

		
				ORGANOSOLS

				Organic carbon or LOI. At great group level, testing for sulfides may be needed.

		

		
				PODOSOLS

				Possible need for organic carbon or LOI to identify peaty or humose horizons. For some suborders, testing for sulfides may be needed.

		

		
				RUDOSOLS

				Possible need for conductivity at suborder level. At the great group level, testing for sulfides may be needed.

		

		
				SODOSOLS

				ESP in the upper 0.2 m of the B2 horizon is needed to define the order and the great groups. Cations required at the subgroup level in the major part of the B2 horizon unless the B or BC horizon is calcareous or contains a calcareous horizon. Possible need for organic carbon or LOI to identify a humose horizon.

		

		
				TENOSOLS

				Organic carbon or LOI may be required at suborder level to identify peaty or humose horizon.

		

		
				VERTOSOLS 

				ESP required at the subgroup level in 0.1 m and also cations at depths above and below 0.5 m. Water table conductivity may also be required in some soils. For subgroups of the Aquic suborder, testing for sulfides may be needed. Particle size analysis will be required at the family level to determine clay content.

		

	

	Note that pH has not been listed above because it may be estimated in the field. Similarly, it is not essential to have particle size analysis to determine whether or not a soil has a clear or abrupt textural B horizon.

	The approximate distribution of the soil orders

	[image: Atlas ASC map]

	Tidal flat

	A large level area of land in the littoral zone subject to inundation by water that is usually salty or brackish.

	Tillage

	The mechanical preparation of the soil to facilitate the growth of a crop or pasture, through the principal functions of seedbed preparation and weed control. It involves the rearrangement of the entire topsoil structure. Tillage is undertaken by various types of ploughs, scarifiers, cultivators, harrows or weeders. The use of drills for sowing is not generally regarded as tillage, although the soil is given a full cultivation when a combine drill or air seeder is used.

	– PRIMARY TILLAGE constitutes the initial major soil working preceding a new crop or pasture

	– SECONDARY TILLAGE refers to subsequent tillage operations used for weed control or to refine soil conditions before sowing

	Tillage depth

	The vertical distance from the initial soil surface to the lowest point of penetration of a tillage implement during tillage.

	Tillage tool

	An individual soil working element such as a point, share, sweep, coulter or blade.

	Time of concentration

	The shortest time necessary for all points on a catchment area to contribute simultaneously to flow past a specified point. It is equivalent to the time required for runoff to flow from the most remote part of the catchment to the specified point, normally the catchment outlet.

	The time of concentration is used to calculate the peak discharge for a catchment by using the rational formula. This formula assumes that the peak discharge will be caused by a storm of duration equal to the time of concentration for the catchment.

	Toe

	The lowest part of a slope where it stops or levels out. In a soil conservation context. for example, it describes the zone where the wall of a gully control structure meets the gully floor.

	Topdressing

	The application of soil, sand, fertiliser or other material to established or establishing vegetation to maintain the supply of nutrients and/or to provide an improved soil environment for the continued growth of desirable plants.

	Topographic map

	A map which indicates both the horizontal and vertical relationship of the features represented. The most precise representation of relative height is by contour and such maps are commonly known as contour maps.

	Topography

	The shape of the ground surface as depicted by the presence of hills, mountains or plains. Steep topography is characterised by steep slopes and hilly land: flat topography is characterised by flat land with minor undulations and gentle slopes.

	Toposequence

	A continuous series of landforms encountered between a crest and a depression. For example, a toposequence may consist of a hillcrest, sideslope, footslope, floodplain and stream channel.

	A repetitive sequence of soils encountered between hillcrests and the valley floor. A catena is a special case of a toposequence in which the parent material is uniform.

	Topsoil

	That part of the soil profile, typically the A1 horizon, containing material which is usually more fertile and better structured than underlying layers. When the A2 horizon also meets these criteria, it may be included. Topsoil is the most important part of the soil with respect to the growth of crops and pastures and its loss or degradation represents the most serious aspect of soil erosion. Its retention is particularly important in the revegetation of exposed batters or earthworks.

	Topsoiling

	The application of topsoil to exposed or eroded areas, including batters and earthworks, to encourage the rapid growth of vegetation over them, for the purpose of stabilisation against erosion. On disturbed sites the topsoil may be derived from a borrow area or· may be the original topsoil, stripped and stockpiled before disturbance.

	Tor

	A very steep to precipitous peaked rocky hillock characteristically denuded of soil and eroded by sheet flow. Also often refers to an isolated and highly weathered outcrop of granite.

	Total catchment management

	The management of land, water and other biophysical resources and activities. on a catchment basis. Its aim is to ensure:

	– the continuing stability and productivity of the soils,

	– the maintenance of an appropriate protective and productive vegetative cover,

	– a satisfactory yield of water of high quality, and

	– minimisation of adverse environmental effects due to development.

	Such management is achieved by the coordination of policies and activities of relevant departments, authorities, companies and individuals who have responsibilities for the management of land within catchments.

	Toxicity

	The characteristic of a soil relating to its content of elements or minerals which adversely affect plant growth. It is of particular concern in relation to acid soils. Soils with pH less than 5.0 may give rise to manganese and aluminium toxicities which reduce plant growth and hence ground cover. It is also of concern in the rehabilitation of heavy metal mines, where toxic levels of such elements as copper, zinc and lead in mine tailings create difficulties in their revegetation.

	Transect

	A projection across the land’s surface along which samples or measurements are recorded. Transects are typically used in vegetation and soil surveys and the projection is usually fixed to enable recurring measurements to be taken.

	Transpiration

	Transpiration consists of the vaporisation of liquid water contained in plant tissues and the vapour removal to the atmosphere. Crops predominately lose their water through stomata. These are small openings on the plant leaf through which gases and water vapour pass. Water, together with some nutrients, is taken up by the roots and transported through the plant. Vaporisation occurs within the leaf, namely in the intercellular spaces, and the vapour exchange with the atmosphere is controlled by the stomatal aperture. Nearly all water taken up is lost by transpiration and only a tiny fraction is used within the plant.

	Transpiration, like direct evaporation, depends on the energy supply, vapour pressure gradient and wind. Hence, radiation, air temperature, air humidity and wind terms should be considered when assessing transpiration. The soil water content and the ability of the soil to conduct water to the roots also determine the transpiration rate, as do waterlogging and soil water salinity. The transpiration rate is also influenced by crop characteristics, environmental aspects and cultivation practices. Different kinds of plants may have different transpiration rates. Not only the type of crop, but also the crop development, environment and management should be considered when assessing transpiration.252

	Evaporation and transpiration occur simultaneously and there is no easy way of distinguishing between the two processes, hence the use of the composite term evapotranspiration for quantitative references.

	Transportation

	That part of erosion processes in which detached soil or rock material is moved from one place to another. This may be accomplished by running water, rainfall, wind, gravity, ice action, or sub-surface seepage.

	Trash

	A general term for all vegetative material, including both crop and weed residues, retained on or in the soil in a conservation tillage system.

	Tree

	A perennial plant having a self-supporting woody main stem or trunk which usually develops woody branches some distance above the ground.

	Trench

	A long narrow excavation generally with uniform cross section, excavated by human activity.

	Tuncated

	Describes a soil profile that has been cut down by accelerated erosion or by mechanical means. The profile may have lost part or all of the A horizon and sometimes the B horizon, leaving only the C horizon. Comparison of an eroded soil profile with a virgin profile of the same area, soil type, and slope conditions, indicates the degree of truncation.

	Turbidity

	The cloudy condition caused by suspended solid in a liquid. In a soil conservation context, the term refers to the muddy condition of runoff in which sediment is suspended.

	Turbidity test253

	– From each surface and subsoil sample weigh 100g of soil into a clean 600 ml glass jar with lid

	– Measure out 500ml of rainwater or distilled water to give a 1:5 ratio of soil to water

	– Gently pour this water down the side (of the jar) without disturbing the soil at the bottom

	– Invert the jar slowly and gently once and then return it to its original position (avoid any shaking)

	– Then let stand for 4 hours, with no vibrations or bumping

	– Check the suspension above the sediment at the bottom of the jar and score the amount of cloudiness (0 to 2)

	– Make up another soil suspension and repeat the process if unsure
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	Figure 42 An example of estimating sodicity using a 1:5 soil water suspension

	From left to right:

	– clear, score 0 not sodic;

	– partly cloudy, score 1 moderately sodic;

	– very cloudy, score 2 highly sodic

	U

	Urea

	(CO(NH2)2)

	Urea is the most commonly used nitrogen fertiliser in the world and the most concentrated solid nitrogen fertiliser. It contains 46% N. Urea does not contain ammonium-N but in the soil it is rapidly converted by a process of hydrolysis (cleavage of chemical bonds by the addition of water).

	Units

	See SI units

	V

	Value

	One method of describing soil colour uses three coordinates:

	– hue (shade),

	– value (lightness)

	– chroma (intensity).

	Hue is the colour frequency and in most soils ranges from red to yellow; value or tone refers to lightness from white to black chroma defines the degree of colour saturation or intensity of hue.

	Vanadium

	An element with the symbol (V) and atomic number 23.

	A hard, silvery grey, ductile and malleable transition metal. A rare chemical element, only in chemically combined form in nature occurring in certain iron, lead, and uranium ores, some of the compounds of which are used in the production of aniline blacks and other dyeing materials.

	Essential for the growth of some plants, almost never deficient in the soil and problems are more often associated with excess or toxic levels

	Velocity head

	The hydraulic head due to the velocity of moving water, obtained by dividing the square of the velocity by twice the acceleration of gravity.

	Vermiculite

	Hydrous silicate of aluminium, iron, and magnesium, occurring in small foliated scales.

	Vetch

	The bean-like fruit of various species of the leguminous plant Vicia

	Valley flat

	A small gently inclined to level area of land typically enclosed by hillslopes. It may or may not contain a stream channel.

	Vegetation

	Plants in general or the sum total of plant life in an area. The role of vegetation in a soil conservation context is a vital one. Whether it be comprised of grasses, shrubs or trees, vegetation protects the soil from wind and for water erosion by one or a combination of the following:

	Providing a canopy to protect the soil from raindrop impact.

	Providing a near-ground retardance to runoff flow. Binding the soil together by root proliferation. Reducing the velocity of wind near the ground. Providing organic matter to improve soil structure. Providing plant litter to protect the soil.

	Velocity

	V, m/s.

	Rate of movement of water flowing past a point in a specific direction.

	Virgin soil

	A soil that has not been significantly disturbed from its natural environment.

	Volumetric water content

	θv, g/ cm3

	The soil moisture content may be expressed by weight as the ratio of the mass of water (MW) present to the dry weight of the soil (MS) sample (gravimetric moisture content, (θg), or by volume as ratio of volume of water (VW) to the total volume (VT) of the soil sample (volumetric moisture content, θv). To determine any of these ratios for a particular soil sample, the water mass must be determined by drying the soil to constant weight and measuring the soil sample mass after and before drying. The water mass (or weight) is the difference between the weights of the wet and oven dry samples. The criterion for a dry soil sample is the soil sample that has been dried to constant weight in oven at (typically) 105°C. If the soil sample is a known volume such as a core sample, BD can also be calculated.

	θg: θv relationship – θv = θg x BD

	following from:

	θg x BD = MW/ MS x MS/ VT

	= MW/ VT

	= (VW x ρw)/ VT

	= VW/ VT (assuming ρw = 1)

	= θv

	VSIS

	Victorian Soil Information System (VSIS)

	http://vro.agriculture.vic.gov.au/dpi/vro/vrosite.nsf/pages/lwm_usfs_VSIS

	The Victorian Soil Information System (VSIS) has been developed over several years and in 2008 version 1 of a web based interface was launched on the Department of Primary Industries (DPI) intranet. VSIS provides a central database for soil data that is secure, easily accessible and allows for effective delivery of soil data to DPI scientific and technical staff.

	VSIS is currently (2011) accessible to all DPI staff providing a portal to:

	– interrogate and extract soil data

	– upload soil data to the VSIS and codify data to adhere to current industry standards. Data is entered into the VSIS based on Australian standard morphological, physical, chemical and biological characteristics of the soil.

	General users will be able to generate maps of soil pits based on geographic areas or selected soil observation values, as well as being able to interrogate and extract data. A registered senior soil scientist will also be able to modify existing observations, append information to existing records, manage data integrity and upload new soil data to the primary database.

	The VSIS will provide:

	– Landscape modellers with access to the best available data

	– Support for the development of soil health indicators

	– Information for local, regional and state-wide soil projects

	– Access to information for better land management decisions

	– Data to contribute to development of the Australian Soil Resource Information System (ASRIS)

	W

	Washaway

	A small localised gully or rill resulting from some site· specific change in soil, vegetation or hydraulic circumstances, usually caused by human activity.

	Water balance

	An estimated state of equilibrium within the soil moisture regime based on rainfall, evapotranspiration, runoff, drainage and soil moisture storage.

	Water use by crops and pastures is accompanied by other water movements and changes to soil water content, as set out in the Water Balance Equation:

	W2 −W1 = P − R − D − (Es + T)

	where the change in soil water content from Time 1 to Time 2 (W2–W1) equals the precipitation (P which may be rain, snow or dew) less runoff (R), drainage below potential root zone (D) and water lost through Evapotranspiration (Es + T, where Es = soil evaporation, loss of water by evaporation from the soil, T = transpiration, water travelling through the plant and out through the leaves).

	Soil moisture is assumed to severely limit plant growth in months when rainfall, together with any antecedent moisture content up to a maximum of 100 mm, is less than 40 per cent of pan evaporation. At other times soil moisture is regarded as being adequate for plant growth. When the assumed field capacity of the soil is reached any further rainfall is regarded as being lost as runoff.

	The water balance provides information as to suitable tillage and sowing times, condition of ground cover and also whether other activities are restricted by wet or dry soil conditions.

	Water disposal area

	An area onto which runoff is discharged in order to disperse it without causing soil erosion. Such an area usually has a stable cover of vegetation, and is of such slope and landform that discharged runoff does not concentrate sufficiently to create an erosion hazard. May also be called a WATER SPREADING AREA.

	Water table

	The upper surface of unconfined groundwater below which the pores of rock or soil are saturated. A PERCHED WATER TABLE is the surface of a local zone of saturation held above the main body of groundwater by an impermeable layer, usually clay, and separated from it by an unsaturated zone.

	Water repellent soils

	Hydrophobic soils

	Soils which resist wetting when dry. Drops of water do not spread spontaneously over their surface and into pores. The degree of water repellence may be severe where water drops remain on a flattened surface for some minutes. In other cases drops appear to be absorbed readily, but quantitative measurements show that the height of capillary rise is diminished.

	This characteristic is mainly a feature of some sandy soils (topsoils) and is generally attributed to organic coatings on the sand grains which resist water entry into the soil.

	Water stable aggregation

	An indication of the resistance of soil aggregates to breakdown by water. This is normally measured by the degree to which different size fractions of aggregates are broken up by agitation in water using a wet-sieving procedure.

	The degree of water-stable aggregation is used as a general indicator of soil erodibility. However, the procedure is not widely accepted because of problems of standardisation and the paucity of clear evidence relating it objectively to a soil’s susceptibility to erosion.

	Watercourse

	A channel, having defined bed and banks, down which surface water flows on a permanent or semi-permanent basis or at least, under natural conditions, for a substantial time after periods of heavy rainfall within its catchment. It is a general term including:

	– River – A watercourse that conveys relatively large flows. Under average coastal and tableland climatic conditions rivers typically have continuous flows

	– Creek/ stream – A smaller watercourse than a river which usually forms the link between a drainage fine and a river in a natural catchment flow path

	– Watering point – A site at which stock obtain drinking water, from underground supplies via a bore or well, or from naturally occurring surface supplies

	Waterlogged

	The condition of a soil which is saturated with water and in which most or all of the soil air has been replaced. The condition, which is detrimental to most plant growth, may be caused by excessive rainfall, irrigation or seepage, and is exacerbated by inadequate site and/or internal drainage.

	Watershed

	The dividing ridge between two catchments.

	Weathering

	The physical and chemical disintegration, alteration and decomposition of rocks and minerals at or near the earth’s surface by atmospheric and biological agents.

	Weir

	A structure or wall built across a flowline to raise the water level to allow diversion or measurement of discharge rate. Diversion may be by pumping or other offtake from the pool formed by the weir. A measuring weir is designed especially for the operation of measuring instruments. A weir is an overflow structure designed to allow flows to pass directly over it once the pool is full.

	Wetted perimeter

	The length of the boundary wetted by flow in a channel or pipe at a specified section, measured along a plane at right angles to direct1on of flow. Used in calculating the hydraulic radius for Manning’s formula.

	Wind fetch

	The distance along which the wind has an uninterrupted flow.

	Windbreak

	A barrier of living trees and/ or shrubs or other materials which reduces the velocity of the wind near the soil surface, thus protecting the soil from wind erosion.

	Windrow

	A longitudinal accumulation of straw, timber, soil or other material, stacked or piled-up by mechanical means.

	In general agriculture, windrows are typically associated with hay crops, whereby, after cutting, the hay is windrowed to allow more uniform drying prior to bailing. During land clearing, felled trees and other debris are often windrowed to facilitate burning or inter-windrow planting.

	Earth windrows are typically created due to spillage at the edge of a bulldozer blade during earthmoving operations. They may build up along the edges of trails during their construction and maintenance. This may prove useful in directing runoff to a stable outlet in which case it is called a windrow drain. However, in other circumstances it may prevent runoff leaving the trail, causing erosion.

	X

	Xerophytes

	A plant adapted to a dry climate or habitat, or to conditions of scanty available moisture.

	Z

	ZInc

	An element with the symbol (Zn) and atomic number 65

	A hard bluish-white metal, brittle at ordinary temperatures, but malleable and ductile between 95° and 120°C, obtained from various ores.

	Zinc was one of the first micro-nutrients recognised as being essential for plants. Deficiencies of zinc have been reported in many crops and pastures, including grain, sugar cane, vegetables and fruit crops. Zinc is involved in the synthesis of plant growth substances, enzyme systems, and is essential for promoting certain metabolic reactions. It is necessary for the production of chlorophyll and carbohydrates. Zinc remains in old green leaves as its supply becomes deficient, so symptoms first appear on the younger leaves.
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